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Abstract 26 

Purpose: A growing body of evidence suggests that long-term music training provides benefits to 27 

auditory abilities for typical-hearing adults and children. The purpose of this study was to evaluate how 28 

music training may provide perceptual benefits (such as speech-in-noise, spectral resolution, and 29 

prosody) for children with hearing loss.  30 

Method: Fourteen children aged 6–9 years with prelingual sensorineural hearing loss using bilateral 31 

cochlear implants, bilateral hearing aids, or bimodal configuration participated in a 12-week music-32 

training program, with 9 participants completing the full testing requirements of the music training. 33 

Activities included weekly group-based music therapy and take-home music apps 3-times a week. The 34 

design was a pseudo-randomised, longitudinal study (half the cohort was waitlisted, initially serving 35 

as a passive control group prior to music training). The test battery consisted of tasks related to music 36 

perception, music appreciation, and speech perception. As a comparison, sixteen age-matched children 37 

with typical-hearing also completed this test battery, but without participation in the music training. 38 

Results: There were no changes for any outcomes for the passive control group. After music training, 39 

perception of speech-in-noise, question/statement prosody, musical-timbre, and spectral resolution 40 

improved significantly, as did measures of music appreciation. There were no benefits for emotional 41 

prosody or pitch perception.  42 

Conclusion: The findings suggest even a modest amount of music training has benefits for music and 43 

speech outcomes. These preliminary results provide further evidence that music training is a suitable 44 

complementary means of habilitation to improve the outcomes for children with hearing loss. 45 



Introduction 46 

The continual advancement and confluence of effective early intervention, hearing technologies, 47 

clinical practice, and community engagement have resulted in better outcomes for children with 48 

hearing loss, and the majority achieve suitable proficiency when perceiving speech in quiet 49 

environments (Blamey et al., 2001). Poorer and more variable outcomes are observed in challenging 50 

listening situations such as speech-in-noise (SIN) (Davies et al., 2001; Schafer & Thibodeau, 2006), 51 

spectral resolution (Landsberger et al., 2017), and prosodic tasks (Chin et al., 2012; Volkova et al., 52 

2013). The perception and appreciation of music and musical features such as pitch and timbre may 53 

also present perceptual challenges for many individuals (Gfeller et al., 2011; Jung et al., 2012; Petersen 54 

et al., 2015; Trehub et al., 2009). Modern industrial society is inherently noisy, and the primary concern 55 

for children with hearing loss is that they have access to adequate audibility and intelligibility in the 56 

context of their learning, education, and social communication.  57 

 Studies have investigated the use of music training as a means of improving auditory skills in 58 

a wide range of adult and paediatric populations. Music training may be especially effective at refining 59 

auditory skills because it requires sensitivity to rapidly changing, fine-grained spectral and temporal 60 

cues (Kraus & Chandrasekaran, 2010). Such benefits may be especially useful for hearing impaired 61 

populations, as supported by research on typical-hearing (TH) professional musicians. A recent review 62 

by Coffey, Mogilever, and Zatorre (2017) found that 18 of the 20 reviewed studies found support for 63 

a “musician advantage”—an enhancement of SIN perception. However, such benefits are difficult to 64 

interpret, because musical skills and activities are highly variable among musicians, and SIN can be 65 

measured with varying types of noise in a variety of speaker configurations. As such, the mechanisms 66 

by which musical skills lead to SIN enhancement have yet to be fully understood. Additionally, these 67 

20 reviewed studies were cross-sectional in design, and it is plausible that individuals with better-than-68 

average auditory skills may be predisposed into pursuing musicianship. On the other hand, a paediatric 69 



study by Slater et al. (2015) provided the first longitudinal evidence for a causal SIN benefit from 70 

music training. In this study, 38 TH children were equally distributed between a standard curriculum 71 

(introductory musicianship followed by group instrumental training) or to a waitlisted (control) group 72 

run by the Harmony Project (https://www.harmony-project.org/)—an organisation that provides free 73 

music education for underserved children in Los Angeles. Randomisation removed the risk of sampling 74 

bias and pre-existing differences, and there were no significant differences on age, sex, gender, IQ, 75 

maternal education, SIN, or age of English acquisition. After 2 years of music training, 19 TH children 76 

showed a mean improvement of -2.1 dB signal-to-noise ratio (SNR) on the Hearing in Noise Test 77 

(HINT), demonstrating the efficacy of a community-based music program for improving speech 78 

perception outcomes in children.  79 

 Music and speech share many acoustic similarities, and the broad principle underlying the 80 

mechanism for the musician advantage is generally conceptualised as overlapping (or shared) 81 

perceptual or neural processes (Patel, 2014). However, evidence for cognitive transfer functions from 82 

music to speech perception is far from established, and there is also conflicting evidence for the 83 

functional specialisation of brain structures with preference for specific sound categories (Angulo-84 

Perkins et al., 2014; Peretz et al., 2015). Irrespective of these discrepancies, a consolidating perspective 85 

is that musicality is a multisensory experience that activates a wide range of brain regions associated 86 

with arousal, emotion, cognition, memory, and motor coordination (Brown & Palmer, 2012; Rauscher 87 

& Hinton, 2011; Thompson et al., 2001; Wan & Schlaug, 2010)—all of which may contribute to more 88 

effective auditory learning (Herholz & Zatorre, 2012; Shams & Seitz, 2008).  89 

Benefits of multisensory activities have also been reported in paediatric hearing loss studies; 90 

Vongpaisal, Caruso, and Yuan (2016) demonstrated that even in a short-term song learning task, 91 

training that combined auditory and motor components was more beneficial than in auditory training 92 

alone for 9 cochlear implant (CI) recipients aged between 4–12 years. Another study by Innes-Brown, 93 



Marozeau, Storey, and Blamey (2013) investigated the benefits of a year-long participation in “Music 94 

Club”—45 minute musical activities centred around play for 11 children with hearing loss aged 95 

between 9–12 years. While participation did not confer any perceptual advantages, the children and 96 

teachers reported a wide range of benefits such as increased engagement and interest in music, and 97 

increased levels of socialisation with peers. Taken together, these findings promote physical 98 

engagement with music as an effective means of habilitation that may provide benefits beyond the 99 

auditory domain. Additionally, while the enjoyment of music is highly variable among children with 100 

hearing loss (Gfeller et al., 2011), it is a generally engaging activity that may assist in maintaining 101 

motivation and compliance—critical for longitudinal training studies (Gfeller, 2016; Patel, 2011; 102 

Trehub et al., 2009).  103 

The number of studies that have investigated the benefits of music training for children with 104 

hearing loss is modest, with a wide range of music training protocols, age ranges, and outcomes of 105 

interest; for a review of music training for children with CIs see Gfeller (2016). The majority have 106 

been concerned primarily with music outcomes; Chen et al. (2010) tested 27 CI recipients aged between 107 

5–14 years on a same/different pitch task. Half the participants were provided Yamaha Music School 108 

classes that involved listening, singing, score reading and instrument playing over varying durations 109 

(2–36 months). A significant correlation was found between the duration of training and pitch 110 

perception, suggesting possible neuroplastic changes such as tonotopical reorganisation and finer 111 

frequency tuning. These findings were further supported by Fu, Galvin, Wang, and Wu (2015), with 112 

14 CI recipients aged between 5–9 years improving in melodic pitch perception after 10-weeks of 113 

computer-based training; and in a study by Torppa et al. (2014) that found 8 (from a total of 21) 114 

unilaterally implanted CI recipients aged between 4–13 years with music experience (primarily 115 

singing) performed significantly better than those without music experience in auditory perception and 116 

attention. 117 



Other investigations have considered potential transfer effects to other domains with a focus on 118 

speech perception. Good et al. (2017) compared the effects of 6-months of music training to visual art 119 

training for CI recipients aged between 6–15 years, which led to an enhancement of musical skills and 120 

emotional prosody processing for the musically trained children, but not for the visual art trained 121 

children. In a melodic contour training study for native Mandarin-speaking CI recipients aged between 122 

5–9 years, significant improvements were observed for melodic contour identification and lexical tone 123 

recognition after 8-weeks of training (Cheng et al., 2018). These studies suggest a transfer effect 124 

between music and prosodic/intonation tasks, which is well supported by findings in TH studies 125 

(Hausen et al., 2013; Thompson et al., 2004), as well as adult CI studies (Lo et al., 2015), all of which 126 

implicate the use of pitch and rhythm as primary cues for intonation perception. Additionally, a cross-127 

sectional study by Torppa, Faulkner, Kujala, Huotilainen, and Lipsanen (2018) compared informal 128 

singing experience and its association with speech perception in children with CIs aged between 4–13 129 

years. Children who sang at least once a week (as reported by their parents in a retrospective 130 

questionnaire), had better SIN performance than their peers in the non-singing group.  131 

Spectral resolution also plays a key role in speech and music perception, which rely on various 132 

spectral cues and contrasts. Spectral resolution is the ability to perceive and resolve fluctuations in the 133 

spectral domain. A common method of measuring spectral resolution is with spectral ripple tests that 134 

have the advantage of avoiding confounds of language due to its non-linguistic stimuli. Several studies 135 

have shown reduced spectral resolution for adults with sensorineural hearing loss (SNHL) (Turner et 136 

al., 1999) and children with CIs (Landsberger et al., 2017), when compared to their TH peers. 137 

Interestingly, in cross-sectional studies, spectral resolution has also been found to correlate with SIN 138 

and music performance in postlingually implanted adults (Won et al., 2007); and SIN in prelingually 139 

implanted children (Jung et al., 2012).  140 



Separate to perceptual accuracy, music appreciation considers the role of enjoyment and 141 

qualitative appraisal as an important, yet often overlooked outcome measure; for a review see Looi, 142 

Gfeller, and Driscoll (2012). For example, listeners do not need to identify instruments or specific notes 143 

within a composition to derive enjoyment from a musical piece (Looi et al., 2012). Music training 144 

studies in adult CI populations have shown that music appreciation can be learned and improved (Looi, 145 

King, et al., 2012). Furthermore, the lack of correlation between perceptual outcomes and appreciation 146 

as noted by Gfeller et al. (2008) and Wright and Uchanski (2012), highlights the importance in 147 

evaluating appreciation separately. The enjoyment of music in paediatric populations with hearing loss 148 

shows individual variability with a general trend towards engagement and enjoyment (Chen-Hafteck 149 

& Schraer-Joiner, 2011; Gfeller et al., 2011). Compared to postlingually implanted/aided adults, 150 

prelingually implanted/aided children do not have a preconception of what music should sound like. 151 

This may provide significant advantages for perceptual and appreciation outcomes. 152 

Multiple studies have recommended the use of music training as a complementary means of 153 

habilitation for children with hearing loss (Abdi et al., 2001; Chen et al., 2010; Petersen et al., 2015). 154 

However, the current body of evidence that music training is effective, or more effective than a standard 155 

habilitation program are limited, although recent findings for speech transfer effects are promising 156 

(Cheng et al., 2018; Good et al., 2017). Finally, Fuller, Galvin, Maat, Başkent and Free (2018) 157 

suggested extensive and intensive programs that combine face-to-face lessons along with computer-158 

based pitch training may yield the greatest benefit, while Chen-Hafteck and Schraer-Joiner (2011) 159 

suggest best-practice may be the utilisation of a wide-range of activities to encourage the development 160 

of diverse skills.   161 

The purpose of the present study was to investigate the benefits of a 12-week music training 162 

program, consisting of group-based face-to-face music therapy, supplemented by online music-apps 163 

for children with prelingual SNHL. Outcome measures included: SIN, speech prosody (specifically 164 



emotional and question/statement prosody), spectral resolution, pitch and timbre perception, and music 165 

appreciation. Based on previous findings by Chen et al. (2010) and Good et al. (2017), we hypothesized 166 

music outcomes would improve, and pitch perception would likely transfer to speech prosody. 167 

Irrespective of any change in perceptual accuracy, it was also hypothesised that participants would 168 

report higher levels of music appreciation after training. Additionally, given TH studies indicate a SIN 169 

benefit for adults and children with music training (Coffey et al., 2017; Slater et al., 2015), and singing 170 

experience is associated with better SIN perception for children with CIs (Torppa et al., 2018), a SIN 171 

enhancement was also predicted. A measure of spectral resolution was included as there is evidence 172 

that better spectral resolution is associated with better SIN performance in prelingual children with CIs 173 

(Jung et al., 2012), as well as music perception in adult CI recipients (Won et al., 2010). Finally, 174 

compared to the children with TH, it was expected children with SNHL would have poorer outcomes 175 

on all perceptual measures.   176 



Method 177 

Participants 178 

Two groups of participants were tested in the study, stratified by hearing status (children with SNHL 179 

and TH). One group consisted of 14 children (7 female, 7 male) with prelingual bilateral moderate-to-180 

profound SNHL (8 bilateral CI, 4 bimodal, 2 bilateral HA) ranging in age from 6.1–9.2 years (M = 7.5, 181 

SD = 1.1) when measured at baseline 2. Inclusion criteria for children with SNHL included prelingual 182 

(aiding or implantation < 3.5 years), bilateral SNHL with moderate-to-profound thresholds. Most 183 

children with SNHL (9/14) were enrolled in mainstream school settings, while the others attended 184 

schools for the deaf and hard-of-hearing with specialist support. From the group of 14 children with 185 

SNHL, 11 commenced the music training, while the remaining 3 only completed the 12-week double 186 

baseline measures. Of the 11 children with SNHL that commenced music training, 9 completed all 187 

testing sessions, 1 withdrew after the mid-point due to a surgical operation, and 1 family left the country 188 

at the follow-up stage. Relevant demographic data for children with SNHL can be found in Table 1.  189 

For comparative purposes, 16 TH children (7 female, 9 male) ranging in age from 6.3–8.7 years 190 

(M = 7.6, SD = 0.8) were also included. There was no significant difference in chronological age, t(25) 191 

= 0.86, p = .400, or formal music training, t(25) = 0.58, p = .569, between children with SNHL and 192 

TH. At the start of each session, the TH children underwent pure tone audiometric testing to confirm 193 

hearing thresholds (0.25 to 8 kHz ≤ 20 dB HL). All participants were native Australian English 194 

speakers. Exclusion criteria for all participants included any diagnosed psychological or developmental 195 

disorder. Relevant demographic data for TH children can be found in Table 2. 196 

  Direct invitations were sent via clinics to families within New South Wales (NSW) fitting the 197 

inclusion criteria, and flyers were distributed to clinics and hearing/deafness groups for distribution in 198 

newsletters and social media outlets. Parental written consent and participant assent were obtained 199 



prior to commencement of testing, and approval for this study was granted by the Macquarie University 200 

Human Research Ethics Committee (Medical Sciences); reference: 5201600081.  201 

Experimental design 202 

Data collection spanned approximately 9-months, using a longitudinal waitlist design. After an initial 203 

test session (baseline 1), children with SNHL were pseudo-randomly assigned to commence music 204 

training immediately (Group 1, n = 5) or placed in the waitlisted group (Group 2, n = 9) that commenced 205 

music training 12-weeks later. Pseudo-random assignment was due to the lengthy time-commitment 206 

this study placed on families (i.e. if specific dates were not suitable for participation they could opt for 207 

the other group). For all perceptual measures, double baseline testing occurred, separated by 1-week 208 

for Group 1, and separated by 12-weeks for Group 2. The advantage of this experimental design is that 209 

it allowed for an assessment of test-retest reliability, a baseline measure of natural development and 210 

maturation over a 12-week period for the waitlisted group, and had the additional benefit of maximising 211 

statistical power by not having to split the cohort into a training and control group. After the completion 212 

of double-baselines; participants were tested after 6-weeks of music training (mid); after completion 213 

of the full 12-weeks of music training (post); and finally, 12-weeks after training was completed to 214 

measure retention (follow-up). An additional cohort of age-matched TH children was included as a 215 

comparison group; they completed the same test battery as the children with SNHL, but did not receive 216 

music training, and were only utilised to indicate the broad difference between children with SNHL 217 

and TH children. An overview of this design can be seen in Figure 1.  218 



Stimuli 219 

Australian Sentences Test in Noise (AuSTIN) 220 

SIN was measured with the AuSTIN, an adaptive SIN test that has the unique advantage of being 221 

specifically designed for Australian English CI recipients (Dawson et al., 2013). The complexity of the 222 

speech materials was suitable for children, as the sentences were developed with audiologists and 223 

speech-pathologists familiar with the linguistic capabilities of Australian children with hearing loss 224 

(Dawson et al., 2013). The AuSTIN features an adult female as the target speaker in the presence of 4-225 

talker babble (4TB) featuring two adult female and male speakers. Twenty sentences (each comprising 226 

between four and six words, or six to eight syllables) were randomly selected without replacement and 227 

presented. Participants were asked to repeat the sentence as best they heard; and were morphemically 228 

scored (e.g. singing consists of two morphemes: ‘sing’ and –‘ing’). If the participant scored ≥ 50% 229 

morphemes correct the competing noise level was increased, and if the participant scored < 50% 230 

morphemes correct the competing noise level was decreased. The AuSTIN adaptive rules and speech 231 

reception threshold (SRT—defined as the signal-to-noise ratio at which 50% of words were correctly 232 

perceived) calculation rules were selected. The initial SNR was 12 dB, with 4 dB step sizes for the first 233 

four sentences, followed by 2 dB step sizes for the remaining sentences. SRTs were calculated as the 234 

average of the SNRs for sentences 5 to 20, and the SNR of sentence 21 (which was not presented), 235 

based on the participant’s response to sentence 20. AuSTIN has been well validated, and using these 236 

parameters, has a test-retest reliability of 0.99 dB. Thus, it is a suitable and appropriate SIN test for a 237 

longitudinal study with AusE children with SNHL.   238 

Spectral-temporally Modulated Ripple Test (SMRT) 239 

Spectro-temporal modulation detection performance was measured with SMRT version 1.1  (Aronoff 240 

& Landsberger, 2013). The SMRT has been used effectively in studies of children (Kirby et al., 2015; 241 



Landsberger et al., 2017). Stimuli were non-harmonic tone-complexes with 202 equal amplitude pure-242 

tone frequency components spaced every 1/33.33 of an octave from 100 to 6400 Hz. Stimuli were 500 243 

ms in duration, with 100 ms onset/offset linear ramps generated with a 44.1 kHz sampling rate. 244 

Participants were presented with a three-alternative forced choice task (3-AFC) in which two choices 245 

were reference stimuli at 20 ripples per octave (rpo). The third choice was the target stimulus at an 246 

initial 0.5 rpo, with a 1-up, 1-down adaptive procedure with a step size of 0.2 rpo. After ten reversals, 247 

a threshold was calculated based on the last six reversals. 248 

Macquarie Battery of Emotional Prosody (MBEP) 249 

Emotional prosody was measured with the MBEP (Thompson et al., 2012) that consisted of sentences 250 

that varied in emotional prosody. The sentences were semantically neutral such as “the girl and boy 251 

went to the fridge, to get some milk for lunch”, and were recorded by 4 female and 4 male speakers. 252 

Each sentence was 14 syllables in length and spoken with the emotional state of: happy, sad, angry, 253 

and scared. For this study, the MBEP was configured as a 2AFC task with two conditions: happy/sad, 254 

and angry/scared. The happy/sad sentences were representative of an easier task as their acoustic 255 

features were more perceptually distinct than angry/scared. Scores were averaged between the two 256 

conditions and calculated as percentage correct. While this specific test has not been previously used 257 

with children, the sentences and paradigms are not dissimilar to comparable test materials that have 258 

been used effectively for children with hearing loss (e.g. Chatterjee et al., 2015). 259 

Question/Statement Prosody Test (QSPT) 260 

The QSPT was developed for the present study to measure performance in differentiating questions 261 

from statements through a rising or falling terminal pitch. Two native adult speakers of Australian 262 

English recorded eight simple bi-syllabic words (e.g. carrot, garlic, orange; typical fruit and vegetable 263 

items) uttered naturally in question form with a rising pitch, and in statement form with a flat or falling 264 



pitch. Speakers maintained a consistent vocal effort, tempo, and level of intonation. The tokens were 265 

recorded in a sound-proof room with an AKG (Vienna, Austria) C535 EB microphone connected to a 266 

PreSonus StudioLive 16.4.2 mixing console with ProTools 11. High pass filtering was set on the 267 

mixing console at 75 Hz. Each token was saved as an individual .wav file, and the root mean square 268 

(RMS) level was adjusted to -25 decibels relative to full scale (dBFS). Participants were presented with 269 

32 words in random order (2 speakers x 2 intonations x 8 words) and results were scored as percentage 270 

correct. Participants were instructed they would hear one word and had to decide if it sounded like the 271 

person speaking was asking the participant if they wanted the item (question utterance); or if it sounded 272 

like the person speaking was telling the participant they were simply pointing out an item (statement 273 

utterance). On average, the pitch extraction for both male and female speakers for the question 274 

utterance was approximately one octave (or 12 semitones) when measured from lowest to highest 275 

frequency. The tokens developed for this test were similar to those in the turn-end receptive subtest of 276 

the Profiling Elements of Prosodic Systems—Child version (PEPS-C), which is appropriate for both 277 

adults and children (Peppé & McCann, 2003). 278 

Clinical Assessment of Music Perception (CAMP) 279 

The CAMP test was developed as a measure of music perception for adult CI recipients (Kang et al., 280 

2009), but has been successfully administered for child CI recipients (Jung et al., 2012). It consists of 281 

3 subtests: pitch direction discrimination, melody recognition, and timbre recognition. In the present 282 

study, 2 subtests were used: pitch direction discrimination and timbre recognition. Prior to each subtest, 283 

participants were provided brief practice sessions.  284 

The pitch direction discrimination task used a two-alternative forced choice (2-AFC), 1-up 1-285 

down adaptive testing method. The stimuli consisted of digitally synthesized, complex piano tones at 286 

three base frequencies: 262 Hz (C4), 330 Hz (E4), and 392 Hz (G4). Two tones were presented 287 



consecutively, a base frequency, and an initial interval presented at 12 semitones (1 octave), in random 288 

order. Participants were instructed to select the tone that was higher in pitch (i.e. the first or second 289 

tone). A correct response would yield a smaller subsequent pitch interval, whereas an incorrect 290 

response would yield a larger subsequent pitch interval (at that base frequency). The largest interval 291 

size was 12 semitones, the lowest interval size was 1 semitone, and the step-size was 1 semitone. When 292 

a participant answered a 1 semitone interval correctly, this was treated as a reversal at zero, to create 293 

an accurate psychometric function. Participant’s pitch discrimination thresholds were calculated using 294 

the last 6 of 8 reversals at each base frequency, and their final pitch discrimination threshold was 295 

calculated as an average of all three base frequencies.  296 

The use of a 1-up 1-down adaptive testing method has been criticised as it estimates the chance-297 

level point of the psychometric function. However, studies have confirmed its empirical utility and 298 

reliability, with Kang et al. (2009) finding this subtest to be highly reliable (Cronbach’s alpha = 0.91). 299 

A study by Won et al. (2010) also utilised a technique that estimated a higher point on the psychometric 300 

function (75% correct) and found a strong correlation with pitch thresholds derived through the 301 

standard testing technique (r = 0.97). Intended for rapid, clinical use; its utility as a widely adopted test 302 

that allows for comparisons against multiple studies, and its suitability for the present study’s 303 

participants outweigh its theoretical weaknesses. A detailed discussion justifying this test method can 304 

be found in Drennan et al. (2015). 305 

The timbre recognition task was an eight-alternative forced choice (8-AFC) task. The stimuli 306 

comprised eight live-recorded musical instruments that spanned four major classes: strings (violin and 307 

cello), brass (saxophone and trumpet), woodwinds (flute and clarinet), and percussion (guitar and 308 

piano). All instruments played an identical five note melody (C4-A4-F4-G4-C5) at 82 beats per minute 309 

(bpm), which were level-matched, and played with the same articulation and phrasing. Each instrument 310 



was played 3 times in random order, and participants were tasked with selecting the instrument they 311 

heard. Scores were calculated as percent correct.  312 

Formal music experience 313 

The Role of Music in Families Questionnaire (RMFQ) was developed to evaluate the role of music in 314 

families of children with hearing loss, and their general attitudes and level of engagement with music 315 

(Looi et al., 2018, 2019). The RMFQ consists of 7 broad sections: General Demographic Information, 316 

Childhood Music Participation and Experiences, Attitudes and Reactions to Music, Resources for 317 

Child Regarding Music, Overall Importance of Music in your Household and Family, Child’s Music 318 

Listening Preferences, and Future Perspective. One section of the RMFQ (Childhood Music 319 

Participation and Experiences) was used in the present study to appraise the level of formal music 320 

participation and experience each participant had received prior to commencement of the present study. 321 

A score was calculated on the basis of duration (in terms of years), multiplied by its frequency (1 = 322 

less often than monthly, 2 = once a month, 3 = two to three times a month, 4 = once a week, 5 = four 323 

to six times a week, 6 = two to three times a week, and 7 = daily), divided by the total number of 324 

categories (n = 6) that assessed activities: music lessons, singing groups, instrumental groups, special 325 

children’s programs, dance classes, and group-based music classes. As an example, 1-year of weekly 326 

piano lessons equates to: 1 (year) × 4 (frequency, weekly) ÷ 6 (categories) = 0.7.  327 

Music appreciation 328 

A music appreciation questionnaire developed by Looi, King, & Kelly-Campbell (2012) for adults with 329 

hearing loss was adapted for use in the present study. Changes in music appreciation were measured 330 

after music training was completed. Questionnaires were child and parent-reported, requiring a 331 

response (depending on context) of “much better/more”, “a little better/more”, “no change”, “a little 332 

worse/more”, or “much worse/more”, and assigned a value of +2, +1, 0, -1, and -2 respectively. Scores 333 



were averaged across parent and child. The questions asked were: Has the music program… 1. changed 334 

your enjoyment of music? 2. made music sound more pleasant? 3. made music sound more natural? 4. 335 

changed your ability to identify instruments? 5. changed your ability to recognise melodies? 6. changed 336 

your ability to learn new songs? 7. changed how much music you listen to? 8. changed how much you 337 

want to continue learning/exploring music? 9. changed your overall interest in music? 10. changed 338 

how much you want to learn an instrument/continue learning an instrument?  339 

Procedures 340 

Testing 341 

All testing occurred in an acoustically treated sound booth. The test battery was administered using a 342 

laptop computer with the following peripheral connections: audio output was through a loudspeaker 343 

(Genelec 8020C; Iisalmi, Finland) connected to an external soundcard (Yamaha AUDIOGRAM 3; 344 

Hamamatsu, Japan). Test battery responses were displayed and inputted by the child on a touchscreen 345 

monitor. Presentation level of test materials was calibrated to 65 dBA with a Digitech QM1592 sound 346 

level meter measured at the participants position, located 1 metre directly in front of the loudspeaker. 347 

The exception was the MBEP, as each emotion varied with intensity; as such, the happy sentences were 348 

used for level calibration.  349 

The test battery took approximately one hour to complete. All perceptual test materials were 350 

presented in randomised order. Testing was shared between three experimenters (the first author and 351 

two research assistants); as such, approximately half of all test sessions were blinded. Participants could 352 

have a break at any time and were prompted by the experimenter if they would like a break half-way 353 

through the test session. Questionnaires were paper-based, with demographic information and the 354 

RMFQ completed by a parent in the first baseline test session. The music appreciation questionnaire 355 

was completed by participants in the post-training test session, with the experimenter reading aloud 356 



each questionnaire item to the child who could ask for clarification at any time. Children responded 357 

either verbally, or by pointing to their selection. Honest responses were emphasised, and children were 358 

not allowed to consult or discuss their responses with their parents. Feedback and encouragement was 359 

provided for the first three tokens of each perceptual test, or for the duration of the practice trials. A 360 

token gift such as a sticker was provided half-way through the testing to maintain motivation, and at 361 

the end of the test session. 362 

Training 363 

Music training was provided over 12-weeks, with a focus on maximising access to a broad range of 364 

musical skills and activities. The curriculum consisted of weekly, 40-minute, face-to-face group-based 365 

(4 to 5 children per class) music therapy sessions facilitated by a registered music therapist at 366 

Macquarie University on a Saturday morning. The curriculum was created by the registered music 367 

therapist, based on the Nordoff-Robbins (or Creative Music Therapy) approach that emphasizes active 368 

music-making between therapists and their clients (Nordoff et al., 2007). Input was provided from the 369 

first two authors to adapt the activities  for children with SNHL. Participants were also expected to 370 

complete a series of activities 3 times a week (approximately 15 to 30 minutes depending on ability) 371 

with MusicFirst Junior (Music Sales Group, 2018)—an online-based suite of music apps designed for 372 

children aged between 6 and 12 years that is compatible for PC/Mac/smart devices that included: 373 

Morton Subotnick’s Music Academy and Groovy Music. The app curriculum was developed by the 374 

first author, with input from the music therapist to match the goals at each week. Parents were 375 

encouraged to set aside a regular time for app use, which was regarded as homework. MusicFirst Junior 376 

allows for a rudimentary logging of activity (not completed, partially completed, or completed 377 

activity), and app-use and compliance was discussed at each Saturday morning session with the parents. 378 

Examples of music therapy activities include drumming, singing, dancing, and improvisation. 379 

Examples of the music apps include “drawing” and creating compositions, and identification of high, 380 



low, fast, or slow sounds. While group-based activities are ecologically valid and have the advantage 381 

of social engagement, they lack the level of control that computer-based approaches allow for, which 382 

also have the additional benefit of data-logging the activities. Thus, this hybrid approach of face-to-383 

face group-based activities, supplemented by online-based apps was used to provide a broad range of 384 

musical activities and tasks during a limited timeframe. The music therapy curriculum can be found in 385 

the Appendix. 386 

Results 387 

Statistical analyses 388 

IBM SPSS Statistics (version 22) was used to perform main hypothesis testing using linear mixed 389 

models (LMM) with Restricted Maximum Likelihood (REML). A significant advantage to LLM 390 

models is that it can accommodate missing data, hence all data from participants can be used for 391 

analysis even for those that did not complete the entirety of the music training (n = 2). An independent 392 

samples t-test was used for comparisons between children with SNHL and TH, and Bonferroni 393 

corrected p-values are reported; concordance between parent and child responses on music appreciation 394 

was examined using Cohen’s kappa statistical test, and a non-parametric Wilcoxon signed-rank test for 395 

the appreciation questionnaire responses. Visual inspection of Q-Q plots at baseline for all variables 396 

did not reveal any obvious deviations from expected normal distributions. Criterion for statistical 397 

significance was fixed at p = .05.  398 

For the double baseline analyses of the children with SNHL (n = 14), the following fixed effects 399 

were entered: time (baseline 1 and baseline 2), group (1-week retest and 12-weeks retest/waitlisted 400 

cohort), time * group (interaction term), device configuration (CI, bimodal, and HA), formal music 401 

experience, and hearing age (chronological age – age at fitting/implantation). It should be noted that 402 

hearing age was used to simplify the model and avoid over-parametrisation (due to the small sample 403 



size) by accounting for both chronological age and age at fitting/implantation as one variable. 404 

Accounting for formal music experience and hearing age in analyses is recommend by Gfeller (2016) 405 

for music training studies. For the double baseline analyses of the TH children (n = 16), the following 406 

fixed effects were entered: time (baseline 1 and baseline 2), formal music experience, and 407 

chronological age. For the music training analyses of the children with SNHL (n = 11), the following 408 

fixed effects were entered: time (pre—their baseline 2 scores, mid, post, and follow-up); device 409 

configuration (CI, Bimodal, HA); formal music experience; and hearing age.  410 

For the training analyses of the children with SNHL, participants were entered as random 411 

effects with random intercepts (random slopes were of interest, but they failed to converge); however, 412 

due to a lack of variability primarily from ceiling effects, the TH children were entered as random 413 

effects without random intercepts.  414 

These models were used to predict the following outcome measures: SIN, spectral resolution, 415 

pitch, timbre, emotional prosody, and question/statement prosody performance over time; controlling 416 

for device configuration, hearing age/chronological age (for TH children), and formal music 417 

experience.  418 

Double baseline measures 419 

For the children with SNHL, no statistically significant differences were found for the main effect of 420 

time, or the interaction between time and group (i.e. either 1-week or 12-weeks retest) for any measure, 421 

with the exception of emotional prosody that improved significantly by 6.7% from baseline 1 to 422 

baseline 2, F(1,13) = -2.746, p = .017; driven primarily by the waitlisted group. Hearing age was a 423 

statistically significant factor for pitch, timbre, emotional prosody, and question/statement prosody 424 

[F(1,8) = -4.75, p = .001; F(1,8) = 4.41, p = .002; F(1,8) = 4.83, p = .001; F(1,8) = 2.33, p = .048, 425 

respectively]—underscoring the importance of hearing age (and more broadly, natural development) 426 



as a parameter of interest. Device configuration was only statistically significant for the spectral 427 

resolution task; HA users’ spectral resolution (M = 5.0 rpo) were significantly better than CI recipients, 428 

M = 2.68 rpo, F(2,8) = -2.68, p = .029, and bimodal users, M = 2.5 rpo, F(2,7) = -2.69, p = .031. Formal 429 

music experience was trending towards significance for pitch perception F(1,8) = -2.22, p = .057. The 430 

estimated marginal means for the baseline results can be observed in Table 3. 431 

For the TH children, no statistically significant differences were found for the effect of time. 432 

Chronological age was a statistically significant factor for pitch, spectral resolution, emotional prosody, 433 

and trending towards significance for SIN, [F(1,28) = -2.78, p = .010; F(1,26) = 2.93, p = .007; F(1,19) 434 

= 2.21, p = .040; F(1,27) = -2.04, p = .052, respectively]. Formal music experience was a statistically 435 

significant factor for question/statement prosody F(1,27) = 2.36, p = .026.  436 

As the majority of the double baseline measurements were not statistically significant, the data 437 

from the participants with a retest of 1-week suggests that there was no learning or practice effect of 438 

the test materials; while the data from the participant with a retest of 12-weeks suggests there was no 439 

effect of natural maturation and development. Thus, any subsequent improvement in outcomes 440 

measures was likely the result of the music training itself. 441 

Attendance and compliance 442 

Attendance was generally high, ranging from 67% to 100% attendance rate (M = 83%, SD = 10%) 443 

across the 12-weeks of music therapy sessions, with most absences due to illness or family obligations. 444 

Participants were expected to complete the assigned apps three times a week. The use of apps was 445 

more variable with one participant not using the app at all (the parent reported time constraints). With 446 

the removal of this outlier, music-app compliance ranged from 39% to 83% (M = 64%, SD = 13%) 447 

over 12-weeks. Additionally, one participant also left the study in week 8 due to a surgical procedure.  448 



Perceptual measures 449 

Table 4 summarises all outcome measures across time points for the children with a SNHL. Mean 450 

estimates of each outcome measure across time with a TH comparison can be observed in Figure 2. 451 

The following results are estimated marginal means relative to performance at the pre-training 452 

measurement; comparisons to TH children are made in respect to raw baseline 2 measures (as the 453 

models to calculate each group’s estimated marginal means are not equivalent).  454 

Speech-in-noise 455 

A statistically significant improvement was observed for SIN at the post-training point with a mean 456 

SRT decrease of 1.1 dB, F(3,11) = -2.40, p = .036, which was essentially retained at the follow-up 457 

point with a decrease of 1 dB F(3,15) = -2.17, p = .046. On average, TH children’s SRTs were 3.8 dB 458 

lower, 95% CI [-5.6, -2.0] than children with SNHL, t(12) = -4.55, p = .004. 459 

Spectral resolution 460 

A statistically significant improvement was observed for spectral resolution at the post-training point 461 

with a mean increase of 2 rpo, F(3,12) = 4.89, p ≤ .001, and this was retained at the follow-up point 462 

with an improvement of 1.7 rpo, F(3,9) = 3.76, p = .005. On average, TH children’s spectral resolution 463 

were 4.5 rpo higher than children with SNHL, t(25) = 6.66, 95% CI [3.1, 5.8], p < .001.  464 

Emotional prosody 465 

No statistically significant improvement for emotional prosody was observed for any time point. 466 

However, performance was generally excellent at pre-training (82% correct) suggesting a task that was 467 

too easy, with 4 participants scoring above 95% at the pre-training time-point, indicating a ceiling 468 

effect. On average, TH children’s perception of emotional prosody were 13 percentage points higher 469 



than children with SNHL, though this was not statistically significant, t(13) = 2.95, 95% CI [4, 23], p 470 

= .07. 471 

Question/Statement prosody 472 

A statistically significant improvement was observed for question/statement prosody at the post-473 

training point with a mean increase of 14 percentage points, F(3,12) = 3.61, p = .004, although this 474 

benefit was not fully retained at the follow-up point with an improvement of 8 percentage points, 475 

F(3,13) = 1.99, p = .069. On average, TH children’s perception of question/statement prosody were 10 476 

percentage points higher than children with SNHL, however this was not statistically different, t(25) = 477 

1.32, 95% CI [-6, 26], p = 1.18. 478 

Pitch 479 

No statistically significant improvement for pitch threshold was observed over any time point. 480 

Surprisingly, TH children’s pitch thresholds were not significantly different to the children with SNHL. 481 

On average, TH children’s mean thresholds were 2.1 semitones lower, t(25) = 1.80, 95% CI [-4.4, 0.3], 482 

p = .500. 483 

Timbre 484 

A statistically significant improvement was observed at the mid-training point with timbre perception 485 

increasing by 6 percentage points F(3,12) = 2.46, p = .028, and at the post-training point with an 486 

increase of 8 percentage points F(3,12) = 2.44, p = .032. However, this was not retained at the follow-487 

up point with an improvement of 5 percentage points F(3,4) = 1.41, p = .227. On average, TH children’s 488 

timbre perception were 31 percentage points higher than children with SNHL, t(23) = 5.56, 95% CI 489 

[19, 42], p < .001. 490 

Device configuration, hearing age, and formal music experience 491 



Generally, device configuration, hearing age, and formal music experience were not significant factors 492 

for most outcomes measures in the statistical model. Considering that hearing age was a significant 493 

factor for pitch, timbre and prosodic tasks; and device configuration was a significant factor for spectral 494 

resolution at baseline measures; it suggests that the effect of training was greater than the effect of 495 

hearing age or device configuration. Device configuration and formal music experience were not 496 

significant factors in any of the measures with music training. However, hearing age was a significant 497 

factor for emotional prosody and pitch perception [F(1,6) = 6.2, p < .001; F(1,5) = - 3.2, p = .022, 498 

respectively]—reiterating the importance of including hearing age as a parameter of interest, 499 

particularly for pitch-based tasks. A scatter plot of hearing age with pitch and emotional prosody 500 

(averaged across all time points) can be observed in Figure 3. 501 

Mechanisms for SIN enhancement 502 

Post-hoc analyses explored possible mechanisms for SIN enhancement. As both spectral resolution 503 

and timbre perception improved significantly, bivariate correlations between these and SIN were 504 

analysed (measures were averaged over all time points). As shown in Figure 4, a moderate correlation 505 

was found between timbre perception and SIN, Pearson’s r = 0.611, p = .046, although correlation does 506 

not equate to causation, this finding provides evidence to further explore this relationship as a potential 507 

mechanism. No correlation was found between spectral resolution and SIN, Pearson’s r = - 0.149, p = 508 

.662.  509 

Music appreciation 510 

Interrater reliability was examined between parent and child responses for music appreciation. For 511 

most measures, Cohen’s kappa agreement was poor (-0.67 to 0.17), except questions asking if the 512 

music program had, 1. affected the child’s ability to identify instruments, and 2. affected the child’s 513 

motivation to learn or continue learning an instrument (0.44 = moderate agreement). Music 514 



appreciation was evaluated with a Wilcoxon signed-rank test, with a hypothesised median of interest 515 

set to 0 = no change. Table 5 indicates that after music training, a statistically significant improvement 516 

was observed for the vast majority of parent reported observations; while children reported music 517 

sounded more pleasant, that it improved their ability to identify instruments, and that they wanted to 518 

learn, or continue to learn an instrument. 519 

Discussion 520 

After a 12-week music training program, outcomes for SIN, spectral resolution, timbre, and 521 

question/statement prosody were improved for children with prelingual, moderate-to-profound SNHL. 522 

While improvement to question/statement results broadly corroborate prosodic benefits found in other 523 

studies (Good et al., 2017; Lo et al., 2015); the enhancement of SIN, spectral resolution, and timbre 524 

perception are novel, and to the authors’ best knowledge, this is the first time such an effect has been 525 

observed after a music-based intervention for children with hearing loss. The trajectory of benefit was 526 

specific to each outcome variable, with question/statement prosody only improving at the post-training 527 

point; timbre perception improving at mid-training and post-training time points; and SIN and spectral 528 

resolution improving at the post-training and follow-up points. It is difficult to ascertain whether these 529 

differences of trajectory are due to auditory development or the specificity of the curriculum provided. 530 

Additionally, it should be noted that by the follow-up time point, the number of participants was 531 

reduced by two, leading to a reduction of power for all measures at this point. Despite this, the 532 

observation that SIN and spectral resolution benefits were maintained at follow-up indicates a fairly 533 

robust effect. As expected, children with SNHL performed more poorly than their TH peers in a range 534 

of measures: SIN, spectral resolution, and timbre perception. However, pitch and both prosodic tasks 535 

were not significantly different, which will be discussed at a later stage in this article. 536 



 Double baseline results for all groups (children with SNHL over 1-week or 12-week retests; 537 

and a TH comparison) were non-significant, except for emotional prosody for the waitlisted group 538 

which improved significantly. Collectively, the results indicate that all tests were not subject to practice 539 

effects, had suitable test-retest reliability, and that natural development and maturation over a 12-week 540 

period is insufficient to generate a significant change for the vast majority of outcomes measured. 541 

Additionally, the near-ceiling performance on most tasks for the TH group indicated measures were 542 

developmentally appropriate for the age range of the children in the current study. While it was possible 543 

that some of the children with SNHL may have had a slight delay in their development of skills such 544 

as language, this likelihood was reduced by the widespread adoption of effective early intervention 545 

principles within Australia (Ching, 2015), and that the children in this study were prelingually 546 

implanted/aided. There were no significant differences in age or formal music experience between the 547 

children with SNHL and TH. Hence, any change in outcome is likely attributable to the music 548 

intervention itself.  549 

SIN enhancement is of considerable interest for habilitation as children require a greater SNR 550 

than adults to attain similar speech intelligibility in noisy environments (Neuman et al., 2010; Schafer 551 

et al., 2012). Children with hearing loss are disproportionately affected by poor classroom acoustics 552 

(Valente et al., 2012), so it is unsurprising that SIN remains a commonly reported problem (Davies et 553 

al., 2001; Schafer & Thibodeau, 2006). It is also assumed that speech perception affects overall quality 554 

of life—although this is not well established empirically (Schorr et al., 2009). SIN can be 555 

conceptualised as a higher-order auditory task, which is likely supported by top-down processes; which 556 

are in turn activated, developed, and organised through auditory input (Kral & Eggermont, 2007). The 557 

results of the present study are encouraging and suggest that even with a short duration of music 558 

training, SIN enhancement is potentially attainable for children with hearing loss, likely driven by 559 

experience-based neuroplastic fine-tuning of the auditory system. However, while the overall benefit 560 



for SIN was statistically significant, the effect size is relatively small with a mean improvement of 1.1 561 

dB for SRTs. This value is close to the test-retest reliability of AuSTIN (0.99 dB) for adult CI recipients 562 

(Dawson et al., 2013). However, the longitudinal nature of the study, the use of a double-baseline, in 563 

conjunction with the maintenance of SIN improvement at the follow-up point, supports the assertion 564 

that this is a reliable effect.   565 

Timbre perception significantly improved at the mid- and post-training time points but was not 566 

retained when measured at the follow-up time point, due in part to a reduction of statistical power with 567 

two participants absent at this time point. This perceptual finding was supported by a music 568 

appreciation question that directly probed whether participants believed they were better able to 569 

identify instruments after training. Unlike previous adult hearing loss studies that have found 570 

qualitative/subjective appraisals do not necessarily correlate with perceptual outcomes (Gfeller et al., 571 

2008; Looi et al., 2007), the present study provides some evidence that while parents and children were 572 

generally in poor agreement with each other for the music appreciation measures, there was consistency 573 

with the qualitative and behavioural results of timbre/instrument identification. Improved identification 574 

of instruments was also one of the few music appreciation measures that had a moderate level of 575 

agreement between parent and child-reports. It should also be noted that the instruments in the CAMP 576 

timbre test were generally different to the instruments used in training (of the 8 instruments in the test 577 

battery, only piano and guitar were used consistently in training). Interestingly, post-hoc analyses 578 

showed a moderate correlation between timbre and SIN perception, and no correlation between spectral 579 

resolution and SIN. The relationship between timbre and SIN in CI adult studies is mixed, with Kang 580 

et al. (2009) finding a positive association, while Gfeller, Knutson, Woodworth, Witt and DeBus 581 

(1998), albeit from a much older CI study, did not. Furthermore, the relationship between speech and 582 

musical timbre in paediatric populations with hearing loss has not been previously explored. While our 583 

findings are correlational and unable to account for any causal effect, it suggests two interpretations 584 



for future consideration. Firstly, while SIN and timbre are often described in terms of discrete spectral 585 

or temporal cues, it is important to note that spectro-temporal modulations are more representative of 586 

natural speech (Santoro et al., 2014), and provide a more dynamic perspective of timbre (Patil et al., 587 

2012). As such, the results suggest the possibility that an underlying shared process (such as 588 

enhancement of temporal cues, or spectro-temporal modulations) led to gains, improving performance 589 

for both SIN and timbre perception. Secondly, the benefit may be conceptualised as a direct 590 

consequence of better timbre perception skills improving the perceptual organisation of auditory 591 

objects relevant for auditory scene analysis (Bregman, 1994; Ding & Simon, 2012; Kraus & 592 

Chandrasekaran, 2010). That is, the timbre task required the identification of instruments; improvement 593 

may have transferred specifically to the SIN task, in terms of better identification of the target (single 594 

female speaker) from masker signals (4TB) that differ in spectro-temporal modulations.  595 

 The large improvement in spectral resolution is noteworthy. Previous investigations have found 596 

that TH adults and children improve their spectral resolution as a function of age, whereas children 597 

with CIs mature at around 7 years old (Horn et al., 2017), and do not seem to improve as a function of 598 

age (Landsberger et al., 2017). Better spectral resolution is also associated with better SIN performance 599 

in postlingually implanted adults (Lawler et al., 2017; Won et al., 2007) and prelingually implanted 600 

children (Jung et al., 2012). However, post-hoc analyses from the present study investigating 601 

correlations between spectral resolution and SIN find no evidence to support this relationship. This is 602 

in line with suggestions by Horn et al. (2017) and Landsberger et al. (2017) who argue that the auditory 603 

development of prelingually implanted children is fundamentally different to that of postlingual adults, 604 

with a greater weighting of temporal cues over spectral cues. The discrepancy between SIN and spectral 605 

resolution correlations in prelingually implanted children as reported by Jung et al. (2012) could be 606 

due to the small sample size, difference in age (8–16 years), and the difference in test material. Spectral 607 

discrimination assessed in spectral ripple tests is often confounded by factors such as loudness, spectral 608 



centroid, and changes to spectral edges (Azadpour & McKay, 2012). The SMRT (which was used in 609 

the present study) was designed to avoid these confounding factors, and may be a more accurate 610 

measure of spectral resolution (Aronoff & Landsberger, 2013).  611 

Additionally, a study by Nittrouer, Caldwell-Tarr, Moberly, and Lowenstein (2014) 612 

investigated perceptual weighting strategies in 8 year old children with and without CIs. Based on their 613 

findings, they proposed that limited access to spectral cues diminished the development of language 614 

and perceptual weighting strategies. However, key to their argument was that this was independent to 615 

auditory sensitivity, and that enhancing sensitivity was not optimal for phonemic (i.e. language-based) 616 

learning. As such, improvement to spectral resolution is likely to yield benefits, but in the longer-term 617 

context of language development. A final consideration is that learning effects have been noted in tests 618 

of spectral resolution. Tested at multiple time points, de Jong, Briaire, and Frijns (2017) found the 619 

maximum mean improvement of 1.6 rpo was noted after 4-weeks. However, as suggested by de Jong 620 

et al. (2017), the use of a double-baseline, as well as test time points that are beyond a “carry-over” 621 

period—an effect or ability that carries over from one test to another, are recommended. As there was 622 

no significant difference for any baseline measures, our results are likely indicative of actual 623 

improvement resulting from the intervention that avoids a carry-over effect. Taken together, the results 624 

from the present study are both novel and encouraging; and open opportunities to the utility of music 625 

as a means of enhancing spectral resolution for children who have a SNHL that otherwise does not 626 

appear to develop over time. However, benefits for music and speech outcomes as a result of improved 627 

spectral resolution for prelingual children with hearing loss would likely require a longer timeframe to 628 

develop (White-Schwoch et al., 2013). 629 

Contrary to findings by Chen et al. (2010), pitch perception did not improve in the present 630 

study. This was likely due to differences in training protocol, study design, and age of cohort; Chen et 631 

al. (2010) provided 13 CI recipients aged between 5–14 years with Yamaha Music School classes 632 



which likely had a greater focus on traditional music pedagogy that involved score reading and 633 

instrument playing. Additionally, their findings were based on a study design that provided 2–36 (M = 634 

13.2) months of music training to participants, as opposed to the present study in which all participants 635 

essentially received 12-weeks of training. As such, their findings are based on a correlation between 636 

duration of training and pitch perception, as opposed to whether perceptual abilities were significantly 637 

different to baseline or control performance. The curriculum of the present study had a broad range of 638 

musical activities that initially focussed on rhythm-, then timbre-, and then pitch-related tasks, therefore 639 

the amount of pitch-based training may not have been sufficient for changes to occur. Interestingly, in 640 

the present study, pitch perception performance was not significantly different between children with 641 

SNHL and those with TH. This is likely due to the age of the cohort, as the development of pitch has 642 

been estimated to not be fully matured until 11 years in TH children (Lamont, 1998). This interpretation 643 

is also supported by the significant factor of hearing age for pitch perception and emotional prosody in 644 

statistical modelling, which is shown in Figure 3. While there is a lack of data regarding the perceptual 645 

development of pitch perception as a function of age in children with SNHL, it is reasonable to expect 646 

that maturation would be delayed, given delayed access to auditory input, as well as early intervention 647 

programs focussing extensively on speech and language development.  648 

Two prosodic tasks were used in the present study. While the sentence-based emotional prosody 649 

tasks did not significantly improve, the single-word question/statement task did. Unlike the study by 650 

Good et al. (2017) that used a 4AFC task and found significant benefit to emotional prosody after 651 

music training; the present study used a 2AFC task differentiated by difficulty, with happy/sad (easier 652 

condition) and angry/scared (harder condition). As such, the emotional prosody task was likely 653 

hampered by ceiling effects with 5 participants scoring above 95% (M = 96%) at the pre-test session 654 

with both conditions averaged; and with 4 participants scoring above 90% (M = 95%) at the pre-test 655 

even for the harder condition. On the other hand, question/statement prosody improved significantly. 656 



As pitch intonation is the primary cue for both prosodic tasks, this finding was not expected. However, 657 

the intonation curves were approximately 12 semitones (or an octave) in width, which is well within 658 

the participant’s pitch thresholds; and these naturalistic utterances are also within the expected range 659 

for rising intonation utterances in studies with more controlled stimuli that extend as high as 15 660 

semitones (Chatterjee & Peng, 2008; Holt & McDermott, 2013). Additionally, pitch was only tested 661 

using a discrete pitch direction task, and it is possible that broader measures of continuous pitch 662 

changes such as in the Montreal Battery for Evaluation of Musical Activities (MBEMA), or a melodic 663 

contour identification task as developed by Galvin, Fu, and Nogaki (2007) may be more suitable for 664 

measuring pitch-based improvements for children with hearing loss, as they are similar to pitch 665 

intonations found in natural speech.  666 

While the music appreciation results showed little concordance between parent and child 667 

responses; results indicated an overall positive change to music appreciation. The lack of concordance 668 

between the parents and children is not entirely surprising, given the vast difference in perceptual 669 

abilities and expectations from the study. Borrowing from quality of life literature that have long 670 

examined inter-rater reliability between TH child and parent-proxy reports—without consistent 671 

evidence as to which is more reliable, it is preferable to consider that each rater provides a contribution 672 

from a different perspective (Eiser & Morse, 2001; Jokovic et al., 2004). Overall, the parents reported 673 

wide-spread benefits across the vast majority of music appreciation measures, while responses from 674 

the children were more conservative. It is possible the parents’ responses were subject to participant 675 

bias, with the expectation that enrolling their children into the music program would result in positive 676 

outcomes. After training, children reported music as sounding more pleasant, and had an improved 677 

ability to identify instruments, which corresponds to the measured improvement in timbre perception. 678 

Interestingly, while there was no significant change in general interest towards music, likely as the 679 

children had a high level of engagement and interest in music to begin with (Chen-Hafteck & Schraer-680 



Joiner, 2011), they specifically wanted to learn, or continue learning an instrument. A study by 681 

MacKenzie (1991) investigated the motivations for wanting to learn an instrument in 48 TH children 682 

aged between 7–11 years. Their findings suggest that they are primarily self-motivated, followed by 683 

the influence of a teacher. As even the children who were learning an instrument wanted to continue, 684 

it is highly likely the music therapist was also influential in the present study. Anecdotally, many 685 

parents discussed instrumental training with the music therapist at the end of the 12-week music 686 

training session.  687 

Compared to findings in postlingually implanted adults that found music more natural sounding 688 

after training (Looi, King, et al., 2012), this was not the case in the present study, which makes sense 689 

in the context of prelingually implanted/aided children who have no point of reference as to what 690 

“natural” should be, other than their own subjective experience. There was no change in how much 691 

music (more/less) participants wanted to listen to. While we did not explicitly ask how much music 692 

they were already listening to prior to training, it was likely not different to their TH peers. This is 693 

supported by findings that the hours spent listening to music for children between 2 and 5 years is 694 

similar, irrespective of hearing loss (Looi et al., 2018, 2019).  695 

Compliance and general enjoyment of the group-based face-to-face music therapy sessions was 696 

high. A Wilcoxon signed-rank test Z = 21, p = .023 indicated high levels of enjoyment as reported by 697 

the children. However, the use of apps was, at times, hampered by technical issues. Difficulties arose 698 

primarily as the app required an online connection, and a few parents expressed frustration at the slow 699 

load times, and some compatibility issues on a range of devices. For the children that did not have 700 

technical problems, anecdotal evidence suggested overall enjoyment of the apps was high, but a 701 

Wilcoxon signed-rank test Z = 19, p = .068 was not significant, indicating a neutral appraisal of the 702 

apps in general. As stated by one of the parents:  703 



“The app concept was great but let down by delivery over the internet. Too slow and 704 

lots of waiting. The loading time made it hard to engage with the activities and had 705 

problems with logging in on a few occasions.” [Parent of HL12] 706 

As an off-the-shelf product with a purported wide range of hardware compatibility, one 707 

limitation is that participants’ engagement with the apps was flexible and not controlled. Parents 708 

reported greatest levels of success on tablet-like devices (compared to desktop computers), which was 709 

likely preferred as they are both mobile and allow for tactile engagement. Overall, the hybrid approach 710 

of face-to-face classes complimented by online apps was one means of maximising the amount of 711 

music training provided in a limited period of time. Parents were also asked to provide feedback after 712 

the music training program: 713 

“We would like to continue with the music program, as our son has made significant 714 

progress in the 12 weeks, and we would love for him to go further again! We have 715 

noticed that he has become quicker to identify songs on the radio, and even more 716 

astounding is that he has suddenly developed some intonation and tune to his singing 717 

along, which was previously non-existent. In addition, his music teacher at school has 718 

commented on his improvement, as have his clarinet teacher and band leader.” [Parent 719 

of HL3] 720 

The present study was limited by a small sample size, lack of an active control group, and an 721 

unbalanced number of children using CI/bimodal/HA configurations. It should be noted that no 722 

analysis has been made to make any distinction between these configurations. While each device 723 

configuration is clearly distinct, the lack of statistical power and balance within the groups does not 724 

allow for analysis. Instead, we have treated the cohort as a broader group of children with moderate-725 

to-profound SNHL. Furthermore, device configuration was a factor in the statistical model, and the use 726 



of a repeated-measures design helps mitigate any potential differences this may entail. Nonetheless, 727 

the strengths of this study include the use of double baselines; a relatively well-constrained age range 728 

compared to most studies of this nature; additional controlling for age effects by including hearing age 729 

as a factor in statistical modelling—which was a significant factor for pitch and prosodic tasks; and the 730 

use of a follow-up test point to measure retention. While the findings of this study indicate multiple 731 

benefits of music training for children with SNHL, it also more broadly supports a causal link between 732 

music training and perceptual skills, beyond inherent pre-existing abilities. The use of a non-linguistic 733 

spectral resolution task was also novel, as was the measurement of both music appreciation and 734 

perceptual accuracy. Musical activities and benefits were maximised by using a multimodal training 735 

protocol that combined group-based music therapy with the flexible use of apps. While this 736 

pedagogical approach makes implementation of music therapy for children with hearing loss viable 737 

with minimum modification to a standard curriculum, it potentially makes generalisation and 738 

replication more variable and difficult than a highly structured computer-based approach (Gfeller, 739 

2016). Replication of the present findings with larger sample sizes, across a range of ages will be 740 

required to reinforce the efficacy of music training for children with hearing loss, and the results and 741 

interpretations of the present study should not be considered definitive given the numerous limitations. 742 

Furthermore, highly structured training protocols targeting specific areas of music perception and 743 

utilizing various pedagogical approaches (e.g. pitch, timbre, rhythm; instrumental or vocal learning; 744 

face-to-face, individual, group, or computer-based approaches) may help with understanding the 745 

various auditory processes and speech transfer mechanisms.  746 

Overall, the findings from the present study provide preliminary evidence that music training 747 

benefits tasks beyond music skills, such as SIN, timbre, spectral resolution, and question/statement 748 

prosody during and after a 12-week music training program for children with SNHL. Much of the 749 

efficacy is likely derived from the multimodal approach of the music training in conjunction with high 750 



levels of enjoyment that music provides. This study considered mechanisms and benefit primarily from 751 

a perceptual basis, nonetheless there are a great many possible mechanisms and areas of enquiry that 752 

are worthwhile considerations for future studies, including: statistical learning (Mandikal Vasuki et al., 753 

2017), cognitive factors such as working memory and attention (George & Coch, 2011; Torppa et al., 754 

2014), language (Linnavalli et al., 2018), and the development of musical production skills (Xu et al., 755 

2009). In conclusion, the findings lend support to previous studies indicating transfer effects to speech 756 

perception; and adds to a growing body of evidence that supports the use of music as an effective and 757 

complementary means of habilitation. 758 
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Figure Captions 1033 

Figure 1. Overview of study design. Periods of music training are denoted by solid lines. 1034 

Figure 2. Bar graphs of estimated marginal means across time with a comparison of TH children’s 1035 

performance: (A) SIN, (B) spectral resolution, (C) emotional prosody, (D) question/statement prosody, 1036 

(E) pitch, and (F) timbre. Error bars: ± 1 SE. *p ≤ .05 compared to pre time point. 1037 

Figure 3. Scatter plot of estimated marginal means for hearing age with emotional prosody (left), and 1038 

hearing age with pitch (right). 1039 

Figure 4. Scatter plot of estimated marginal means for timbre with SIN (left), and spectral resolution 1040 

with SIN (right). 1041 


