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Abstract

Objective: This study aimed to 1) investigate the influence of nonlinear frequency compression (NLFC) in
hearing aids on intelligibility of speech produced by children with hearing loss; and 2) examine whether clinicians’ or
parents’ judgments might be correlated with those of inexperienced listeners.

Methods: Twenty-seven adult listeners with normal hearing who reported no experience listening to speech
produced by people with hearing loss were asked to judge the intelligibility of speech samples of eight hearing-
impaired children under four aided conditions. Also, the parents and the clinicians who provided services to the
children provided ratings. The children were enrolled in a four-period multi-site trial that was aimed to compare the
effects of conventional processing with NLFC in hearing aids on children’s performance. In that study, the children
were familiarized with each of four hearing-aid setting for at least six weeks before they were evaluated using a
range of tests, including the production of 20 sentences. The current study used the recorded sentences as stimuli
for intelligibility judgments. Each listener heard sentences produced by two child-talkers, 40 from each talker. The
stimuli were presented to listeners at 65 dB SPL via headphones. Four child-talkers received ratings from eight
listeners and four from seven listeners.

Results: Group-level results indicate that speech intelligibility was rated to be better by inexperienced listeners
when children used NLFC than when they did not. Three child-talkers showed a significant advantage with NLFC
activation. These results are consistent with the estimated audible bandwidth of hearing aids for individual talkers.
Significant positive correlations for intelligibility ratings between inexperienced listeners and clinicians were found,
but neither correlated with ratings from parents.

Conclusions: The use of NLFC improved intelligibility of speech produced by children, on average, as rated by
inexperienced listeners. Clinicians’ judgment of children’s speech production is a clinically viable tool for evaluating
the effectiveness of amplification for children.

Keywords Speech production; Intelligibility; Nonlinear frequency
compression; Hearing aids; Hearing loss; Children

Introduction
Speaking in a way that allows a listener to understand what is being

said, or speech intelligibility, is an essential skill that children need to
develop to be able to participate fully during social interactions [1].
Typically developing children usually acquire this skill effortlessly, with
97% of children producing intelligible speech by four years of age [2].
However, children born with a hearing loss often do not - especially
when their hearing loss is severe or profound [3,4].

Direct assessments of speech intelligibility have been proposed as a
clinical tool for evaluating the effectiveness of early intervention
resulting from newborn hearing screening, and the efficacy of sensory
devices [5]. It has been shown that speech intelligibility of children
with profound hearing loss improved after cochlear implantation

[6-10], and improved with increased duration of implant use [11].
Younger age of implantation was also associated with higher levels of
intelligibility for children with profound hearing loss [12].

However, studies on speech intelligibility of children with mild to
severe hearing loss have been under-represented in the literature. One
study reported the benefits of early hearing-aid fitting for speech
intelligibility of children at 8-12 years of age, showing that about 50%
of children who received their first hearing aids before 6 months of age
were rated by their teachers to be fairly or very easy to understand,
whereas only 10-15% of those who received later fitting produced
intelligible speech [13].

There were very few studies that have directly assessed the
effectiveness of hearing-aid signal processing on speech intelligibility
of children. One signal-processing strategy that has become
increasingly common in hearing aids for children is frequency
lowering. This strategy shifts high-frequency components of sounds to
a lower frequency range where there is better residual hearing [14-17].
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Nonlinear frequency compression (NLFC) is a specific form of
frequency lowering that maps a wide frequency range in the input
signal into a narrower frequency range in the output through
compressing inputs above a certain cut-off frequency by a specific
compression ratio. The amount of compression is progressive, such
that frequencies much higher than the cut-off are shifted by a larger
amount than frequencies only slightly above the cut-off [17]. While the
use of NLFC in amplification may increase the audible bandwidth [18]
thereby allowing access to high-frequency sounds (notably/s/), it also
distorts the spectral information in the amplified signal [19]. Although
recent evaluations of the impact of NLFC on young children’s language
development has revealed no significant effect on receptive and
expressive language [20,21], a randomized controlled trial examining
consonant production indicated that children who used NLFC had
production errors that were not observed in typically developing or
children with hearing loss who used conventional amplification [20].
This suggests that the use of NLFC could potentially influence the
intelligibility of speech produced by children.

It is widely acknowledged that speech intelligibility is influenced by
the competence of the talker and the nature of the spoken material
(isolated words or connected speech, e.g. [22]); and judgments of
speech intelligibility are affected by factors relating to speech
perception of the listener including but not limited to the acoustic
listening conditions and the familiarity of the listener with the speaker
([4,23]). Measures of intelligibility have typically used either a
transcription (write-down responses) or a scaling (overall rating)
procedure for scoring [5]. The former requires the listeners to write
down the words or syllables they heard, and scores performance as the
percentage of written words or syllables that match the stimuli
[11,24,25]. There are at least two potential limitations with this
approach. The first has to do with the assumption that the number of
words correctly transcribed by the listener strictly reflects the
proportion that was accurately produced by the speaker. Research
examining the effects of semantic and syntactic constraints on speech
recognition has shown that listeners use their knowledge of language
and world knowledge to take advantage of contextual redundancy
[26,27]. Meaningful four-word sentences, for example, appear to be
perceived as though they consist of around 2.5 independent perceptual
units. This is consistent with reports suggesting that word scores
accounted for 60-80% of variance in overall intelligibility ratings of
children with hearing loss [28,29]. The second relates to the large
amount of time required for transcribing each sentence for scoring,
and the need to have more than one listener-judge to obtain a reliable
score [24].

The scaling procedure requires listeners to rate each sentence they
hear on an intelligibility scale. This judgment gives an overall
impression of how much of what is said is understood. A scale that has
been widely used for assessing speech produced by children with
hearing loss is the Speech Intelligibility Scale (SIR) [30,31]. The SIR
uses a 6-point scale that spans from 1 (always understand with no
effort) to 6 (I never or almost never understand the child’s speech). It
has been used for assessing outcomes of cochlear implantation [30,32]
and amplification for children [33]. Zhang et al (2014) reported ratings
of parents of 31 hearing impaired children (mean age: 4.3 years; SD:
1.5) on whether their speech could be understood by unfamiliar
persons in a comparison of conventional amplification with NLFC for
young children. On average, the mean SIR ratings for speech produced
by children when they used their personal hearing aids with
conventional amplification were 2.8 (SD: 1.1). A slightly higher rating
of 2.5 (SD: 0.85) was obtained when children used new hearing aids

with NLFC. The rating difference, though insignificant, could be
attributable to a halo effect due to the fitting of new hearing aids, or
some intrinsic differences between the two sets of devices other than
NLFC, or the older age of assessment when children used the new
hearing aids. The findings were inconclusive due to methodological
limitations, including the lack of blinded assessments.

Irrespective of which rating procedure is used, judgments are likely
to be influenced by whether the listeners are familiar with the talkers
or experienced with speech of people with hearing loss. If the goal of
the rating is to assess whether children produce connected speech that
is readily understandable by a listener at first introduction [34], ideal
judges would be those with normal hearing who have little exposure to
the speech of children with hearing loss. However, the recruitment of a
panel of inexperienced listeners to serve as judges is a major barrier to
the clinical use of speech intelligibility rating. To facilitate clinical
adoption of this procedure, it is therefore necessary to know if parents’
estimates of their child’s general speech intelligibility are valid, and if a
child’s clinician can provide an assessment of a child’s speech
intelligibility that compares well with that of inexperienced listeners.

The present study aimed to 1) investigate the influence of nonlinear
frequency compression (NLFC) in hearing aids on intelligibility of
speech produced by children with hearing loss; and 2) examine
whether clinicians’ or parents’ judgments might be correlated with
those of inexperienced listeners.

Materials and methods

Participants

Child Talkers
The talkers included eight children who were participants in a cross-

over, four-period, double-blind evaluation of NLFC in hearing aids
[35]. Approval for this study was granted by the Australian Hearing
Human Research Ethics Committee for studies carried out at the
National Acoustic Laboratories (NAL). Consent from guardians of all
children were obtained before participation in the study.

In the study, performance was evaluated at four periods, including
two assessments when children wore their personal hearing aids using
conventional amplification, and two assessments when they wore
Phonak Naida V SP (n = 6) or UP (n = 2) hearing aids with NLFC
either activated or deactivated. A blinding protocol was used during
the latter two periods so that neither the researcher who collected
evaluation data nor the participants (including parents and children)
knew whether NLFC was activated in hearing aids. The order of NLFC
condition was counterbalanced across participants in the study.
Evaluations were completed after the children had used the devices at
the assigned settings for at least 6 weeks. To be included in the present
study, the children had to have good quality audio recordings of speech
samples available from evaluations at all four periods. The age of the
children ranged between 7.0 and 14.3 years (mean: 11.4; SD: 2.3).
Figure 1 shows the audiograms of the child-talkers, and Table 1 gives
their age and hearing-aid information.
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Figure 1: Hearing threshold levels in the better ear for each child-
talker.

Listener-judges
Experienced judges included parents of the child-talkers, and

clinicians (speech pathologists or audiologists). Inexperienced judges
included a total of 27 first-year university students who were native

speakers of Australian English. They had a mean age of 22 years (range:
18 - 30 years). All had hearing within normal limits, and reported no
previous exposure to speech produced by children with hearing loss.

Approval for this study was granted by the Macquarie University
Human Research Ethics Committee and all participants provided
consent prior to participation in the study.

Estimates of maximum audible frequency in hearing aids of
child-talkers

To estimate the audible bandwidth for each hearing aid
amplification scheme for each individual child, the maximum audible
output frequency (MOF) was first determined. The output of each
hearing aid was measured using the MedRx® AVANT REM Speech+
Live Speech Mapping system, with speech-weighted noise at an input
level of 65 dB SPL as stimuli. The MOF was the frequency at which the
audiogram intersected with the aided speech spectrum. To estimate the
maximum audible input frequency when NLFC was activated, a web-
based software called the SoundRecover Fitting Assistant v2.0 (released
in December 2012) was used [36]. The input parameters to the
software included the MOF, and the compression threshold and
compression ratio selected for the hearing aid of each child.

Subject No Gender Age (years) at first
test session

Years using
hearing aids

Personal hearing
aids Phonak hearing aids (CT/CR)

S1 Female 11.7 7.3 Siemens Explorer
500P Naida V SP (2.1/1.8)

S2 Male 11.6 7.1 Siemens Intuis Dir Naida V SP (3.2/2.1 to left ear; 2/1.8 to right ear)

S3 Female 7 5.7 Siemens Cielo 2P Naida V UP (2/1.6)

S4 Female 14.3 9.2 Bernafon LS 12 Naida V SP (3.5/2.5)

S5 Male 13.2 8.8 Siemens Explorer
500M Naida V SP (3/2.1)

S6 Female 10.7 4.3 Siemens Cielo 2P Naida V UP (1.5/1.5)

S7 Female 9.7 9.3 Siemens Cielo 2P Naida V SP (2.9/3.1)

S8 Female 12.9 9.4 Siemens Cielo 2P Naida V SP (3.4/2.4)

Table 1: Age, gender, and hearing aid information of the eight child-talkers. *Abbreviations: CT, cut-off frequency (Hz); CR, compression ratio.

Procedure

Stimulus sentences for child production
The stimuli were sentences drawn from the Beginners’ Intelligibility

Test (BIT) [37] produced by the children. This test material is widely
used for assessing speech production of children with hearing loss
[8,11,37]. There are four lists, each comprising 10 sentences that are
simple in content and syntactic structure (e.g. The baby falls; the boy is
under the table). Sentences range in length from 2 to 6 words (mean =
3.8 words) and from 3 to 8 syllables (mean = 4.5 syllables). Each list of
10 sentences contained a total of 37 to 40 words (mean = 38.3 words)
[37]. The lists were counterbalanced across hearing-aid conditions and
across subjects. During test administration, a picture that conveyed the
context of the target sentence was presented to the child, who was
instructed to repeat the sentence that the researcher read from a script.
With parents’ permission, the child’s production was audio-recorded

using a Zoom H4N digital recorder with an AKG MicroMic C555L
headset microphone, at a sampling rate of 44.1 kHz. Video-recordings
of the production were also made at the same time. A total of 320
speech samples (8 subjects × 4 hearing aid conditions × 10 BIT
sentences) were used for intelligibility judgments.

Procedure for speech intelligibility rating by inexperienced
listeners
The rms level of the recorded BIT sentences was normalized, using

the speech analysis software PRAAT version 5.3.57. The sentences were
presented via headphones using the experiment presentation program
DMDX [38] at an overall level of 65 dB SPL. Sentences from the 4
hearing-aid test conditions were blocked together with 4 blocks per
test condition for each child-talker. The order of the presentation of
sentences within test condition was randomized within the block.The
order of presentation for the 4 blocks was also randomized. In this way
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each listener received a different order of presentation for the 10
sentences within each test condition as well as the order of the 4 test
conditions in 4 blocks. Each listener heard sentences produced by two
child-talkers containing a total of 80 sentences, 40 from each child-
talker.

Four child-talkers received ratings from 8 listeners and four from 7
listeners. The listeners were instructed to listen to a series of sentences,
with each sentence being played only once. They were asked to rate
how well they could understand the sentence, using the rating scale
provided.

A 6-point speech intelligibility rating (SIR) scale [30, 32], which is
widely used for rating the speech production abilities of children with
hearing loss, was used (see Table 2) [39]. The listening sessions were
completed within 60 minutes.

Category SIR description

1 I always or almost always understand the child’s speech with little
or no effort

2 I always or almost always understand the child’s speech; however,
I need to listen carefully.

3 I typically understand about half of the child’s speech.

4 I typically understand about 25% of the child’s speech.

5 The child’s speech is very hard to understand. I typically
understand only occasional, isolated words and/or phrases.

6 I never or almost never understand the child’s speech.

Table 2: Speech Intelligibility Rating (SIR) Scale.

Speech intelligibility rating by experienced listeners
Parents were asked to estimate how well they thought an unfamiliar

person would be able to understand their own child’s speech
production and provide a rating accordingly. Clinicians (speech
pathologists or audiologists) that assessed the same children also
provided a rating on how well they could understand speech produced
by the children. The results from parents and clinicians were then
compared to that of the inexperienced listeners.

Data Analysis
A repeated measures Analysis of Variance (ANOVA) was used to

compare the ratings given by inexperienced listeners across 4 test
conditions. For each child, the Friedman’s test was used to compare the
rating scales given by multiple inexperienced listeners across 4 test
conditions. A product-moment correlation analysis was performed to
analyze the relationship between ratings of inexperienced listeners and
experienced listeners. Statistical calculations were performed using
SPSS for Windows version 16 software and Statistica v10. Two-tailed p-
values <0.05 were considered to indicate statistical significance in all
tests.

Results
The speech intelligibility ratings by parents and clinicians are

summarised in Table 3.

Subject No

 

Conventional amplification_1

 

NLFC activated

 

NLFC deactivated

 

Conventional amplification_2

 

Parent Clinician Parent Clinician Parent Clinician Parent Clinician

S1 1 2 1 1 1 1 1 1

S2 1 1 1 1 1 1 1 1

S3 1 2 1 4 1 3 1 5

S4 1 1 1 1 1 1 1 1

S5 2 1 2 1 1 1 1 1

S6 1 1 1 1 1 1 1 1

S7 1 1 1 1 1 1 1 1

S8 1 1 1 1 2 1 1 1

Table 3: SIR ratings from parent and clinician for each child in each condition.

The mean ratings of parents, clinicians and inexperienced listeners
for each aided condition are shown in Figure 2.

For inexperienced listeners, ANOVA analysis showed that there was
a significant difference on the mean SIR scale across 4 test sessions (F
(1, 26) = 3.061, p = 0.033). Further analyses using pairwise
comparisons indicated that SIR scale for NLFC_ON condition were
significantly different (indicating better intelligibility) than the three
other conditions, with NLFC_OFF (p = 0.002), OWN_1 (p = 0.015),

and OWN_2 (p = 0.007). These results suggest that children’s speech
intelligibility was rated best when wearing the new Naída hearing aids
with NLFC activated. The analyses were repeated for ratings from
experienced listeners. There were no significant differences across the 4
test conditions for the ratings provided by either parents or clinicians
(p > 0.05).
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Figure 2: Mean Speech Intelligibility Ratings from parents (filled
circles), clinicians (crosses) and inexperienced judges (filled
squares) for children with conventional amplification at time 1
(Conventional 1), NLFC activated (NLFC_ON), NLFC deactivated
(NLFC_OFF) and conventional amplification at time 2
(Conventional 2). Ratings of 1 denote “Always understand”, and
ratings of 5 denote “Very hard to understand” (see Table 2).

Mean ratings by inexperienced listeners for each individual child-
talker are shown in Figure 3. The ratings provided by multiple
inexperienced listeners across 4 test conditions for each child were
analysed using the Friedman’s test. With alpha set at 0.05, four child-
talkers received significantly different ratings across the different
hearing-aid conditions. Post-hoc pairwise comparisons were
conducted between NLFC activated with deactivated, own
conventional amplification at time 1 and time 2 using a Wilcoxon test.
Type I errors were controlled across comparisons at the 0.05 level using
the LSD procedure.

Four child-talkers showed significant variability in the ratings
received across the 4 test conditions, three of whom presented with an
advantage for NLFC activation. The remaining 4 children did not show
a significant difference across test conditions.

S2 (χ2 (3, N = 8) = 9.10, p = 0.03) had Kendall’s coefficient of
concordance of 0.38 indicating moderate rating differences among the
four hearing-aid test conditions. The mean ratings were significantly
higher (poorer) for NLFC activated (mean = 1.23) than deactivated
(mean = 1.14) (p < 0.04), but not different from conventional hearing
aid at times 1 and 2. The observed effect size, though statistically
significant, is close to zero.

S5 (χ2 (3, N = 7) = 15.66, p < 0.01) had Kendall’s coefficient of
concordance of 0.75 indicating fairly high rating similarities among the
four hearing-aid test conditions. The mean ratings were significantly
lower (better) for NLFC activated (mean = 1.49) than deactivated
(mean = 1.99) (p = 0.03), and conventional hearing aid at time 2 (mean
= 2.57) (p = 0.02), but not different from own hearing aid at time 1 (p
> 0.05).

S6 (χ2 (3, N = 7) = 17.40, p < 0.01) had Kendall’s coefficient of
concordance of .83 indicating fairly high rating similarities among the
four hearing-aid test conditions. The mean ratings were significantly
lower (better) for NLFC activated (mean = 1.87) than conventional
hearing aid at time 1 (mean = 2.70) (p = 0.02), higher (poorer) than
conventional hearing aid at time 2 (mean = 1.41) (p = 0.02), but not
different with NLFC deactivated (p > 0.05).

S7 (χ2 (3, N = 7) = 13.37, p < 0.01) had Kendall’s coefficient of
concordance of .65 indicating moderate rating similarities among the
four hearing-aid test conditions. The mean ratings were significantly
lower (better) for NLFC activated (mean = 1.44) than deactivated
(mean = 2.10) (p = 0.02), conventional hearing aid time 1 (mean =
2.06) (p = 0.02), and time 2 (mean = 2.06) (p = 0.02).

Figure 3: Mean Speech Intelligibility Ratings from inexperienced
judges (filled symbols) for each child with conventional
amplification at time 1 (Conventional 1), NLFC activated
(NLFC_ON), NLFC deactivated (NLFC_OFF) and conventional
amplification at time 2 (Conventional 2). Error bars indicate 95%
confidence intervals. Ratings of 1 denote “Always understand”, and
ratings of 5 denote “Very hard to understand” (see Table 2).
Significant differences (p < 0.05) between conditions linked by
horizontal lines were marked by asterisks.

Table 4 shows the maximum audible frequency for each participant
wearing their personal hearing aids using conventional amplification,
or wearing the Naida hearing aids with NLFC activated or deactivated.
On average, NLFC activation extended the range of maximum audible
frequency relative to deactivation in the same hearing aids (t = 3.41 [df
= 15], p < 0.01). The activation of NLFC extended the range of
frequencies audible to 5 children (S2, S4, S6 S7, and S8) in at least one
ear.

Agreement between speech intelligibility ratings of inexperienced
and experienced listeners (parents and clinicians) was analyzed using
bivariate correlations. With alpha set at 0.05, a moderate positive
correlation was found between inexperienced listeners and clinicians (r
= 0.58, p < 0.01). However, ratings of parents did not correlate with
ratings of either clinicians or inexperienced listeners.
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Subject No

 

Better ear

 

Maximum audible frequency (Hz)_Left ear

 

Maximum audible frequency (Hz)_Right ear

 

 

Conventional
amplification

NLFC
deactivated

NLFC activated Conventional
amplification

NLFC
deactivated

NLFC activated

S1 Right 1777 1612 1612 1661 1752 1647

S2 Right 1303 1542 1542 3494 3433 5581

S3 Right 1455 1746 1746 1627 1741 1741

S4 Left 3550 4591 7354 4098 4597 7378

S5 Right 2697 2557 2557 2876 2927 2927

S6 Right 914 1670 1861 1494 1706 1921

S7 Right 2828 5630 7280 3076 5635 7280

S8 Left 4470 5386 7920 3060 5586 7920

Table 4: Maximum audible frequency (Hz) for each child-talker wearing personal hearing aids and Naida hearing aids with NLFC deactivated
and activated.

Discussion
The present study was a first attempt to evaluate NLFC technology

by using a panel of inexperienced listeners to rate the relative
intelligibility of sentences produced by children when using different
amplification schemes. In particular, it examined the intelligibility
judgments of listeners who reported no previous exposure to speech
produced by people with hearing loss, and compared the judgments to
ratings of parents of the children and clinicians who provided services
to them. Age-appropriate language material was used to elicit
production of continuous discourse. As the material has high
contextual redundancy, an overall rating method rather than a word
scoring method was used. This reduced coding time, and allowed for
ratings of multiple listeners to be used to provide a reliable estimate
[32]. To partly control for subjectivity in rating, a panel of
inexperienced listeners was used for rating productions of more than
one child, using the SIR scale with accompanying descriptions. The
specific aims were to 1) investigate the influence of NLFC on
intelligibility of speech produced by children using hearing aids; and 2)
examine whether ratings by inexperienced judges correlate with those
of parents and clinicians.

In regards to the first aim, group-level results suggest that speech
intelligibility of child-talkers was rated by inexperienced listeners to be
better when NLFC was activated than when it was deactivated. On an
individual level, three of the children exhibited significant differences.
S5 had a sloping hearing loss, and NLFC activation did not extend the
audible bandwidth although it did lead to a significant improvement in
speech intelligibility. S7 had moderately severe flat hearing loss, and
NLFC activation resulted in an extension of audible bandwidth from
5.6 kHz to 7.3 kHz. This was associated with a significant improvement
in intelligibility. S4 had a sloping hearing loss, and NLFC activation
extended the audible bandwidth from 4.5 kHz to 7.4 kHz. The ratings
for NLFC activated were better than for NLFC deactivated, although
the difference did not reach significance level. For S2, speech
intelligibility ratings were minimally higher without NLFC than with
NLFC activation, but this effect was close to zero. This child had a

steeply sloping hearing loss, with near-normal hearing up to 1 kHz and
severe to profound loss at higher frequencies. Although the use of
NLFC increased the audible bandwidth in one ear from 3.4 kHz to 5.6
kHz, it might also have introduced audible distortions. For three of the
remaining children, speech was rated to be highly intelligible across all
test conditions, suggesting that they were well supported by
conventional amplification for development of speech production. The
use of NLFC did not result in further improvement because of ceiling
effect. For instance, the hearing aid measures for S8 revealed an
extension of audible bandwidth from about 5.3 kHz to 7.9 kHz, and no
effect of this extension on speech intelligibility was indicated because
the child could be easily understood across all test conditions.

It has been suggested that previous evaluations of NLFC for children
that were based on comparisons between children’s own hearing aids
with conventional amplification and new Naida hearing aids with
NLFC could potentially be confounded by inherent differences
between hearing aids in addition to the difference in signal processing
[15]. The findings in this study provide some support for this
conjecture – the ratings for conventional amplification provided by
children’s own hearing aids and by Naida hearing aids (NLFC
deactivated) were significantly different for two child-talkers (S2, S6).
The rated intelligibility was higher when Naida hearing aids were used.
As shown in Table 4, the audible bandwidth was slightly extended with
the Naida hearing aids compared to the children’s own hearing aids,
but activation of NLFC did not further increase high-frequency
audibility. This is likely a limitation related to the hearing loss
configurations – S6 had a moderate to profound sloping hearing loss,
and S2 had hearing within the normal range up to 1 kHz, but severe to
profound hearing loss at higher frequencies.

The second aim of this paper was to assess whether parental and
clinician reports of children’s speech production intelligibility are
indicative of how well the child’s speech can be understood by the
general hearing public. This study found that speech intelligibility
ratings by inexperienced listeners correlated well with experienced
listeners who are clinicians, but that neither group’s ratings correlated
with parental ratings. This suggests that clinician’s ratings of children’s
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speech intelligibility is a good indicator of how well children can be
understood by the general hearing public. Parental reports, on the
other hand, are not good indicators of children’s speech intelligibility
by unfamiliar listeners. These results suggest that a clinician’s judgment
of a child’s speech production intelligibility may be used as a valid tool
for evaluation of the effectiveness of amplification. The findings of this
study on the intelligibility of speech produced by children when fitted
with NLFC relate to the use of Naida V hearing aids, and cannot be
generalized to other frequency-lowering schemes available in
commercial hearing aids.

Limitations
The present findings suggest that the use of speech intelligibility

ratings is a useful clinical tool for evaluating the effect of NLFC on
speech production of young children at a group level. Given the small
sample size, the findings cannot be generalized. The effect size was
small. Therefore, future investigations will require a larger sample, with
audiometric configurations that meet manufacturer’s criteria for
selection of NLFC, to examine the impact of NLFC on children. More
sensitive test material, such as the use of non-words or anomalous
sentences, are likely to reveal the influence of signal processing more
effectively than the use of simple short sentences that have high
contextual information as in the BIT sentences used in this study. This
will allow ratings to be based exclusively on characteristics of the
acoustic speech signal produced by children rather than on a
combination of acoustic cues with contextual and linguistic cues [40].
It will then be possible to determine the effect of NLFC on speech
intelligibility of children with different audiometric characteristics.

This study found a lack of correlation between ratings of parents
and those of inexperienced judges. This may be due to a difference in
the protocols for judging intelligibility, or the relative familiarity with
speech produced by children with hearing loss for the two groups of
listeners. Whereas parents rated overall intelligibility of their own
child, the inexperienced listeners rated the intelligibility of recorded
sentences produced by several children who were not familiar to them.
Future work using a consistent protocol with the same test material for
both parents of children with hearing loss and inexperienced judges
will shed light on the relative effects of talker-familiarity and listening
experience on intelligibility ratings.

Conclusion
The present study found that, on average, the use of NLFC improved

the speech intelligibility of children with hearing loss, based on ratings
of a panel of inexperienced listeners. Significant correlations between
ratings of inexperienced listeners and clinicians based on a 6-point
scale support the use of clinicians’ judgments of children’s speech
intelligibility as a clinically viable tool for evaluating the effectiveness
of amplification for children.

Acknowledgments
The project described was partly supported by Award Number

DP110102479, from the Australian Research Council and by Award
Number R01HD057606 from the National Institute of Health. The
authors also acknowledge the financial support of the HEARing CRC,
established and supported under the Cooperative Research Centres
Program – an initiative of the Australian Government. Parts of this
study have been presented at the 44th Annual Conference of the

Australian Linguistics Society (ALS), Melbourne, Australia, and
October 2013.

References
1. Ruben RJ (2000) Redefining the survival of the fittest: communication

disorders in the 21st century. Laryngoscope 110: 241-245.
2. Flipsen P (2006) Measuring the intelligibility of conversational speech in

children. Clin Linguist Phon 20: 303-312.
3. Carney AE (1986) Understanding speech intelligibility in the hearing

impaired. Topics Land Disord 6: 47-59.
4. Osberger MJ (1992) Speech intelligibility in the hearing impaired:

Research and clinical implications. In: Intelligibility in Speech Disorders.
RD Kent (ed), 233-265, John Benjamins Publishing, Philadelphia.

5. Ertmer DJ (2011) Assessing speech intelligibility in children with hearing
loss: toward revitalizing a valuable clinical tool. Lang Speech Hear Serv
Sch 42: 52-58.

6. Tomblin JB, Peng SC, Spencer LJ, Lu N (2008) Long-term trajectories of
the development of speech sound production in pediatric cochlear
implant recipients. J Speech Lang Hear Res 51: 1353-1368.

7. Svirsky MA, Chin SB (2000) Speech production. In Cochlear Implants. SB
Waltzman, NL Cohen (Eds), 293-309, Thieme, New York,.

8. Miyamoto RT, Svirsky M, Kirk KI, Robbins AM, Todd S, et al. (1997)
Speech intelligibility of children with multichannel cochlear implants.
Ann Otol Rhinol Laryngol Suppl 168: 35-36.

9. Geers AE (2006) Factors influencing spoken language outcomes in
children following early cochlear implantation. Adv Otorhinolaryngol 64:
50-65.

10. Dawson PW, Blamey PJ, Dettman SJ, Rowland LC, Barker EJ, et al. (1995)
A clinical report on speech production of cochlear implant users. Ear
Hear 16: 551-561.

11. Chin SB, Tsai PL, Gao S (2003) Connected speech intelligibility of
children with cochlear implants and children with normal hearing. Am J
Speech Lang Pathol 12: 440-451.

12. Connor CM, Craig HK, Raudenbush SW, Heavner K, Zwolan TA (2006)
The age at which young deaf children receive cochlear implants and their
vocabulary and speech-production growth: is there an added value for
early implantation? Ear Hear 27: 628-644.

13. Markides A (1986) Age at fitting of hearing aids and speech intelligibility.
Br J Audiol 20: 165-167.

14. Alexander JM (2013) Individual variability in recognition of frequency-
lowered speech. Sem Hear 34: 86-109.

15. Ching TYC (2012) Hearing aids for children. In Evidence-based Practice
in Audiology: Evaluating Interventions for Children and Adults with
Hearing Impairment. L. Wong, L. Hickson (Eds), 93-118, Plural
Publishing, San Diego.

16. McCreery RW, Venediktov RA, Coleman JJ, Leech HM (2012) An
evidence-based systematic review of frequency lowering in hearing aids
for school-age children with hearing loss. Am J Audiol 21: 313-328.

17. Simpson A (2009) Frequency-lowering devices for managing high-
frequency hearing loss: a review. Trends Amplif 13: 87-106.

18. McCreery RW, Brennan MA, Hoover B, Kopun J, Stelmachowicz PG
(2013) Maximizing audibility and speech recognition with nonlinear
frequency compression by estimating audible bandwidth. Ear Hear 34:
e24-e27.

19. McDermott H (2011) A technical comparison of digital frequency-
lowering algorithms available in two current hearing aids. PLoS One 6:
e22358.

20. Ching TYC (2013) A randomized controlled trial of nonlinear frequency
compression versus conventional processing in hearing aids: speech and
language of children at three years of age. Int J Audiol 52 Suppl 2: S46-54.

21. Bentler R, Walker E, McCreery R, Arenas RM, Roush P (2014) Nonlinear
frequency compression in hearing aids: impact on speech and language
development. Ear Hear 35: 143-152.

Citation: Ching TYC, Rattanasone Xu N, Macdonald G, Zhang VW, Button L et al. (2015) Intelligibility of Speech Produced by Children with
Hearing Loss: Conventional Amplification versus Nonlinear Frequency Compression in Hearing Aids. Commun Disord Deaf Stud
Hearing Aids 3: 135. doi:10.4172/2375-4427.1000135

Page 7 of 8

Commun Disord Deaf Stud Hearing Aids
ISSN:2375-4427 JCDSHA, an open access journal

Volume 3 • Issue 3 • 1000135

http://www.ncbi.nlm.nih.gov/pubmed/16644588
http://www.ncbi.nlm.nih.gov/pubmed/16644588
http://journals.lww.com/topicsinlanguagedisorders/Citation/1986/06000/Understanding_speech_intelligibility_in_the.6.aspx
http://journals.lww.com/topicsinlanguagedisorders/Citation/1986/06000/Understanding_speech_intelligibility_in_the.6.aspx
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3386604/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3386604/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3386604/
http://www.ncbi.nlm.nih.gov/pubmed/9153115
http://www.ncbi.nlm.nih.gov/pubmed/9153115
http://www.ncbi.nlm.nih.gov/pubmed/9153115
http://www.ncbi.nlm.nih.gov/pubmed/16891836
http://www.ncbi.nlm.nih.gov/pubmed/16891836
http://www.ncbi.nlm.nih.gov/pubmed/16891836
http://www.ncbi.nlm.nih.gov/pubmed/8747805
http://www.ncbi.nlm.nih.gov/pubmed/8747805
http://www.ncbi.nlm.nih.gov/pubmed/8747805
http://ajslp.pubs.asha.org/article.aspx?articleid=1774767
http://ajslp.pubs.asha.org/article.aspx?articleid=1774767
http://ajslp.pubs.asha.org/article.aspx?articleid=1774767
http://www.ncbi.nlm.nih.gov/pubmed/17086075
http://www.ncbi.nlm.nih.gov/pubmed/17086075
http://www.ncbi.nlm.nih.gov/pubmed/17086075
http://www.ncbi.nlm.nih.gov/pubmed/17086075
http://www.ncbi.nlm.nih.gov/pubmed/3719164
http://www.ncbi.nlm.nih.gov/pubmed/3719164
http://web.ics.purdue.edu/~alexan14/Publications_files/Alexander_2013.pdf
http://web.ics.purdue.edu/~alexan14/Publications_files/Alexander_2013.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3721307/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3721307/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3721307/
http://www.ncbi.nlm.nih.gov/pubmed/19447764
http://www.ncbi.nlm.nih.gov/pubmed/19447764
http://www.ncbi.nlm.nih.gov/pubmed/23104144
http://www.ncbi.nlm.nih.gov/pubmed/23104144
http://www.ncbi.nlm.nih.gov/pubmed/23104144
http://www.ncbi.nlm.nih.gov/pubmed/23104144
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3137629/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3137629/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3137629/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3876028/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3876028/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3876028/
http://www.ncbi.nlm.nih.gov/pubmed/24892229
http://www.ncbi.nlm.nih.gov/pubmed/24892229
http://www.ncbi.nlm.nih.gov/pubmed/24892229


22. McGarr NS (1983) The intelligibility of deaf speech to experienced and
inexperienced listeners. J Speech Hear Res 26: 451-458.

23. Kent RD, G MioloS Bloedel (1994) The intelligibility of children's speech.
Am J Speech Lang Pathol. 3: 81-95.

24. Flipsen Jr. P, Colvard LG (2006) Intelligibility of conversational speech
produced by children with cochlear implants. J Commun Disord 39:
93-108.

25. Blanchet PG, Hoffman PR (2014) Factors influencing the effects of
delayed auditory feedback on dysarthric speech associated with
Parkinson’s disease. Commun Disord Deaf Stud Hearing Aids 2: 106.

26. Kalikow DN, Stevens KN, Elliott LL (1977) Development of a test of
speech intelligibility in noise using sentence materials with controlled
word predictability. J Acoust Soc Am 61: 1337-1351.

27. Boothroyd AS Nittrouer (1988) Mathematical treatment of context effects
in phoneme and word recognition. J Acoust Soc Am 84: 101-114.

28. Habib MG, Waltzman SB, Tajudeen B, Svirsky MA (2010) Speech
production intelligibility of early implanted pediatric cochlear implant
users. Int J Pediatr Otorhinolaryngol 74: 855-859.

29. Peng SC, Spencer LJ, Tomblin JB (2004) Speech intelligibility of pediatric
cochlear implant recipients with 7 years of device experience. J Speech
Lang Hear Res 47: 1227-1236.

30. Nikolopoulos TP, Archbold SM, Gregory S (2005) Young deaf children
with hearing aids or cochlear implants: early assessment package for
monitoring progress. Int J Pediatr Otorhinolaryngol 69: 175-186.

31. Allen MC, Nikolopoulos TP, O'Donoghue GM (1998) Speech
intelligibility in children after cochlear implantation. Am J Otol 19:
742-746.

32. Allen C, Nikolopoulos TP, Dyar D, O'Donoghue GM (2001) Reliability of
a rating scale for measuring speech intelligibility after pediatric cochlear
implantation. Otol Neurotol 22: 631-633.

33. Zhang WV, Ching TYC, Van Buynder P, Hou S, Flynn C, et al. (2014)
Aided cortical response, speech intelligibility, consonant perception and
functional performance of young children using conventional
amplification or nonlinear frequency compression. Int J Pediatr
Otorhinolaryngol 78: 1692-1700.

34. Monsen RB (1981) A usable test for the speech intelligibility of deaf
talkers. Am Ann Deaf 126: 845-852.

35. Ching TYC (2012) Frequency compression in paediatric rehabilitation:
what is it good for, and for whom? Audiology Australia XX National
Conference, Adelaide, Australia.

36. Alexander JM (2009) Candidacy, selection, and verification of
soundrecover options. 3rd Phonak Virtual Audiology Conference,
Omaha, NE, United States.

37. Osberger MJ, Robbins AM, Todd SL, Riley AI (1994) Speech intelligibility
of children with cochlear implants. Volta Review 96: 169-180.

38. Forster KI, Forster JC (2003) DMDX: A windows display program with
millisecond accuracy. Behavior Research Methods, Instruments, &
Computers 35: 116-124.

39. Yoshinaga-Itano C (2000) Successful outcomes for deaf and hard-of-
hearing children. Sem Hear 21: 309.

40. Dillon H, Ching TYC (1995) What makes a good speech test? In
Profound Deafness and Speech Communication. G Plant, K-E Spens
(Eds), 305-344, Whurr Publishers Ltd., London.

 

Citation: Ching TYC, Rattanasone Xu N, Macdonald G, Zhang VW, Button L et al. (2015) Intelligibility of Speech Produced by Children with
Hearing Loss: Conventional Amplification versus Nonlinear Frequency Compression in Hearing Aids. Commun Disord Deaf Stud
Hearing Aids 3: 135. doi:10.4172/2375-4427.1000135

Page 8 of 8

Commun Disord Deaf Stud Hearing Aids
ISSN:2375-4427 JCDSHA, an open access journal

Volume 3 • Issue 3 • 1000135

http://www.ncbi.nlm.nih.gov/pubmed/6645470
http://www.ncbi.nlm.nih.gov/pubmed/6645470
http://ajslp.pubs.asha.org/article.aspx?articleid=1774431
http://ajslp.pubs.asha.org/article.aspx?articleid=1774431
http://www.ncbi.nlm.nih.gov/pubmed/16376368
http://www.ncbi.nlm.nih.gov/pubmed/16376368
http://www.ncbi.nlm.nih.gov/pubmed/16376368
http://www.ncbi.nlm.nih.gov/pubmed/881487
http://www.ncbi.nlm.nih.gov/pubmed/881487
http://www.ncbi.nlm.nih.gov/pubmed/881487
http://www.ncbi.nlm.nih.gov/pubmed/3411038
http://www.ncbi.nlm.nih.gov/pubmed/3411038
http://www.ncbi.nlm.nih.gov/pubmed/20472308
http://www.ncbi.nlm.nih.gov/pubmed/20472308
http://www.ncbi.nlm.nih.gov/pubmed/20472308
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3210816/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3210816/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3210816/
http://www.ijporlonline.com/article/S0165-5876%2804%2900294-0/abstract
http://www.ijporlonline.com/article/S0165-5876%2804%2900294-0/abstract
http://www.ijporlonline.com/article/S0165-5876%2804%2900294-0/abstract
http://www.ncbi.nlm.nih.gov/pubmed/11568670
http://www.ncbi.nlm.nih.gov/pubmed/11568670
http://www.ncbi.nlm.nih.gov/pubmed/11568670
http://muse.jhu.edu/journals/american_annals_of_the_deaf/summary/v126/126.7.monsen.html
http://muse.jhu.edu/journals/american_annals_of_the_deaf/summary/v126/126.7.monsen.html
http://www.nal.gov.au/conference-presentations_tab_15.shtml
http://www.nal.gov.au/conference-presentations_tab_15.shtml
http://www.nal.gov.au/conference-presentations_tab_15.shtml
http://www.ncbi.nlm.nih.gov/pubmed/8450658
http://www.ncbi.nlm.nih.gov/pubmed/8450658
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.468.9100&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.468.9100&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.468.9100&rep=rep1&type=pdf
https://www.thieme-connect.com/products/ejournals/abstract/10.1055/s-2000-13462
https://www.thieme-connect.com/products/ejournals/abstract/10.1055/s-2000-13462

	Contents
	Intelligibility of Speech Produced by Children with Hearing Loss: Conventional Amplification versus Nonlinear Frequency Compression in Hearing Aids
	Abstract
	Keywords
	Introduction
	Materials and methods
	Participants
	Child Talkers
	Listener-judges
	Estimates of maximum audible frequency in hearing aids of child-talkers

	Procedure
	Stimulus sentences for child production
	Procedure for speech intelligibility rating by inexperienced listeners
	Speech intelligibility rating by experienced listeners

	Data Analysis

	Results
	Discussion
	Limitations
	Conclusion
	Acknowledgments
	References


