
CHAPTER TWENTY-ONE

Introduction

The early fitting of infants with hearing aids relies
largely on the verification of amplification characteris-
tics using simulated real ear measurements (REM) that
are matched to prescription targets derived from audio-
metric thresholds. The audibility of different parts of the
speech spectrum can be inferred from the audiometric
thresholds and the estimated applied gain, and is ex-
pressed as the speech intelligibility index (SII; ANSI
1997). However, the fidelity of the representation of im-
portant temporal and spectral cues within speech is gen-
erally not assessed, and detection and discrimination of
speech features for the infant or child remain uncon-
firmed. Thus REM allows verification that the hearing
aid gains fit the target, but not the verification of func-
tional benefit for speech intelligibility. The latter re-
quires speech testing, with the form of the test(s) cho-
sen so as to be age-appropriate and to avoid floor and
ceiling effects. 

Rationale for the Present Study

The literature on early auditory development for
normally hearing infants indicates a sequence in which
different classes of speech cues acquire meaning (or be-
come useful) at different times (Werner and Marean
1996). In the early months of life, for example, the child
may attend to voicing patterns that characterize and
identify the talker, rather than using those patterns to
aid the recognition of words or phrases. For normal-

hearing infants there is preferential perception and neu-
ral encoding of phonemic contrasts from the child’s own
language by the second half of the first year of life (Kuhl
et al. 2008).

Taking this developmental sequence into account, it
seems likely that the relative importance of different fre-
quency bands may change depending on whether a
child is in the pre- or peri-lingual period of communica-
tion. For example, when a child is first becoming aware
of human voices, access to low-frequency voicing cues
(in the range 200–600 Hz) will be more important than
access to the high-frequency cues (between 2000 and
3000 Hz) that are important for some consonant con-
trasts. Thus, the frequency-importance function used to
calculate the SII, which specifies the relative importance
of different frequency bands for adults with normal hear-
ing, may not be applicable to infants and children, espe-
cially when they have hearing loss. However, a practical
problem in verifying the benefits of amplification of low
frequencies is that techniques for estimating hearing
thresholds for infants and young children (e.g., auditory
brainstem responses [ABR] and auditory steady-state
responses [ASSR]) are less precise for low frequencies
than for medium and high frequencies (Stapells 1994;
Rance et al. 2005; Van Maanen and Stapells 2009).

For the hearing-impaired child, the appropriateness
of hearing aid amplification characteristics will deter-
mine the degree to which environmental and speech
sounds are audible, and this will in turn affect whether
auditory development can proceed in a normal or near-
normal manner. In order to capitalize on early neural
plasticity, close and continuous monitoring of auditory
awareness is required. The hearing aid prescription can
be set initially and then fine-tuned using three sources of
information. The initial fitting relies largely on estimates
of hearing thresholds obtained using ABR (supple-
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mented or not by ASSR data – see the Chapter by
Stapells). Over the next few months accurate behavioral
hearing responses can usually be derived, and these
should supersede threshold estimates based on
ABR/ASSR. But both of these should be supplemented
by close observation and monitoring of the child’s audi-
tory awareness and developing communication re-
sponses. This functional information allows evaluation
of the child’s progress between clinical assessments and
specifies targets for listening and vocalization support.
In the present study, we describe the outcomes of a va-
riety of tests that can be used at different stages of devel-
opment to assess functional performance in terms of
awareness of speech and speech discrimination and
identification. The tests are used to compare the effec-
tiveness of three fitting procedures in restoring the au-
dibility of soft speech sounds. Although children with a
range of ages were tested, we present here only the data
for all children tested using a given type of test. Effects
of age will be presented in a subsequent publication. The
fitting procedures used in this study are discussed next.

Hearing Aid Prescriptions for 
Infants and Children

Any research assessing the effectiveness of hearing
aid prescription methods with young children must min-
imize the possibility that any of the prescription condi-
tions will have a negative impact on the child, even for a
limited period of time. Therefore only published and
professionally accepted amplification procedures can be
used. There are three prescription methods that are
widely used for fitting hearing aids to children around
the world: the two versions of DSL (DSL[i/o] and the up-
dated version 5; Cornelisse, Seewald and Jamieson 1995;
Scollie et al. 2005) and NAL-NL1 (Byrne, Dillon, Ching,
Katsch and Keidser 2001). Each child needs a period of
at least one week and preferably two weeks use of hear-
ing aids fitted using a given prescription method prior to
being tested; this allows the child to become familiar
with the nature of sounds provided by the prescription.
There are differences between the rationales and ampli-
fication characteristics for NAL-NL1 and the DSL pre-
scriptions: NAL-NL1 generally prescribes less low- and
high-frequency gain than the DSL methods, particularly
for severe or profound hearing loss, as shown in figure
1. NAL-NL1 also prescribes less compression than the
DSL methods, especially at high frequencies. The
amount of compression in hearing aids represents a
compromise. Compression is required to ensure that

low-level sounds are audible while intense sounds are
not uncomfortably loud (Villchur 1973; Moore 2008).
The amount of compression required to achieve this
generally increases with increasing hearing loss and the
consequent reduced dynamic range. However, if too
much compression is applied, this introduces undesir-
able effects such as reduced modulation depth in speech
and reduction of spectral contrast. High compression ra-
tios combined with high amounts of low-frequency gain
may also increase the audibility of background noise,
and this may degrade speech understanding in noise via
the upward spread of masking. Thus there is a compro-
mise between increased audibility of speech cues and in-
creased susceptibility to the effects of noise. Compres-
sion at high frequencies has been found to be beneficial
for some hearing-impaired adults (Laurence, Moore and
Glasberg 1983; Moore, Johnson, Clark and Pluvinage
1992; Marriage and Moore 2003), but the results for chil-
dren are less clear-cut (Marriage, Moore, Stone and
Baer 2005). A collaborative study comparing the DSL
and NAL-NL1 prescriptions for older children showed
no clear overall benefit for one prescription over the
other (Ching, Scollie, Dillon and Seewald 2010a; Ching
et al. 2010b). 

Figure 1. Sample amplification characteristics for NAL-NL1 and
DSLv5 for a moderate to severe hearing loss.
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Speech Test Development and Selection

An assessment of functional hearing for speech re-
quires test materials that can be used to derive reliable
results for hearing-impaired children as young as 2
years of age. The tests used in this study included the
minimum detection level for repetition of individual
phonemes, word discrimination, word recognition,
phrase or sentence identification, and speech in noise
understanding. Although some available speech tests
were suitable for our purposes, new materials or meth-
ods of presentation were developed and adapted for use
with hearing-impaired children from pre-school age to
infant school age. The final test battery included the fol-
lowing: (1) three closed-set monosyllabic speech tests
with pictures, designed for use at different stages of lin-
guistic development. Pictures were presented on a
touch sensitive screen or laptop with mouse; (2) ten
open-set word lists for use in quiet and/or speech-
shaped noise; (3) Ling five stimuli (phonemes /u, a, i,
sh, s/; Glista et al. 2009); and (4) the pre-recorded com-
mon phrase test (CPT; Osberger et al. 1991).

These tests furnish information on the functional ef-
fect of hearing-aid fitting for: detection of speech sounds
with spectra dominated by low or high frequencies; dis-
crimination between vowels; discrimination between con-
sonants; recognition of words; and understanding of run-
ning speech including effects of masking by noise. In ad-
dition, informal observations of listening effort by the
child and the opinion of the child on the quality and com-
fort of sound, including perception of noise, were ob-
tained; however, these data are not reported here. All
classes of speech sounds were considered to be important
in this study and were represented in the speech tests.

Norms for the speech test battery were derived
from 36 normally hearing (NH) children between the
ages of 2 and 8 years. Levels were calibrated using a
speech-shaped noise that was presented via an audiome-
ter and loudspeaker. The level was measured using a
sound level meter at the position of the child’s head. The
minimum level at which the closed-set speech tests
could be performed reliably depended somewhat on the
specific testing room used, but was typically about 30
dBA for all age groups of the NH children. The Renfrew
word finding test (Renfrew 1995) was used as a vocabu-
lary screen to determine which individual parts of the
speech test battery to use with each child and to main-
tain an appropriate level of challenge and thereby self-
motivation. The test-retest repeatability of the closed-set
tests was defined as the average difference (regardless

of sign) between scores obtained on two different test
sessions. The repeatability for children with normal
hearing in the age group 4-8 years was found to be 7.6%. 

Examples of the Closed-set Speech Material

In the closed-set tests (1) to (3) listed below, the tar-
get word was presented from a loudspeaker positioned
directly in front of the child at a distance between 0.6 and
1 meter. Four pictures were presented on a touch-sensi-
tive screen, one of which corresponded to the target
item. The child responded by touching one of the pic-
tures, or clicking on it with a mouse. The only factor that
was varied was the hearing aid prescription in the child’s
hearing aids (NAL-NL1, DSL[i/o], DSLv5). Although a
number of test venues were used over the course of the
study, each child was tested in the same room across all
testing sessions. The test measures included:
(1) Identification of phonemes in a closed-set four-alter-

native task with pictures (2-8 years). Examples: eye,
ice, lice, slice, or why, wine, eye, wise.

(2) Consonant discrimination with closed-set testing
with a four-item picture task in which the vowel was
the same. For younger ages, both the initial and final
consonants within each group of four items were 
different, providing more contrastive speech cues.
Examples: three, key, sheep, feet or hen, peg, egg, bed.
For older ages, the items differed either in the initial
consonant or the final consonant, but not both. Ex-
amples: fat, cat, bat, mat (word-initial) or cheese,
cheat, cheap, cheek (word-final).

(3) Vowel discrimination with 12 or 20 item versions, pre-
sented in noise or quiet.  Example: tea, tie, tar, two.

(4) Ling five-repetition task for pre-recorded phonemes:
/u, a, i, sh, s/. For this task, the child was asked to
repeat the speech sound that was heard. The level of
all sounds was varied, and the sounds that were cor-
rectly identified at each level were recorded. The
score reported is the lowest level at which a given
sound could be reliably identified.

Speech Presentation Levels

In order to assess performance while avoiding floor
or ceiling effects, the presentation level in dBA of the
closed-set test material was individually set using the fol-
lowing formula: 

Level = [(3-frequency audiometric thresholds (PTA)
in better hearing ear) � 0.4] + 30 dB For example, if the
PTA was 40 dB, the level was set to 16 + 30 = 46 dB SPL.

Using Speech Perception Measures to Guide the Choice of Amplification 275



The three frequencies were chosen individually for each
child to be the frequencies for which the audiometric
thresholds were highest.

This formula reflects the fact that, as hearing loss in-
creases, more compression is required to restore the
audibility of weak sounds while preventing excessive
loudness and/or distortion in the hearing aid from in-
tense sounds. Since too much compression can have
deleterious effects, as discussed above, the lowest
sound level for which audibility can be restored needs to
increase with increasing hearing loss. 

For the open-set materials presented in quiet, test-
ing was conducted at 50 and 65 dBA. For the open-set
materials presented in speech-shaped noise, the speech
level was set to 60 dBA and the noise level was set 5 or
10 dB below this.

Subjects and Test Conditions

Fifty-four children were initially enrolled into the
study, and 44 children with moderate and severe bilat-
eral hearing loss completed all conditions. The children
were divided into three age groups: 

Group 1 (2–3 yrs): n = 8
Group 2 (4–5 yrs): n = 14
Group 3 (6–9 yrs): n = 22
Of the ten children who dropped out of the study,

only one dropped out due to an inability to complete the
speech testing. There was some indication of wider
communication difficulties for this child.

Several hearing aid types were used for the study.
Hearing aids were chosen to be compatible with radio
aid equipment that the child was using at the time of en-
rolment. The hearing aids used were Phonak Savia Art®,

Oticon Safran®, and Phonak Naida®. Two children were
tested using their own Oticon Spirit II® hearing aids, as
they did not want to change their hearing aid model.

Hearing aid gains were adjusted to match targets for
NAL-NL1, DSL[i/o] and DSLv5, the gains for each
method being stored in a different program in the hear-
ing aid, using a code that was unknown to the tester –
that is, the tester was blind as to which program number
corresponded to a given prescription. Gains were veri-
fied with real-ear-to-coupler difference (RECD) meas-
ures using real speech input with the Verifit® REM sys-
tem. The different prescriptions were used in a balanced
randomized order across subjects. Subjects wore the
study hearing aids with each prescription in turn, typi-
cally for between two and four weeks for each prescrip-
tion. At the end of this acclimatization period, they were
assessed using the speech test battery and the next pre-
scription was activated. The tester was blind to the pre-
scription fitting condition at the time of testing. 

Results

Ling Sound Detection Level in dBA

Group results for all subjects for the lowest level at
which the child was able to repeat the Ling five sounds
correctly are shown in table 1. The numbers given are
the mean level in dBA required for correct repetition. 

A separate within-subject one-way analysis of vari-
ance (ANOVA) with factor prescription type was con-
ducted across all subjects for each Ling sound. The p
value associated with each sound is given in the right-
most column of Table 1. No differences between pre-
scriptions were found for /a/ and /sh/ detection levels.
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Table 1. Mean scores for the Ling sounds across all subjects. The final two columns show F and p values for one-way within-subject ANOVAs
with factor prescription type.
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Ling sounds DSLv5 DSL [i/o] NAL-NL1 F value (df) p value 

/u/ 38.2 38.9 40.8 4.20 (2, 88) p = 0.018 

/i/ 36.5 37.2 38.8 4.13 (2, 88) p = 0.019 

/s/ 43.5 43.7 48.6 17.3 (2, 88) p < 0.001 

/a/ 40.6 40.5 40.7 0.12 (2, 88) p = 0.89 

/sh/ 40.5 41.2 41.3 0.84 (2, 88) p = 0.43 



Post hoc tests, based on Fisher’s protected least signifi-
cant differences test, showed that the levels required for
correct repetition of /u/, /i/ and /s/ were higher for
NAL-NL1 than for DSLv5 and DSL [i/o]. The levels did

not differ significantly for DSLv5 and DSL [i/o]. In sum-
mary, the DSL prescriptions allowed the Ling sounds to
be correctly identified at lower levels than the NAL-NL1
prescription.
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Table 2.Results of the closed- and open-set speech tests. The first column identifies the test. The second column indicates the type of score. The third to fifth
columns indicate the prescription method used. The final two columns show F and p values for within-subject ANOVAs, based on the data for all subjects.
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Closed-set 2-8 years Score type DSL 

v5 

DSL 

[i/o] 

NAL-

NL1 

 

F value 

(df) 

p value 

Consonant 

discrimination 

% correct 80.1 81.8 74.1 15.1 

(2,88) 

p <0.001 

Phoneme identification 

in word 

% correct 84.2 95.6 77.9 10.9 

(2,60) 

p<0.001 

Vowel disc in noise % correct 

0 dB SNR 

84.0 86.5 81.2 1.14 

(2,60) 

p = 0.32  

Open set 

4–8 years 

      

Word recog. (50 dBA) Score /30 22.4 23.1 19.7 9.68 

(2,66) 

p <0.001 

Word recog. (65 dBA) Score/30 26.7 26.5 26.3 0.33 

(2,70) 

p = 0.72 

Phrase test (CPT) dBA (adaptive 

presentation) 

39.4 38.8 41.5 7.48 

(2,70) 

p=0.001 

Word recognition in 

noise 

Score /30 

5 or 10 dB SNR 

24.5 24.5 21.8 3.32 

(2,22) 

p = 

0.055 

 



A Sound Foundation Through Early Amplification278

Closed and Open Set Speech Tests

Results for the closed and open set speech tests are
shown in Table 2. The type of score is indicated in the
second column. Open-set speech testing was usually not
feasible with the younger group of subjects for the open-
set speech materials used here. 

The results show:
(1) Consonant discrimination was about seven percent-

age points better with DSLv5 and DSL [i/o] than
with NAL-NL1.

(2) Identification of phonemes in words was highest for
DSL [i/o] and lowest for NAL-NL1.

(3) Discrimination of vowels in noise did not differ sig-
nificantly across prescriptions.

(4) Recognition of words at 50 dBA was highest for DSL
[i/o] and lowest for NAL-NL1.

(5) Recognition of words at 65 dBA showed no signifi-
cant difference between prescriptions.

(6) The “threshold” level for the CPT test was higher for
NAL-NL1 than for DSLv5 or DSL [i/o].

(7) Recognition of words in noise was slightly lower for
NAL-NL1 than for DSLv5 and DSL [i/o], but the dif-
ference just failed to reach statistical significance.

Discussion

These results show better speech discrimination
performance for the DSL prescriptions than for the
NAL-NL1 prescription, for both consonants and vowels
presented in quiet. Presumably this is a consequence of
the lower gains and compression ratios recommended
by NAL-NL1, which would have led to reduced audibility
of low-level sounds. Additionally, the DSL prescriptions
did not lead to lower discrimination or recognition
scores when target words were presented in speech-
shaped noise, despite the increased low-frequency gains
recommended by the DSL prescriptions. Such lower dis-
crimination for the DSL prescriptions might have been
expected if the greater low-frequency gains for those
prescriptions led to greater upward spread of masking
or greater distraction. Rather, scores in noise were
slightly, but just non-significantly, higher for the DSL
prescriptions than for NAL-NL1. 

Although there was a slight trend for performance
to improve with test familiarity (i.e., with test order), the
effects were not significant for any test. This suggests
that learning effects with these tests are small, at least
over the short term.

In this brief report, we have presented only mean
scores for each prescription and test, mainly focusing on
scores for relatively low sound levels. Of course, other
factors must be taken into account when assessing pre-
scriptive procedures. For example, the higher gains for
the DSL procedures relative to NAL-NL1 result in
greater loudness, and this may lead to tolerance prob-
lems with medium and high-level sounds. Loudness
preferences for each prescription will be included in
forthcoming publications, which will also include analy-
ses of patterns of confusion, age effects, and individual
differences.

Conclusions

The DSL methods prescribe more gain and more
compression than NAL-NL1. Using age-appropriate
closed-set and open-set speech tests, designed to avoid
floor and ceiling effects, we have shown that the higher
gains for the DSL methods lead to significantly im-
proved detection and discrimination of low-level sounds.
However, open-set speech recognition testing at 65 dB
did not reveal differences between prescription meth-
ods, presumably because performance was limited by
supra-threshold factors (such as frequency selectivity,
temporal resolution, and sensitivity to temporal fine
structure) rather than by audibility. In future publica-
tions we will consider whether the benefits of the DSL
procedures demonstrated in this study are offset by fac-
tors such as higher loudness (than for NAL-NL1) for
high input levels.
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