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Abbreviations: 

4FAHL: Four frequency average hearing loss (averaged hearing loss at 0.5, 1, 2, and 4 kHz) 

AH: Australian Hearing 

ANSI SII: Speech Intelligibility Index (SII) calculated with the American National Standards 

Institute (ANSI) S3.5 (1997) method 

BKB: Bamford–Kowal–Bench (BKB) sentence test 

CIs: Cochlear implants 

HAs: Hearing aids 

ILTASS: International long-term average speech spectrum  

LOCHI: Longitudinal Outcomes of Children with Hearing Impairment  

NH: Normal hearing  

NU-CHIPS: North Western University Children’s Perception of Speech 

PEACH: Parents’ Evaluation of Aural/oral Performance of Children 

PCHL: Permanent childhood hearing loss 

PLS-4: Pre-school Language Scale, 4th edition 

RECD: Real-ear-to-coupler Difference 

rSII: Residualised Speech Intelligibility Index (SII) 

SII: Speech Intelligibility Index 

SNR: signal-to-noise ratio 

SRT: Speech reception thresholds 

SRM: Spatial release from masking 

SD: Standard deviation 

WNV: Wechsler Nonverbal Scale of Ability 
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Abstract 

Objective: We investigated the factors influencing speech perception in babble for 5-year-old 

children with hearing loss who were using hearing aids (HAs) or cochlear implants (CIs).  

Design: Speech reception thresholds (SRTs) for 50% correct identification were measured in 

two conditions - speech collocated with babble, and speech with spatially separated babble. 

The difference in SRTs between the two conditions give a measure of binaural unmasking, 

commonly known as spatial release from masking (SRM). Multiple linear regression analyses 

were conducted to examine the influence of a range of demographic factors on outcomes. 

Study sample: Participants were 252 children enrolled in the Longitudinal Outcomes of 

Children with Hearing Impairment (LOCHI) study.  

Results: Children using HAs or CIs required a better signal-to-noise ratio to achieve the same 

level of performance as their normal-hearing peers, but demonstrated SRM of a similar 

magnitude. For children using HAs, performance was significantly influenced by cognitive 

and language abilities. For children using CIs, age at CI activation and language ability were 

significant predictors of outcomes.  

Conclusions: Speech perception in children with hearing loss can be enhanced by improving 

their language abilities. Early age at cochlear implantation was also associated with better 

outcomes.  
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Introduction 

The presence of permanent childhood hearing loss (PCHL) has a negative impact on 

children’s speech and language development. Acquisition of speech perception relies on 

access to relevant acoustic and linguistic information early in life (Kuhl, 2000), oftentimes in 

complex situations where target speech occurs with competing sounds (Barker & Newman, 

2004). In typically developing children and adults, it has been observed that speech 

perception in noise improves when the target source is spatially separated from competing 

sounds, an advantage commonly referred to as ‘spatial release from masking’ or SRM 

(Akeroyd, 2006). This improvement has been partly attributed to mechanisms relating to 

spatial hearing, known to reach maturity in early childhood in typically developing children 

(Garadat & Litovsky, 2007, Ching et al., 2011b). Little is known about how young children 

with hearing loss use spatial cues to resolve auditory information in complex environments – 

a feat that underpins learning in real-world environments.  

 

With the advent of universal newborn hearing screening (UNHS) and advances in 

technology, early fitting of hearing aids (HAs) or cochlear implants (CIs) to children with  

PCHL is possible. The influence of age at intervention (defined as age at HA fitting or 

cochlear implantation in this paper) on children’s developmental time course to use spatial 

cues is unknown. As speech perception is a major outcome measure of effectiveness of the 

hearing devices for children with PCHL, an increased understanding of factors influencing 

speech perception in noise and SRM in these children would contribute to devising evidence-

based strategies for optimising outcomes. In this article, the influence of age at intervention 

together with a comprehensive range of factors, including language, cognitive and 

demographic characteristics, on 5-year-old children using HAs or CIs in perceiving speech in 
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noise and SRM was analysed for a large group of children who participated in the 

Longitudinal Outcomes of Children with Hearing Impairment (LOCHI) study.  

 

Previous studies have shown that many children with PCHL experienced much difficulties 

listening to speech in real-world environments (Ching et al., 2010, Scollie et al., 2010). They 

required a more favourable signal-to-noise ratio (SNR) than their peers with normal hearing 

(NH) to achieve a comparable level of speech perception performance (e.g. Gravel et al., 

1999, Hicks and Tharpe, 2002). The deficit was more pronounced when the competing noise 

was complex, such as speech babble produced by one or more talkers (e.g. Leibold et al, 

2013; Hillock-Dunn et al, 2015). This suggests that assessing speech perception in babble 

provides an estimate that better approximates listening in real-world environments than 

evaluating speech perception in quiet or in steady-state noise-maskers.  

 

Studies on adult speech perception in simulated complex auditory environments have shown 

that SRM incorporated the use of monaural ‘head-shadow’ (listening to the ear with a better 

SNR or better-ear effect) cues, binaural summation (receiving information with two ears or 

redundancy), and the squelch effect (binaural integration of inputs to the two ears for inter-

aural time and level difference cues, or binaural unmasking) (for a summary, see Dillon, 

2012) . In current literature, approaches to quantifying SRM have used listening conditions 

that either contain only one competing source from a single location (thereby relying mainly 

on head shadow cues), or competing sounds that are simultaneously distributed in multiple 

locations (in which head shadow cues are minimised and listeners must rely on binaural 

cues). The SRM is generally expressed as the difference in speech reception threshold (SRT) 

or percent correct score when target speech and competing sounds are collocated and when 

target speech and competing sounds are spatially separated. 
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Whereas children with normal hearing (NH) demonstrated the use of spatial hearing by about 

4 years of age when asked to identify spondaic words in 2-talker babble presented from a 

location that was either the same as target speech at 0° azimuth, or separated from target 

speech at 90° azimuth to one ear (Garadat & Litovsky, 2007, Johnstone & Litovsky, 2006), 

this ability has not been observed in school-aged children with hearing loss who were using 

bilateral HAs (Nittrouer et al., 2013). Nittrouer et al (2013) assessed word perception of 48 

NH children and 18 children with hearing loss using HAs at a mean age of 9 years by 

presenting words in steady-state noise, with the noise located either at 0° azimuth with target 

speech (S0N0), or laterally to one side at 90° azimuth (S0N90). For both test conditions, the 

mean scores of children with NH were significantly higher than those of children with HAs. 

On average, spatial advantages in terms of SRM were observed in NH children, but not in 

children using HAs.  

 

Other studies that focussed on assessing the use of binaural processing in SRM have 

presented competing babble on both sides of the head in the listening condition when target 

speech and competing sounds were spatially separated so that head shadow effects could be 

minimised (S0N±90). Ching et al (2011b) evaluated 31 NH children and 27 children with 

hearing loss using HAs, aged between 3.5 and 11.8 years. On average, there were no 

significant between-group differences in SRTs when speech was presented in collocated 

babble at 0° azimuth (S0N0). However, performance of children with HAs was significantly 

poorer than normal when competing babble was presented simultaneously at ±90° azimuth in 

both ears (S0N±90). On average, children with NH obtained an SRM of 3 dB whereas children 

with HAs did not demonstrate an ability to make use of inter-aural cues for binaural 

unmasking. 
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Many previous studies have investigated speech perception in noise and SRM in children 

using CIs. In studies that focused on head shadow effects by comparing performance in the 

S0N0 and S0N90 conditions, SRM was observed in children generally when noise was 

presented near the ear that had ‘poorer’ functional hearing; viz, the ear that received the 

second CI in children with bilateral CIs, or the ear with an HA in children using a CI and HA 

in opposite ears (bimodal fitting).  Litovsky et al (2006) compared the performance of 

children ranging in age between 3 and 14 years, who used either bilateral CIs or bimodal 

fitting. Spondaic words were presented from a loudspeaker located in front at 0° azimuth, and 

competing 2-talker babble was presented either in front or laterally to one side of the listener 

(S0N90). On average, there were no significant between-group differences in SRTs for word 

recognition and in SRM. However, the results revealed that SRM was observed only when 

competing babble was moved to the side of the second CI (for users of bilateral CIs) or HA 

(for users of bimodal fitting), but not when babble was located on the side of the first CI. 

Similar findings were reported by Chadha et al (2011) on 12 children who received bilateral 

CIs sequentially. Van Deun et al (2010)  used a similar test paradigm to assess 8 children 

(aged 5 to 13 years) using bilateral CIs, and found that better performance was obtained when 

they listened with both CIs than with one, and that a larger SRM was observed when the 

competing sound was located near the second CI than when it was near the first CI. Misurelli 

and Litovsky (2012) showed that 6- to 8-year-old children with bilateral CIs required better 

SNR than children with NH to achieve 80% correct in a spondaic word test in competing 

babble, and children using bilateral CIs also exhibited smaller SRMs than children with NH. 

In a similar vein, Nittrouer et al (2013) showed that children with bilateral CIs had poorer 

word scores in steady-state noise than children with NH, and SRMs were smaller in 
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magnitude than children with NH. There was no significant between-group differences in 

SRMs of children who used unilateral CIs (n=12) or bilateral CIs (n=25).  

 

Other studies have examined the use of both head shadow and binaural cues for speech 

perception in noise by comparing performance in the S0N0 and the S0N±90 conditions. 

Whereas NH children showed SRM demonstrating the ability to use binaural cues at a very 

young age (Ching et al., 2011b, Misurelli & Litovsky, 2012), school-aged children with 

bilateral CIs did not (Misurelli & Litovsky, 2012). It has been suggested that children who 

received simultaneous CIs are likely to develop better skills at using binaural information 

than those who received their two CIs sequentially (Chadha et al., 2011). 

 

It should not be surprising that measurements of SRM differ according to whether, in the 

spatially separated condition, competing sounds were presented laterally to one ear only, i.e., 

either +90° or -90° azimuth; or to both ears, i.e., at ± 90° azimuth (Misurelli & Litovsky, 

2012). In the former case, SRM can be achieved by relying mainly on the use of head shadow 

– a physical phenomenon by virtue of the position of the ears on the human head and the 

location of sound sources. By selectively attending to the ear with a better SNR and/or aided 

hearing; viz, when competing sounds were presented to the second CI (presumably the poorer 

ear) but not the first CI for children with bilateral CIs, and to the side of the HA for children 

using bimodal fitting. In the latter case, the overall level at the eardrum (and both sides of the 

head) would be about 3 dB greater than if the sources were both at 0° azimuth because the 

increase at the near ear more than offsets the decrease at the far ear (Festen & Plomp, 1986). 

Hence, the listener has to rely on binaural processing to partially suppress noise masking for 

SRM to occur in the S0N±90 condition, but on head shadow cues in the S0N90 condition. As 

the ability to use binaural cues relies on early stimulation of both ears for the complex 
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auditory neural networks to develop (Moore & Linthicum Jr, 2007), we hypothesized that 

children who received earlier intervention (fitting of HAs or CIs) would achieve better SRTs 

and SRMs than those who received later intervention.  

 

In one study that investigated the effect of early intervention on speech perception in noise 

for children with PCHL, Sininger et al (2010) showed that earlier HA fitting was associated 

with better speech perception in babble for children aged between 3 and 9 (28 using HAs, 16 

using CIs) whose hearing loss ranged from mild to profound degrees. However, having a CI 

was linked to poorer speech perception in babble. It is not clear whether this rather 

unexpected finding could be explained by the duration of CI use (e.g. Killan et al, 2015) or 

the relatively late age at cochlear implantation (range: 12.8 to 76.5 months). Several studies 

have investigated the effect of age at implantation on speech perception in noise for children 

using CIs, with some reports showing a significant effect (e.g. Sarant et al, 2001) whereas 

others not (Geers et al., 2003, Nittrouer et al., 2013). Most previous studies, however, 

included children who were identified before UNHS was implemented and therefore received 

later intervention by current standards (JCIH 2007). Therefore, the effectiveness of early age 

at intervention on speech perception remains to be further investigated with the current 

population of children with PCHL. 

 

A range of factors have also been posited in the literature to contribute to speech perception 

in noise in children with hearing loss, although the findings were not consistent across 

studies. Language ability has been associated with speech perception in children using HAs 

(e.g. McCreery et al., 2015b), but other studies have not found a consistent link (e.g. 

Eisenberg et al, 2000; Nittrouer et al, 2013). McCreery et al (2015) reported on perception of 

monosyllabic words in steady-state noise presented at 0° azimuth in 129 children aged 

Page 9 of 47

E-mail: editor-ija@utdallas.edu  URL: http://mc.manuscriptcentral.com/tija

International Journal of Audiology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

8 

Ching, speech perception 

between 7 and 9 years, when listening with their HAs or when they were unaided. It was 

found that on average, higher correct scores were correlated with aiding, more favourable 

SNR, higher receptive vocabulary, higher aided audibility, higher maternal education level, 

and higher scores on a test of phonological working memory. On the other hand, Nittrouer et 

al (2013) did not find a significant effect of language ability on speech perception in noise. 

Cognitive ability or IQ was a significant factor influencing speech perception of children 

using CIs (e.g. Geers et al, 2003), but there is also evidence to show that IQ was no longer 

significant after accounting for the effects of language ability (Sarant et al., 2010). Degree of 

hearing loss has also been found to be negatively correlated with speech perception ability in 

noise in some studies (e.g. Blamey et al, 2001), but not others (Sininger et al., 2010, Sarant et 

al., 2010).  

 

Potential contributing factors influencing speech perception of children using CIs also 

included communication mode – children who normally communicate using speech scored 

higher than those who use sign and speech  (Sarant et al., 2001); and type of CI speech 

processor – newer processors performed better (Davidson et al., 2011).  

 

As previous studies have included children that spanned a wide age range, age has been 

found to be a significant factor influencing speech perception. Older age at evaluation was 

typically associated with better performance (higher correct scores or less favourable SNR to 

achieve a criterion level of performance); compared to children assessed at a younger age 

(Elliott, 1979, Eisenberg et al., 2000, Fallon et al., 2000, Talarico et al., 2006). Most previous 

studies have excluded children with additional disabilities or those from homes with lower 

socio-economic status; thereby limiting the applicability of findings to the population of 

children with hearing loss. However, it is clear that many children with PCHL have other 
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conditions, including additional disabilities (about 20-40%, Ching et al., 2013b, Gallaudet 

Research institute, 2011), auditory neuropathy spectrum disorder (ANSD; about 10% of 

children with hearing loss, Ching et al., 2013b) and that demographic characteristics are 

known to influence learning and development. For this reason, it is important to study 

population-based cohorts with sufficient power to account for the effects of potential 

confounders in examining the effect of timing of intervention on speech perception 

development.   

 

Rationale 

In the current study, we addressed the question of whether early intervention improves speech 

perception in noise by drawing on a population cohort that comprised children with PCHL 

diagnosed via either UNHS or standard care, enrolled in the LOCHI study. We aimed to 

increase knowledge about listening-in-noise abilities and SRM at 5 years of age, in children 

using HAs or CIs; and identify factors influencing these outcomes with the ultimate goal of 

deriving strategies to improve outcomes.  

 

Two research questions were addressed. 

1. How do age at intervention, aided audibility, cognitive, language, and demographic 

factors influence speech perception ability in children using HAs? 

2. How do age at implantation, cognitive, language, and demographic factors influence 

speech perception ability in children using CIs?   
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Method 

Participants 

Participants were children with PCHL born between April 2002 and August 2007 in the states 

of New South Wales, Victoria and Queensland in Australia. All children have access to the 

consistent high-quality post-diagnostic audiological services and technology provided by a 

government-funded national service provider, Australian Hearing (AH). However, their 

hearing loss was detected either via UNHS or standard care, depending on whether UNHS 

was operating in the state where they were born. Children who presented for services at AH 

before 3 years of age were invited to participate in the LOCHI study. This study was 

approved by institutional human research ethics committee.  

 

Children using HAs: fitting and verification  

Hearing assessment, HA fitting and verification, and on-going evaluation and adjustments 

were carried out by AH paediatric audiologists, in accordance with the AH national paediatric 

amplification protocol (King, 2010). A real-ear-aided gain approach (Ching & Dillon, 2003, 

Bagatto et al., 2005) was used for fitting. This involved using either individual real-ear-to-

coupler differences (RECD) or age-appropriate values to derive gain targets in an HA2-2cc 

coupler by using the National Acoustic Laboratories (NAL, Byrne et al, 2001; Dillon et al, 

2011) or the Desired Sensation Level (DSL, Seewald et al, 1997; Scollie et al, 2005)  

standalone prescriptive software. The LOCHI study included a randomised controlled trial of 

hearing aid prescription (Ching et al., 2013a), such that participants in the trial were 

randomly assigned to fitting with either the NAL or the DSL prescription. Hearing aids were 

adjusted in an HA2-2cc coupler, using a broad-band speech-weighted stimulus generated by 

the Aurical or Med-Rx system to measure gain-frequency responses at low, medium and high 

input levels; and a swept pure tone at 90 dB SPL to measure maximum power output. 
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Verification was achieved by comparing the measured 2cc coupler gain/output to custom 

target values. Details of the proximity of hearing aid fitting to prescriptive targets are 

reported in a companion article) (Ching et al., this issue). In brief, the root-mean-square (rms) 

error for fitting to targets across the range from 0.5 to 4 kHz was within 3 dB at medium 

input level.  

 

Information about hearing threshold levels and hearing aid characteristics that were current 

within 6 months of evaluation for each child were retrieved from individual clinical files held 

at AH hearing centres. 

 

Children using HAs: Calculation of aided audibility 

Aided audibility was calculated using the standard method for calculating the Speech 

Intelligibility Index (ANSI S3.5, 1997) as well as a modification that included a hearing loss 

desensitization factor (Ching et al., 2013c, Johnson & Dillon, 2011). The latter accounted for 

the reduction in the amount of speech information that can be extracted from an audible 

signal as hearing loss increases (Ching et al., 2011a). The SII depicts the proportion of the 

long-term average speech spectrum that is above the listener’s hearing threshold or noise 

level, whichever is higher; weighted by the relative importance of the frequency region for 

speech intelligibility. The importance function for average speech was used (Pavlovic, 1994). 

The SII was calculated for both the unaided and the aided conditions. To estimate whether for 

a certain degree of hearing loss, aided audibility that was independent of unaided SII (i.e., the 

unique effect of aided hearing) may be associated with speech perception performance, we 

calculated a residualised SII (rSII), as proposed by Tomblin et al (2014). This rSII was 

derived by firstly regressing unaided SII onto aided SII with a quadratic function that 

provided the best fit, and then taking the difference between the predicted and the observed 
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aided SII (see Appendix 1). The rSII gives a ‘normalised HA gain measure where the 

magnitude of the gain is relative to the gain obtained by children with similar unaided 

hearing’(Tomblin et al., 2015). 

 

Cochlear Implants 

All children use a Nucleus implant manufactured by Cochlear Limited (Sydney, Australia); 

including CI24R, CI24 RE, CI512, or CI513; with either straight or perimodiolar electrode 

arrays. All children had their CI sound processors (CP810 or Freedom or ESPrit 3G) 

programmed by their case managers at cochlear implant centres. A companion article 

provides detailed information about parameter settings (Incerti et al., this issue).  

 

Assessing speech perception 

Due to the range in language and cognitive abilities represented in the sample under study 

here, and in line with common practice (e.g. Geers et al, 2003; McCreery et al, 2015) , we 

have selected tests that included stimuli with low and high linguistic demands and response 

formats that varied from a picture pointing task to a stimulus word to verbally repeating a 

stimulus sentence.  

 

The Northwestern University Children’s Perception of Speech Test (NU-CHIPS, Elliott & 

Katz, 1980). This closed-set task requires a picture-pointing response. In this test, one 

stimulus word is presented for each response plate, where a set of 4 pictures depicting four 

words with the same or similar vowel sound but different consonants is represented. The test 

comprises of 4 forms each of 50 words. 
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The Bamford–Kowal–Bench (BKB)–like sentence test material (Bench & Doyle, 1979, 

Bench & Bamford, 1979). This open-set task requires a child to repeat as much of the 

stimulus sentence as possible.  Eighty lists of 16 simple sentences, including 50 keywords in 

each list, were devised to include vocabulary, grammar and sentence length appropriate to the 

linguistic abilities of young children.  

 

Digital recordings of the test material produced by native Australian English speakers were 

used as stimuli, and speech babble was used as the competing sound to approximate listening 

in real-world situations. All testing were carried out in a sound-treated booth. The stimuli 

were presented from an array of three loudspeakers in the free field via an audiometer with 

each output channel connected to amplifiers and loudspeakers. The loudspeakers were 

located at a distance of 0.75 m from the subject position, at 0º, and at ±90º azimuth. Prior to 

testing, the height of the chair at subject position was adjusted so that the centre of the 

loudspeakers approximately aligned with ear level of each child. The speech perception 

testing was performed in two listening conditions. In the S0N0 condition, target speech and 

competing 8-talker babble were presented from the same loudspeaker located at 0º azimuth. 

In the S0N±90 condition, target speech was presented from the front at 0º azimuth, and 

uncorrelated 4-talker babble was presented simultaneously from each of the two loudspeakers 

positioned on either side of the subject (effectively 8-talker babble). Target and competing 

babble were calibrated at the test position with the child absent, using a sound level meter.  

 

Each child completed either the NU-CHIPs or the BKB sentence test, depending on the 

abilities of the child as judged by speech pathologists who completed language assessments. 

Test conditions and test lists were counterbalanced across participants.  
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Procedure 

The children wore their HAs or CIs at their personal settings. The hearing devices were 

checked to ensure that they were functioning normally. All noise management features were 

deactivated, and microphones were set to omnidirectional mode. Prior to testing with the NU-

CHIPs material, children were familiarised with all the test items and associated pictures. For 

both tests, children were given practice before testing. During testing, the research 

audiologists monitored the child closely and provided verbal encouragement, but did not 

provide feedback about the correctness of response.   

 

An adaptive procedure was used to measure the SRT for 50% correct, in terms of SNR 

(Mackie & Dermody, 1986). The level of the babble was varied according to whether a child 

could identify a word correctly (in NU-CHIPs) or repeat more than half of the keywords in a 

sentence correctly (2 out of 3 keywords in a BKB sentence). The test began with an SNR of 

10 dB, and adjustments in 5-dB steps to achieve 2 reversals, after which the step size was 

reduced to 1 dB. The test stopped after 12 reversals with 1 dB step size were obtained 

(typically 2 lists) for the child. The SRT was the mean of the midpoints of the last 10 

reversals, expressed in terms of SNR. The standard error of the mean for each SRT was 

within 1 dB. The SRM was calculated by taking the difference in SRTs between the two test 

conditions (S0N0 – S0N±90 = SRM), expressed in dB. A positive value indicated that an 

advantage was obtained when listening to speech in spatially separated babble compared to 

collocated babble.  

 

Other Measures 

As part of the children’s 5-year-old assessment battery, each child was assessed directly by 

research speech pathologists on receptive and expressive language (Pre-school Language 
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Scale version 4 (PLS-4; Zimmerman et al., 2002), and nonverbal cognitive ability (Wechsler 

Nonverbal Scale of Ability (WNV; Wechsler & Naglieri, 2006). These tests have been 

widely applied to assess abilities of children with hearing loss. The PLS-4 is a standardised 

test of spoken English. The test includes verbal tasks which enable children to demonstrate 

understanding of and ability to produce English language structures, including semantics, 

morphology, syntax, and phonology. It gives an overall total language score, and two 

subscale scores – expressive communication and auditory comprehension. The WNV is a 

standardised test of nonverbal cognitive ability. It gives a full-scale IQ score. 

 

Parents were asked to complete demographic questionnaires to provide information regarding 

children’s birth weight, diagnosed disabilities in addition to hearing loss, communication 

mode used at home and during early intervention (speech vs sign and speech), and parents’ 

level of education.  

 

Statistical analysis 

The statistical analysis was done using Statistica v.10 (Statsoft Inc, 2011) and SPSS for 

Windows v.16 (SPSS Inc., 2007). All analyses used two-tailed tests, with statistical 

significance set at p <0.05. Children who were deemed unable to complete speech perception 

testing were assigned the poorest score observed in the sample (n = 67, 26.6%). A multiple 

imputation method was used to handle missing values in variables (Rubin, 1987). The 

analyses were averaged over 10 imputations. 

 

Descriptive statistics were used to report quantitative outcomes. Analysis of variance 

(ANOVA) with or without repeated measures was used to test for differences within (test 

condition: S0N0 vs S0N±90) and between groups (device group: HA vs CI) respectively.  
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To investigate which variables, including age at intervention, influence speech perception 

outcomes in terms of SRTs and SRMs, linear multiple regression models were fitted 

separately to data from children who were using HAs and those who were using CIs at five 

years of age. Two dependent variables were used, SRTs averaged across both test conditions 

and SRMs. The speech perception data for children who had an SNR for one of the two test 

conditions (S0N0, S0N±90) were filled in by predicting from simple linear regression of S0N±90 

on S0N0 SNR, separately for each of the two tests. Using a previously reported data set 

(Ching et al, 2011b) that comprised scores of children assessed using both the NU-CHIPs and 

the BKB tests with a similar procedure as this study to derive linear regression models, BEST 

scores were predicted from NU-CHIPs scores and vice versa for participants in this study. 

These were averaged to give the SRTs that were used as a dependent variable in multiple 

regression analyses. The SRM was calculated only for participants who had an SNR for both 

test conditions, and was calculated as the averaged SNR for S0N0 minus the averaged S0N±90 

SNR.  

 

For each dependent variable, two models were fitted for the CI group, and three models were 

fitted for the HA group. In the first model, the predictor variables common to both the HA 

and the CI models included nonverbal cognitive ability (WNV standard score) as a 

continuous variable, and additional disabilities (presence or absence), ANSD (presence or 

absence), maternal education (3 categories: university degree, vocational training certificate, 

≤12 years of school), and communication mode during early educational intervention (speech 

only vs combined [speech and sign]) as categorical variables. The HA model also included 

age at fitting of first HA and four-frequency-average hearing loss (4FAHL, averaged hearing 

levels at 0.5, 1, 2 and 4 kHz in the better ear) as continuous variables. The CI model also 
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included age at activation of first CI as a continuous variable. In the second model for both 

device groups, language ability (PLS-4 total language scores) as a continuous variable was 

added. In the third model for the HA group, the additional predictor was aided audibility 

(rSII) as a continuous variable. This approach allowed an investigation of the contributions of 

language to speech perception, after allowing for the effects of other cognitive and 

demographic characteristics. The third model enabled an investigation of the unique 

contribution of aided audibility to speech perception after accounting for the effects of other 

variables. 

 

Results 

Table 1 shows the demographic characteristics of children whose results are reported here. 

The current analysis included data from 252 children, 168 of whom were using HAs and 84 

of whom were using CIs at 5 years of age.  

 

In the HA group, 98 children participated in the randomised controlled trial of hearing aid 

prescription (50 were assigned to fitting with the NAL prescription, and 48 to the DSL 

prescription). Preliminary analyses using repeated measures ANOVA with the SRTs for both 

test conditions as dependent variables, prescription (NAL vs DSL) as between-group 

variable, and test condition (S0N0 vs S0N±90) as a within-group variable revealed a significant 

main effect of test condition (F(1,96) = 52.14, p < 0.0001), but the main effect of prescription 

was not significant (p = 0.96); and there was no significant interaction effect (p = 0.09). 

Therefore, subsequent analyses have combined results in all children with HAs, regardless of 

prescription used for fitting.  

<Table 1 about here> 
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SRTs and SRMs for children using HAs or CIs 

Figure 1 shows the mean SRTs for S0N0 and S0N±90 conditions in children using HAs or CIs. 

On average, children using CIs required about 2 dB better SNR than those using HAs to 

achieve the same level of speech perception. Repeated measures ANOVA showed significant 

main effects of device group (F(1,173) = 21.81, p < 0.0001) and test condition (F(1,173) = 

90.05, p < 0.0001). There was no significant interaction effect (p = 0.29). 

  

The mean SRMs were 2.6 dB (SD 3.5) and 3.3 dB (SD 4.2) for the HA and CI groups 

respectively. ANOVA showed that the between-group difference was not significant 

(F(1,173) = 1.12, p = 0.29).  

<Figure 1 about here> 

 

Factors that influence children using HAs 

Table 2 shows the results of multiple linear regression analyses. In the first model, the full set 

of predictors accounted for 41% of total variance in speech perception scores, with nonverbal 

cognitive ability as the only significant predictor of SRTs (effect size: 0.12, 95% confidence 

interval or 95% CInt: 0.16, 0.09). Language ability accounted for additional 13% of variance 

(effect size: 0.11, 95% CInt: 0.14, 0.07), with the full model accounting for 54% of total 

variance in scores. The inclusion of rSII as a predictor did not contribute to explaining 

additional variance in scores, after allowing for demographic and language factors. Using the 

desensitized SII that included hearing loss desensitization in deriving rSII, the multiple linear 

regression analyses were repeated and similar results were obtained. 
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The analyses were repeated with SRM as the dependent variable, but the models did not 

account for significant variance in scores.  

<Table 2 about here> 

 

Factors that influenced children using CIs. 

Table 3 shows the results of multiple linear regression analyses with SRT as the dependent 

variable. Age at CI activation, maternal education, and nonverbal cognitive ability 

significantly influenced variables, with the first model accounting for 46% of total variance in 

scores. In the second model, language ability accounted for additional variability (p < 0.001), 

with the full model explaining 54% of total variance. Age at CI activation and language 

ability were significant predictors of SRT outcomes.  

 

The analyses were repeated with SRM as the dependent variable, but the models did not 

account for significant variance in scores. 

<Table 3 about here> 

 

Discussion 

We report an investigation of speech perception in noise in a large sample of 5-year-old 

children with hearing loss, of whom 168 were using HAs and 84 were using CIs. We aimed 

to describe their performance and explore the factors contributing to the outcomes. 

 

Outcomes of children with PCHL 

We found that 5-year-old children with PCHL required on average about 4.0 to 6.9 dB SNR 

to achieve 50% correct speech perception in babble, compared to about -1.2 dB in children 

with typical hearing on a similar task (Ching et al., 2011b). Consistent with findings reported 
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in the literature on children using HAs (e.g. McCreery et al, 2015) and those using CIs 

(Misurelli & Litovsky, 2012, Nittrouer et al., 2013), children with hearing loss require better 

SNR than their age-matched peers to achieve similar levels of speech perception in noise. 

 

Despite absolute differences in mean SRTs, the current study found that the mean SRM 

obtained by children with PCHL, regardless of whether they were users of HAs or CIs, was 

of a similar magnitude to that reported for typically developing children (Ching et al., 2011b). 

This finding suggests that the children with PCHL were able to use spatial and binaural cues 

for speech perception in noise, as with typically developing children. This is unlike previous 

studies that showed no observable or much reduced SRMs in children using HAs (Nittrouer 

et al., 2013, Ching et al., 2011b) or CIs (Nittrouer et al., 2013, Misurelli & Litovsky, 2012). 

As the cohorts in previous studies included children who received late intervention, by 

current standards (JCIH, 2007), the observed advantage in the present cohort may be related 

to their earlier age at fitting of hearing devices and enrolment in educational intervention. 

Early auditory stimulation underpins the development of binaural hearing skills (Gordon et 

al., 2015) and language development (Moeller, 2011). Better language has been associated 

with better speech perception (e.g. Vance et al, 2009).  

 

Factors that influenced performance: children using HAs    

We found that nonverbal IQ and language abilities were significant predictors of speech 

perception in babble in children using HAs, with the effect size of language ability almost 

doubled that of nonverbal IQ. This finding lends support to the importance of focusing on 

language development in early intervention.  

 

Page 22 of 47

E-mail: editor-ija@utdallas.edu  URL: http://mc.manuscriptcentral.com/tija

International Journal of Audiology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

21 

Ching, speech perception 

We found that the presence of additional disabilities or ANSD did not have a significant 

effect on speech perception outcomes, although the effects were in the expected direction, 

viz, presence of the condition was associated with poorer outcomes.  

 

In contrast to a previous study that showed a significant effect of aided audibility on speech 

perception (McCreery et al., 2015), we found that the rSII factor did not contribute to 

explaining variance in speech perception after allowing for the effects of other demographic, 

cognitive and language characteristics. As the former did not control for variation in aided 

audibility with hearing threshold level, and the HA fittings deviated considerably from 

prescriptive targets (McCreery et al., 2013), thereby increasing variability in aided audibility, 

these may have confounded the investigation on the effect of aided audibility on speech 

perception. The present study adopted a quantification of aided audibility that was 

independent of hearing threshold level, in terms of residualised SII as proposed by Tomblin 

et al (2014). We did not find a significant effect of rSII. The finding reinforces the value of 

matching validated prescriptive targets as closely as possible (in the present study, the rms 

error for fitting to target was within 3 dB, see Ching et al, this issue) using real-ear measures 

in clinical practice (Bagatto et al., 2005). 

 

Factors that influenced performance: children using CIs  

We found a significant positive effect of early age at activation of CI on speech perception in 

babble at 5 years of age. The effect size was 2.47 (95% CInt: 0.57 to 4.38), a large effect of 

the order of about 1 SD. The present findings provide strong evidence on the effectiveness of 

early implantation for improving speech perception outcomes. We also found that better 

language ability was associated with better speech perception ability, with an effect size of 

0.07 (95% CInt: 0.11 to 0.03). After allowing for the effect of language ability, nonverbal IQ 
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was no longer significant. This is consistent with findings reported by Sarant et al (2010), and 

corroborates the conclusion that IQ influenced speech perception through its effect on 

language outcomes. In a similar fashion, maternal education was no longer significant after 

adding language ability as a predictor.  

 

Consistent with the findings in children with HAs, we found that the presence of additional 

disabilities and the presence of ANSD were not significant predictors of speech perception 

outcomes in children using CIs, after allowing for the effects of other demographic 

characteristics.  

 

Overall findings and Clinical implications  

The current study on speech perception in noise emphasises on the importance of considering 

how children function in real-world environments in providing intervention. Not only is it 

crucial to provide cochlear implantation early, but their language development must also be 

the focus of educational intervention. In both children using HAs and CIs, language ability 

was a significant predictor of speech perception in noise. This is consistent with previous 

studies indicating an association between speech perception and language ability (Blamey et 

al, 2001; Davidson et al, 2011). Specific phonological skills have also been associated with 

children’s speech perception (Nittrouer et al., 2013, McCreery et al., 2015). Although we 

have not investigated the effect of phonological awareness in this study, our earlier reports 

indicated that many children with PCHL (regardless of whether they were users of HAs or 

CIs) exhibit deficits in phonological awareness at 5 years of age (Ching & Cupples, 2015). 
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The present study shows that optimising HA fitting and ensuring early intervention contribute 

to improving outcomes. Not only is it crucial to provide cochlear implantation early, but their 

language development must also be the focus of intervention.  

 

Limitations, Strengths, and Future Directions  

Although there was clear evidence of observed SRM in children with hearing loss, our 

regression models that included demographic, cognitive and language characteristics did not 

account for significant variation in performance. Future investigations into factors 

influencing SRM, possibly by including objective physiological measures, may shed light on 

the mechanism associated with its development.   

 

In children using CIs, device configuration (bilateral CIs or bimodal fitting) has been 

associated with difference in speech perception performance in some studies (Mok et al., 

2007) but not others (Litovsky et al., 2006). Analysis of this effect is beyond the scope of the 

current study, but will be further investigated in future work. Previous studies on speech 

perception with CIs have also found that performance improved with experience listening 

with the CIs (e.g. Dowell et al, 2002; Geers et al, 2003; Davidson et al, 2011). Furthermore, 

speech perception in noise abilities have been shown to improve with age, which has been 

attributed to utilisation of sensory information, and linguistic and cognitive developmental 

factors (Eisenberg et al., 2000). This longitudinal study will investigate the development of 

speech perception in noise abilities in children when they reached their next assessment point 

at 9 years of age.   
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This study found an association between speech perception ability and language ability. The 

current literature is inconsistent in regards to the equivalent language age at which the 

association with speech perception asymptotes, with some suggesting a language age at 7 

years (Blamey et al., 2001, Blamey & Sarant, 2002) or 10 years (Davidson et al., 2011). 

Future follow-up of the present study cohort will allow an investigation into this question. 

 

A major strength of the study lies in its population base, allowing the findings to be 

generalised to the population of children with hearing loss. Data were collected by 

audiologists who were not involved in the children’s clinical care, and who were blinded to 

the severity of hearing loss, screening status, and age at intervention, to the extent possible. 

Unlike previous studies that assessed children with a wide range of ages at intervention and 

assessment showing an effect of chronological age, this study involved direct assessments of 

a cohort of children at 5-6 years of age, whose hearing loss was identified early and who had 

access to the same post-diagnostic intervention services. The longitudinal nature of the study 

allows future investigations into the development of speech perception abilities and the 

potential factors influencing development.  

 

Conclusions 

Children with hearing loss required better signal-to-noise ratio than their normal-hearing 

peers to achieve the same level of performance. However, they demonstrated binaural 

unmasking of a similar magnitude regardless of whether they were using HAs or CIs. Speech 

perception skills can be enhanced by improving their language abilities. Early age at cochlear 

implantation was also associated with better outcomes.  
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Table 1. Demographic characteristics of participants. 

 
Characters Hearing Aid (HA) 

(n = 168) 

Cochlear Implant (CI) 

(n = 84) 

Gender (Male), No. (percentage) 100 (59.5%) 35 (41.7%) 

Hearing Loss (4FA HL in better ear),  

No. (percentage) 

Mild (≤ 40 dB) 

Moderate (41-60 dB) 

Severe (61-80 dB) 

Profound (>80 dB)  

 

 

49 (29.2%) 

86 (51.2%) 

30 (17.9%) 

3 (1.8%) 

 

 

NA 

NA 

7 (8.3%) 

77 (91.7%) 

Additional disabilities (AD), No. (percentage) 

Presence of AD (without ANSD) 

Presence of ANSD only 

Presence of AD and ANSD 

 

55 (32.7) 

8 (4.8%) 

6 (3.6%) 

 

26 (31.0%) 

5 (6.0%) 

6 (7.1%) 

Nonverbal cognitive ability  

Mean (SD) 

Median  

Interquartile range (IQR) 

Missing data (n) 

 

104.4 (16.3) 

105.0 

93.8-117.0 

32 

 

102.0 (14.1) 

102.0 

93.0-111.5 

23 

Age at hearing aids fitting 

Mean (SD)  

Median  

IQR 

 

10.6 (9.9) 

6.0 

2.0-18.0 

 

5.7 (6.2) 

2.5 

1.8-7.3 
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Age at cochlear implantation  

Mean (SD)   

Median  

IQR 

 

NA 

NA 

NA 

 

16.3 (7.4) 

14.0 

10.0-22.0 

Hearing Device, No. (percentage) 

Hearing Aid – Bilateral  

Unilateral 

Cochlear Implant – Bilateral  

Unilateral plus hearing aid 

Unilateral only 

 

157 (93.5%) 

11 (6.5%) 

NA 

NA 

NA 

 

NA 

NA 

56 (66.7%) 

16 (19.0%) 

12 (14.3%) 

Maternal Education  

No. (percentage): University Qualification 

vocational training certificate  

12 years or less of schooling 

Missing data (n) 

 

63 (41.7%) 

33 (21.9%) 

55 (36.4%)  

17 

 

34 (47.2%) 

16 (22.2%) 

22 (30.6%) 

12 

Communication mode in early intervention  

No. (percentage): Oral only 

Combined (sign and speech) 

Missing data (n) 

 

125 (80.6%) 

30 (19.4%) 

13 

 

51 (69.9%) 

22 (30.1%) 

11 

Language score (PLS-4 Total standard score)  

Mean (SD) 

Median  

IQR 

Missing data (n) 

 

85.7 (19.9) 

88.0 

71.0-101.0 

32 

 

78.2 (23.2) 

79.0 

52.5-94.8 

25 
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Table 2.  Effect size (unstandardized coefficient estimates B-values), 95% confidence intervals (95% CInt), and significance levels (p-values) of 

predictor variables for SRT outcomes of children with HAs (n=144). The rSII calculation was based on the American National Standards 

Institute (ANSI) S3.5 (1997) method. Asterisks depict significance at 0.05 probability level. 

  Model 1 Model 2 Model 3 

  B 95%CI int p B 95%CI int p B 95%CI int p 

Age at hearing aids fitting 0.07 -0.60 0.74 0.85 -0.01 -0.60 0.58 0.92 -0.02 -0.61 0.57 0.91 

Additional disabilities (AD) 1.05 -0.60 2.70 0.24 0.35 -1.12 1.82 0.59 0.49 -1.00 1.97 0.51 

Maternal Education -0.28 -1.03 0.48 0.47 0.29 -0.39 0.98 0.41 0.24 -0.45 0.93 0.50 

Communication mode in early intervention 0.51 -0.25 1.27 0.26 0.31 -0.37 0.98 0.46 0.32 -0.36 0.99 0.45 

ANSD 0.75 -1.55 3.06 0.53 0.83 -1.20 2.86 0.43 0.81 -1.22 2.83 0.44 

4FA HL in better ear 0.02 -0.02 0.07 0.33 0.02 -0.02 0.07 0.30 0.02 -0.02 0.07 0.34 

Nonverbal cognitive ability  -0.12 -0.16 -0.09 0.00* -0.05 -0.09 -0.02 0.01* -0.05 -0.09 -0.02  0.01* 

PLS-4 averaged score from PLS_AC and PLS_EC - - - - -0.11 -0.14 -0.07 0.00* -0.10 -0.14 -0.07  0.00* 

rSII - - - - - - - - -4.11 -10.86 2.65 0.23 

Adjusted R2 0.41 0.54 0.54 

R2 Change 0.44 0.13 0.00 
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Table 3.  Effect size (unstandardized coefficient estimates B-values), 95% confidence intervals (95% CInt), and significance levels (p-values) of 

predictor variables for SRT outcomes of children with CIs (n=80). The rSII calculation was based on the American National Standards Institute 

(ANSI) S3.5 (1997) method. Asterisks depict significance at 0.05 probability level. 

  Model 1 Model 2 

  B 95%CI int p B 95%CI int p 

Age at cochlear implantation  3.27 1.26 5.27 0.00* 2.47 0.57 4.38 0.01* 

Additional disabilities (AD) 2.47 0.00 4.95 0.06 0.86 -1.60 3.31 0.52 

Maternal Education -1.15 -2.25 -0.06 0.04* -0.86 -1.89 0.17 0.10 

Communication mode in 

early intervention 

-0.36 -1.52 0.79 0.58 -0.01 -1.10 1.07 0.68 

ANSD 1.79 -0.85 4.42 0.18 1.63 -0.81 4.06 0.19 

Nonverbal cognitive ability -0.09 -0.13 -0.04 0.00* -0.04 -0.09 0.01 0.13 

PLS-4 averaged score from 

PLS_AC and PLS_EC 

- - - - -0.07 -0.11 -0.03 0.00* 

Adjusted R2 0.46 0.54 

R2 Change 0.50 0.08 
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Figure legends 

Figure 1. Mean SNRs at S0N0 (filled circles) and S0N±90 conditions (open squares) for 

children using hearing aids (HA group) and children using cochlear implants (CI group). The 

vertical bars denote 95% confidence intervals.  
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Appendix 1.  Calculation of Speech Intelligibility Index (SII) and residualised SII (rSII) 

 

Speech intelligibility was calculated using the Speech Intelligibility Index (SII) model. 

This was completed with two approaches:  

1. The American National Standards Institute (ANSI) S3.5 (1997)  method 

2. The ANSI S3.5 method incorporating a hearing loss desensitization factor (Ching et 

al., 2013), referred to as the desensitized SII in this article. This approach included 

the same transforms and steps as ANSI S3.5, but with the addition of a hearing loss 

desensitization factor that was empirically derived (Ching et al., 2011) and adopted 

in the NAL prescriptive method (Dillon et al., 2011).  

  

The SIIs were calculated for unaided and aided conditions, using a third-octave band method. 

Unaided SII values were computed by using a child’s pure tone hearing thresholds and an input 

long-term-average speech spectrum at an overall level of 65 dB SPL (ILTASS, Byrne et al, 

1994). Aided SII values were calculated by using the hearing thresholds and the real-ear-aided 

responses (REAR). The REAR for each ear was calculated by adding the measured gain of a 

hearing aid in an HA2-2cc coupler to the real-ear-to-coupler difference of the ear and the third-

octave band levels of the ILTASS at 65 dB SPL. An average speech importance function 

(Pavlovic, 1994) was used to weight the amount of audibility across the frequency range from 

160 to 8000 Hz. The weighted audibility was summed across bands to give an overall SII value 

that ranged from 0 to 1, where 0 indicates that no audible speech information was available, 

and 1 indicates that all speech information was available. The SIIs were calculated for the better 

ear of each child.  eFigure 1 shows the unaided and aided SII as a function of hearing level, 

expressed as four-frequency-average pure-tone hearing loss (average of hearing level at 0.5, 1, 

2, 4 kHz) in the better ear (BE4FA HL). 

eFigure 1 about here  
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As SIIs are necessarily related to hearing threshold level, and unaided and aided SIIs are 

essentially correlated, Tomblin et al (2014) proposed the use of a residualized SII (rSII) to 

account for the unique contribution of aided hearing independent of hearing level. A linear 

regression method was used to remove the variance of unaided SII that was common to the 

aided SII. The rSII was derived by taking the difference between the predicted aided SII and 

the observed aided SII. This study followed the same method, but used a quadratic function to 

characterise the relation between unaided and aided SII as a function of hearing loss (see 

eFigure 2).   

eFigure 2 about here  
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eFigure legends 

 

eFigure 1. Unaided Speech Intelligibility Index (SII) (open squares) and aided SII (filled 

circles) as a function of four-frequency average hearing loss in the better ear (BE4FA HL). 

eFigure 2. Curve estimation regression (quadratic function) fitted to unaided and aided SII, 

calculated using the American National Standards Speech Intelligibility Index model (ANSI 

SII) (American National Standards Institute, 1997). 
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eFigure1. 
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eFigure2. 
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