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Despite advanced technologies in auditory rehabilitation of profound deafness, deaf chil-
dren often exhibit delayed cognitive and linguistic development and auditory training
remains a crucial element of their education. In the present cross-sectional study, we
assess whether music would be a relevant tool for deaf children rehabilitation. In normal-
hearing children, music lessons have been shown to improve cognitive and linguistic-related
abilities, such as phonetic discrimination and reading. We compared auditory perception,
auditory cognition, and phonetic discrimination between 14 profoundly deaf children who
completed weekly music lessons for a period of 1.5-4 years and 14 deaf children who did not
receive musical instruction. Children were assessed on perceptual and cognitive auditory
tasks using environmental sounds: discrimination, identification, auditory scene analysis,
auditory working memory. Transfer to the linguistic domain was tested with a phonetic dis-
crimination task. Musically trained children showed better performance in auditory scene
analysis, auditory working memory and phonetic discrimination tasks, and multiple regres-
sions showed that success on these tasks was at least partly driven by music lessons. We
propose that musical education contributes to development of general processes such as
auditory attention and perception, which, in turn, facilitate auditory-related cognitive and
linguistic processes.
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INTRODUCTION

One of every 800 children in France is born with congenital deaf-
ness (Chen et al., 2007). The technological development of devices
for the restoration of the auditory function is progressing. Hear-
ing aids optimize residual auditory capacities, especially at low
and medium frequencies, though they remain relatively ineffec-
tive for the perception of higher frequencies. Cochlear implants
are sensory aids that convert auditory information into electri-
cal impulses transmitted to the auditory nerve through multi-
ple stimulating electrodes (currently between 16 and 22) located
throughout the cochlea. Despite low spectral resolution, reduced
temporal fine-grained structure, and reduced dynamic range due
to the number of electrodes (Zeng et al., 2008 for a review), those
receiving pediatric cochlear implants develop higher speech and
language outcomes than non-implanted peers. Hereafter in this
text, the term “deaf children” will refer to both hearing aid and
cochlear implant pediatric users suffering from pre-lingually pro-
found deafness (i.e., without auditory knowledge prior to the use
of their devices).

Sensory deprivation has long-lasting repercussions on brain
development and behavioral outcomes (Pisoni et al., 2008; Kral,
2013). In deaf children, the duration of deafness (i.e., from birth to
auditory rehabilitation) is negatively correlated with neural devel-
opment (Kral, 2013), as well as perceptual, linguistic, and cognitive

abilities (Geers et al., 2007; Pisoni et al., 2008; Peterson et al., 2010;
Havy et al., 2013). As the development and organization of cor-
tical auditory pathways critically depends on sensory experience
(Kral et al., 2000; Sharma et al., 2002; Kral and Eggermont, 2007),
the restoration of auditory function with technical devices is alone
insufficient for the children to “hear” properly. Deaf children must
learn to interpret auditory signals to build meaningful sound rep-
resentations and listening strategies. This learning often has to be
supported by auditory training therapies (Wu etal.,2007). Ina pre-
vious study (Rochette and Bigand, 2009), we trained a small sample
of severe to profoundly deaf children through interactive auditory
games targeting four main auditory-related processes such as dis-
crimination and identification of sounds, auditory scene analysis,
and auditory working memory. After 20 half-hour weekly train-
ing sessions, these children showed a significant improvement in
each of the trained tasks, as well as transfer of benefits to linguistic
sound perception (phonetic discrimination), which had not been
trained.

Music may constitute a powerful stimulus to train percep-
tive and auditory-related skills in deaf children. Musical activity
involves a broad brain network and engages various perceptual
and cognitive processes. Music practice produces neuroanatom-
ical and neurofunctional modifications in expert musicians, but
also after short periods of practice in adults and children (see
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Wan and Schlaug, 2010 for a review). Trainor et al. (2003) tested
4-5 years-old normal-hearing children in an EEG paradigm after
1 year of musical training with the Suzuki method to assess changes
in activation patterns in response to auditory stimuli (event related
potentials, ERPs). After training, children showed faster devel-
opment of the auditory brain responses (enhanced early ERP
components P1, N1, and P2) compared to non-musically trained
matched children (see also Hyde et al., 2009 for a similar study
using fMRI). Interestingly, music practice also enhances func-
tions that are seemingly unrelated to the musical activity (e.g.,
Moreno, 2009). In normal-hearing children, positive effects of
musical training have been observed in non-musical abilities
including visuo-spatial skills (Bilhartz et al., 1999), IQ (Schellen-
berg, 2004; Moreno et al., 2011), phonetic discrimination (Anvari
et al.,, 2002; Degé and Schwarzer, 2011; Chobert et al., 2012),
reading abilities (Anvari et al., 2002; Moreno et al., 2009), and ver-
bal memory (Nutley et al., 2014). In particular, the link between
music and language abilities and their overlapping processes is of
great interest. Music and language have common characteristics:
both systems are composed of discrete elements (phonemes and
notes), organized into temporal and hierarchical structures (words
and chords), rely on auditory processing of complex acoustical
elements and convey rich meanings (Patel, 2008). Studies have
shown large overlap in brain regions involved in the process-
ing of music and language at the cortical (Tillmann et al., 2006;
Koelsch et al., 2009) and subcortical (Strait and Kraus, 2014) levels.
These commonalities, in both processes and brain networks, may
underlie transfer effects from one domain to another in the nor-
mal population. Thus, training with one type of material (e.g.,
music) should improve their efficiency to process other types
of stimuli (e.g., language; see Besson et al., 2011; Kiihnis et al.,
2013).

To date, only a few studies have examined the effects of musical
training in hearing impaired populations. After training adults for
6 months, Petersen et al. (2012) showed improvement in percep-
tion of musical acoustic features, such as timbre, melodic contour,
and rhythm, as well as in perception of emotional prosody. In
children, Chen et al. (2010) compared pitch interval recognition
in 27 children with cochlear implants (mean age = 6.7 years). Thir-
teen of these children were musically trained. The perception of
musical sounds was significantly better in musically trained chil-
dren and correlated with the duration of musical training. This
suggests that training induced experience-dependent changes in
the auditory pathway. Moreover, if musical training improves
general auditory perception, then it is likely that the percep-
tion of non-music sounds, such as linguistic stimuli, would also
improve. Only two published studies have investigated the effect
of music training on transfer to the linguistic domain in chil-
dren (Yucel et al., 2009; Torppa et al., 2014). In the first (Yucel
et al., 2009), 18 cochlear-implanted children were enrolled in a
training program based on auditory—verbal learning. In addition
to this program, nine children received musical stimulation at
home from their parents. Children were tested at 1, 3, 6, 9, 12,
and 24 months on phonetic discrimination, word identification,
comprehension of simple auditory instructions, and sentence rep-
etition. The music group showed greater improvementat 3 months
for a task requiring the comprehension of auditory instructions,

suggesting a limited effect of music training on children’s audi-
tory perception and cognition. However, several methodological
issues may have attenuated possible gains from musical training,
including potential differences in the group demographics, ceiling
effects in the tasks, and limitations due to parent-administered
training. Moreover, the musical training was limited to pitch or
rhythm discrimination in one- or two-note items. In the second
such study (Torppa et al., 2014), musically trained deaf children
showed improved perception of prosodic cues in words, as well
as improved working memory (digit span). However, the type of
music training (instrumental practice, singing, or dance) and its
duration/frequency was heterogeneous and the sample of musi-
cally trained children was small (N = 8). Taken together, these data
suggest that there is a clear need for additional studies to examine
the effects of musical training on deaf children, particularly studies
that address transfer to non-music abilities.

The goal of the present study was to assess whether music
lessons, given in a small group setting and led by a profes-
sional music teacher, affect deaf children’s abilities in auditory
perception, auditory cognition, and linguistic domains. In a cross-
sectional design, we compared 14 profoundly deaf children who
completed weekly music lessons for a period of 1.5-4 years and
14 deaf children who did not receive music lessons. Auditory per-
ception (discrimination and identification tasks) was tested with
environmental sounds, as well as linguistic sounds (phonetic dis-
crimination task). Higher level of auditory processing (auditory
scene analysis) and auditory working memory were also assessed
using environmental sounds. As music is a rich acoustic stim-
ulus and because of shared general mechanisms for auditory
perception across domains, we hypothesized that music train-
ing would improve auditory-related performance in non-music
domains, specifically an improvement in perceptual tasks using
environmental and linguistic sounds, as well as in auditory scene
analysis. As a result of better perception and because music train-
ing involves many cognitive processes including auditory attention
and working memory, we also expected enhanced performance in
higher level of auditory-related cognitive abilities such as auditory
working memory.

MATERIALS AND METHODS

PARTICIPANTS

Twenty-eight profoundly deaf children were recruited through
the CEOP institute (Centre Experimental Orthophonique et Péd-
agogique de Paris, a specialized institute, which offers adapted
schooling and therapies for children with severe and profound
hearing impairment). Fourteen children (mean age = 8.6 years,
SD =1), enrolled full-time at the institute, followed weekly 1-h
music lessons for 2.6 years on average (i.e., since their admis-
sion to the institute; SD = 0.80). The other 14 participants (mean
age=7.9years, SD=1.4) did not receive musical instruction.
They were enrolled in the institute at 50% and followed a clas-
sic schooling program (mainstream) during the other 50%. All 28
children generally received significant auditory stimulation from
their parents and from the school as they were orally educated (i.e.,
teaching based on auditory strategies). Children were classified as
profoundly deaf (highest degree of deafness), with an unaided
bilateral hearing loss of >91 dB. They were either using hearing
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Table 1 | Demographic data of participants (HA, hearing aid; Cl, cochlear implant).

Participants Sex Age in Age at Duration of Threshold  Threshold  Threshold Type of Brand and
months correction use of the 2000 Hz 4000 Hz 8000 Hz device processor of Cl
(years) in months device in months <50dB <50dB <50dB

MUSIC GROUP

S1 M 114 (9.5) 60 b4 Yes No No HA

S2 F 113 (9.4) 59 b4 Yes No No HA

S3 F 119 (9.9) 18 101 Yes Yes Yes Cl+HA Nucleus CP 810

S4 M 111 (9.3) 10 101 Yes Yes No HA

S5 M 104 (8.7) 39 65 Yes No No HA

S6 F 112 (9.3) 18 94 No No No HA

S7 M 97 (8.1) 10 87 Yes Yes Yes Cl+HA Nucleus freedom

S8 F 84 (7) 18 66 Yes Yes Yes Cl+HA Nucleus CP 810

S9 F 99 (8.3) 24 75 Yes Yes Yes Cl+HA Nucleus CP 810

S10 M 108 (9) 4 104 Yes No No HA

SN F 95 (7.9) 14 81 Yes Yes Yes Cl+HA Bionics harmony

S12 F 87 (7.3) 16 71 Yes Yes Yes Cl+HA Nucleus freedom

S13 F 84 (7) 7 77 Yes No No HA

S14 M 112 (9.3) 24 88 Yes No No HA

Mean 102.8 (8.6) 22.93 79.86

SD 11.8 (1.0) 17.72 16.77

CONTROL GROUP

S15 M 88 (7.3) 28 60 Yes Yes No HA

S16 M 112 (9.3) 18 94 Yes Yes Yes Cl+HA Nucleus freedom

S17 F 83 (6.9) 22 61 Yes Yes No HA

S18 F 75 (6.3) 41 4 Yes Yes Yes Cl+HA Medel Sonata

S19 F 95 (7.9) 17 78 Yes Yes No HA

S20 M 94 (7.8) 1 83 Yes Yes No HA

S21 M 78 (6.5) 18 60 Yes Yes Yes Cl+HA Nucleus CP 810

S22 F 91 (7.6) 26 65 Yes No No HA

S23 M 79 (6.6) 7 72 Yes Yes No HA

S24 F 123 (10.3) 6 117 Yes Yes Yes Cl+HA Nucleus CP 810

S25 M 77 (6.4) 16 61 Yes Yes Yes Cl+HA Nucleus freedom

S26 M 90 (7.5) 20 70 Yes Yes Yes Cl+HA Nucleus CP 810

S27 F 116 (9.7) 19 97 Yes Yes No HA

S28 F 124 (10.3) 18 106 Yes Yes Yes Cl+HA Nucleus CP 810

Mean 94.6 (7.9) 19.07 73.43

SD 172 (1.4) 8.84 27.21

Duration of use of the device for HA+ ClI corresponds to the duration of utilization of Cl.

aids alone or hearing aids in conjunction with cochlear implants'.
Given the difficulty of recruiting a large and homogeneous sam-
ple of deaf children, we chose to mix children with these different
types of auditory device, making sure that the type of device was
equally represented in both groups.

T-test for independent samples did not revealed significant
differences between groups for age [£(26) = 1.46, p=10.16], age at
correction [#(26) =0.73, p = 0.47], duration of utilization of the

! French criteria for pediatric cochlear implantation in pre-lingually deaf children
are: profound or total deafness (loss of >91 dB), perceptive thresholds at 2000 and
4000 Hz >60 dB after 3—-6 months of regular bearing of devices, no pathologies of
middle and external ears, no morphological disease of the cochlea (as measured by
a complete radiological assessment), and no neurological disease (as measured by
magnetic resonance imaging).

device [#(26) =0.75, p=0.46], and type of correction [hearing
aids versus cochlear implants, #(26) = —0.36, p=0.71]. Perfect
matching between experimental and control groups is extremely
difficult when working with profoundly deaf children. Although
the experimental group was slightly (but not significantly) older
than the control group, we prioritized matching children in terms
of age of hearing correction and duration of utilization of the
device (i.e., length of auditory experience), and we limited our
population to orally educated children only, these factors being
strongly associated with the outcome of auditory abilities and
language development in deaf children.

As perception of vowels relies on the perceptive analysis of
formants frequencies from 2000 Hz, pure-tone detection at 50 dB
(with hearing devices) was assessed for 2000, 4000, and 8000 Hz.
Table 1 presents the participant details (sex, chronological age,
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age at correction, duration of hearing device usage, perceptual
thresholds, and the type of hearing device).

The music lessons consisted of the standard music courses
delivered by the CEOP institute. They were performed by a music
teacher and completed in small groups of five or six children.
The training consisted of five progressive levels of difficulty, which
increased after about 4 months of training at a given level. The first
level focused on the binding between motor activities and audi-
tory perception. Children used their voice and interacted with
real instruments (drums, flutes, maracas, whistles, bells, keyboard,
cymbales, and ocarinas) to discover what and how different sounds
could be produced. The goal of this level was to explore the many
sounds that could emanate from the voice or the various musical
instruments by interacting with them in any way the children could
imagine. This served to train invariant recognition of the instru-
ment sounds. The second level consisted of the children engaging
in sensorimotor activities. The children were encouraged to move
their bodies along with the sounds they heard. They could, for
example, sway to the rhythm of the music, shift from one foot to
the other, rock on their chair. They were instructed to synchronize
their movements to the rhythm of the music. Alternatively, a child
performed a rhythmical movement with an instrument and their
classmate had to adapt their musical activity to this movement. The
third level consisted of exercises involving memory processes. For
example, a child, hidden behind a folding screen, played a sequence
of three or four notes with different instruments. The other chil-
dren had to reproduce the same sequence by choosing the right
instruments amongst several options. The fourth level consisted of
analyzing the emotional value of musical pieces and the children’s
feelings toward those pieces of music. The fifth level consisted of
the children playing simple self-written pieces of music together.
For example, a child chose a drum and decided to play it on the
third and fourth beat of the measure while another child chose
a bell and decided to play it on the second and fourth beat. The
teacher sets the basic rhythm by playing each of the four beats of
the measure on a drum for a period of time. The children played
the music for two or three measures and repeated this play in a
loop. When a child made a mistake, the others were invited to
identify the problem.

PROCEDURE
The auditory performance of children was assessed with the
“Sound in Hands” apparatus (see Figure 1; Rochette and Bigand,
2009), which is comprised of two speakers (70 cm apart and each
70 cm from the participant), a response platform, and a computer
for sound generation. Sound level was adjusted to be comfortable
for the children.

The Sound in Hands apparatus uses interactive games with
a variety of environmental sounds to test four main opera-
tions involved in auditory perception and cognition (McAdams
and Bigand, 1993): discrimination, identification, auditory scene
analysis, and auditory working memory. All the tasks were carried
out in a single session for a total duration of 30 min on average.
Before each of the four tasks, children were invited to interact with
the response platform used for the task, to familiarize themselves
with its functioning (e.g., which sounds could be produced and
how). The five tasks are further described below.

ET S
PR

FIGURE 1 | lllustration of the “Sound in Hands" platform dressed for
the identification task.

Identification and discrimination tasks evaluated the quality
of the analysis of micro- and macro-temporal properties of rel-
evant features of the signal. The discrimination task was done
with the “magic hexagon” pierced by 12 holes (Figure 1). The
children heard a continuous sound stream (i.e., the sound of a
bulldozer). Five out of the 12 holes were magnetized. The intro-
duction of a magnetic pawn (the “magic pawn”) in the magnetized
holes modified the continuous auditory stream (to the sound of a
maneuvering truck) whereas the introduction of the magic pawn
in the not magnetized holes did not modify the auditory stream.
A pile of blue and white pawns was at the child’s disposal. If a
modification was perceived, the child had to fill the hole with a
blue pawn. Conversely, if no modification was perceived, the child
had to fill the hole with a white one. One point was given for each
correct answer (maximum score = 12 points).

The identification task was executed with the keyboard. Each
key produced an environmental sound, which was represented by
a picture on the key (Figure 1). The child was presented with
sounds in a randomized order and had to reproduce each sound
(e.g., plane, frog, thrush, moped, nightingale, cicada) by pushing
the corresponding key on the keyboard. Two points were given for
a correct answer on the first attempt, and one point for a correct
answer on the second attempt (maximum score = 12 points).

The auditory scene analysis task examined the blending and
segregation of an auditory signal (Bregman, 1990). The auditory
scene analysis task was conducted with a pegboard in which the 24
holes are filled with white magnetic pawns. Two auditory streams
were simultaneously produced (cat and horse). Removing a pawn
could shut down one of the two streams. When a change was
detected, the child had to fill the hole with a yellow pawn. If the
signal was not modified, the child filled the hole with a red pawn.
One point was given for each correct answer (maximum score = 24
points).

In the auditory working memory task, the experimenter gen-
erated a sequence of two sounds that the child had to reproduce
by ear in the same order, using the keyboard. Pictures on the keys
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indicated the sound that each key produced (steps in the water,
crow, tit, rain, sheep, and goat). To avoid a contamination of the
memory task by a process of identification of the sounds, chil-
dren were authorized to proceed by trial and error to find which
keys corresponded to the sounds before they provided the correct
sequence to the experimenter. When the child succeeded for two
trials in a row, an element was added to the sequence, up to a
maximum of five elements. Two points were given for a correct
reproduction of the sequence. Only one point was given if the
child needed a second presentation of the sequence (maximum
score = 16 points).

In the phonological discrimination task, children were pre-
sented with pairs of mono- or bi-syllabic nonsense words and they
were asked to judge whether the two items of each pair were identi-
cal or different. The task was composed of three subtests. The first
subtest was composed of pairs of mono-syllabic non-words, where
the two non-words could vary in vowel composition (oral versus
nasal, as in /o/ versus /O/; or “weak” vowels, as /i/ versus /y/) in the
discordant pairs. The second subtest held vowels constant within
pairs and assessed the discrimination of word-initial voiced (e.g.,
/b/) versus voiceless (e.g., /p/) consonants, again in mono-syllabic
non-words. In the third subtest, discordant pairs were formed by
placing voiced or voiceless consonants in the middle or at the end
of bi-syllabic words. One point was given for each correct answer
(maximum score = 36 points).

During the tasks, children were not given any feedback about
their accuracy. The scores obtained in each task were converted
into percentage of correct answers. To evaluate the effects of music
lessons on our different measures, scores were analyzed with a
Group (2) by Tasks (5) Repeated Measures ANOVA. For the tasks
in which a training effect was found, multiple regressions were
used to evaluate the effect of covariates such as the duration of
music lessons, chronological age, the duration of deafness, the
length of device use (length of auditory experience), perceptual
threshold, and the type of device they use (cochlear implant versus
hearing aids).

RESULTS

The results are presented in Figure 2. A main effect of Group
[F(1, 26) = 14.55, p <0.001, partial eta-squared 1?2 =0.36] and
an interaction between Group and Tasks [F(4, 104) =43.12,
p <0.001] were found. Musically trained children obtained sig-
nificantly higher scores in the auditory scene analysis task [F(1,
26) =6.92, p <0.05, > =0.21], in the phonetic discrimination
task [F(1, 26) =6.74, p < 0.05, n>=0.21], and in the auditory
working memory task [F(1, 26) =19.79, p <0.001, n? =0.43].
Groups did not significantly differ in discrimination and iden-
tification tasks, despite a tendency for higher scores in the
music group.

In order to evaluate the respective contribution of various fac-
tors, which may impact the children’s task performance, multiple
regressions were run for the tasks in which an effect of music
training was found (i.e., auditory scene analysis, auditory work-
ing memory, and phonetic discrimination). The following factors,
supposed to potentially influence task performance, were included
in our regression model: music lessons (presence/absence), dura-
tion of music lessons (in months), chronological age (in months),

*
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FIGURE 2 | Scores of auditory performance for the music and the
control groups. Stars represent significant differences between groups:
*p <0.05, **p < 0.01. Errors bars represent one standard error.

duration of deafness (in months), length of device use (i.e., length
of auditory experience; in months), perceptual threshold (yes/no),
and type of device they use (cochlear implant/hearing aids).
Table 2 presents the significant factors contributing to task per-
formance. For auditory scene analysis, the results of the regression
indicated that these factors explained 67% of the variance of the
children’s scores. It was found that the presence of music lessons,
the duration of music lessons, the age at correction (in favor of
early corrected children), and the duration of use of the device (in
favor of greater length of auditory experience) significantly pre-
dicted performance for auditory scene analysis. For the auditory
working memory task, results of the regression showed that 60%
of the variance was explained by our model. Performance for audi-
tory working memory was significantly predicted by the presence
of music lessons and the perceptual threshold at 4000 Hz (in favor
of children that were able to hear 4000 Hz sounds at 50 dB). The
percentage of variance explained for phonetic discrimination was
only 27%, with the presence of music lessons as the only variable
predicting scores.

Further correlations were performed to investigate the link
between tasks using linguistic and non-linguistic sounds. Scores
for phonetic discrimination were correlated with three of the
tasks using environmental sounds: identification [r(26)=0.42,
p <0.05], auditory scene analysis [r(26) =0.47, p <0.05], and
auditory working memory [r(26) =0.51, p < 0.01].

DISCUSSION

Despite advanced technology for the rehabilitation of hearing
impairments, auditory training therapies remain crucial for chil-
dren to learn to interpret auditory signals, create meaningful sound
representation, and develop listening strategies. The goal of the
present cross-sectional study was to assess the efficacy of music
lessons to improve auditory perception and auditory cognition
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Table 2 | Results from the multiple regressions including R?, F, B, and t statistics.

Task Music Duration of Age at Duration of Threshold Full Model
lessons music lessons correction use of device 4000 Hz
(Yes/no) (in months) (in months) (in months) (<50dB)
Auditory scene analysis t(22)=3.37, t(22)=2.69, t(22)=2.88, t(22)=5.11, R2=0.67
B=120%* B=-107% B=0.60** B=0.98*** F(5, 22)=8.81***
Auditory working memory t(23)=5.16, t(23)=2.39, R2=0.60,
B=0.83*** p=0.47* F(4, 23) =8.57***
Phonological discrimination t(24)=2.63, R2=0.27
B=0.62* F(3,24)=2.96,
p=0.053

*0 < 0.05, **p < 0.01, ***p < 0.001.

in deaf children. Four main processes of auditory cognition (dis-
crimination, identification, auditory scene analysis, and auditory
working memory) were evaluated using environmental sounds.
Transfer to linguistic sounds was assessed using a phonetic dis-
crimination task. Results showed that musically trained children
performed significantly better than their non-musician counter-
parts for auditory scene analysis, auditory working memory, and
phonetic discrimination. Moreover, multiple regressions revealed
that music lessons was one of the main factors explaining chil-
dren’s performance for the auditory scene analysis and the auditory
working memory tasks (though other variables contributed to
the performance in these tasks, such as age at correction, dura-
tion of use of device, and perceptual thresholds). Interestingly, for
the phonetic discrimination task, only music lessons accounted
for group differences, strongly suggesting the impact of musical
training on transfer to the linguistic domain.

Although we observed a trend for better performance in musi-
cally trained children, identification and discrimination tasks
using environmental sounds did not differ between groups. This
could be due, in part, to the fact that low-level of auditory per-
ception is already intensively trained in deaf children through
their regular therapies. For example, early stages of typical speech
therapy require children to examine sounds parameters such as
changes in frequency, tempo, duration, or timbre in stimuli that
often include environmental sounds. This might explain the ceil-
ing effect we observed in the identification task and might have
hidden potential differences between groups in our two percep-
tive tasks using environmental sounds. However, when examining
auditory perceptual abilities using linguistic sounds (phonologi-
cal discrimination), we observed better performance for musically
trained children compared to controls. This suggests that music
training contributes to develop abilities at a perceptual level and
allows children to create more efficient auditory representations
of sounds. Moreover, even when including other factors that may
contribute to performance on the linguistic task, only musical
training significantly influenced performance. Rhythm exercises
from the music curriculum may have contributed to this effect.
Rhythm has been shown to be a crucial gateway for phonolog-
ical representations (Leong et al., 2011; Rauscher and Hinton,
2011) and strong associations between poor perception of musical

meter, reading, and phonological representations were found in
dyslexic children (Huss et al., 2011). In a recent study using the
child version of the Montreal Battery of Evaluation of Amusia
(MBEA; Peretz et al., 2003), Hopyan et al. (2012) found that
pediatric cochlear implant users performed significantly below
the matched normal-hearing children in the rhythm subtest. The
rhythm component of the music lessons may have contributed to
the development of the deaf children’s sensitivity to the rhythmic
structure in speech which, in turn, may have allowed for the devel-
opment of higher quality of phonological representations (Kotz
and Schwartze, 2010).

Better performance in the musically trained children in the
auditory scene analysis task suggests that higher levels of auditory
perception such as stream segregation and the representation of
auditory scenes are enhanced by music training. These results may
be due to the acoustic richness of musical training sessions and
the graded nature of the training (i.e., increased task difficulty at
each stage). For example, in the exercises in which children cre-
ated musical pieces, children developed their ability to analyze
auditory streams composed of at least two sources. This may have
contributed to enhanced listening strategies. The current finding
is consistent with previous studies showing that abilities related
to auditory scene analysis, such as speech in noise perception,
which is impaired in deaf children (Kral and Sharma, 2012), can
be enhanced with auditory training therapies (Strait and Kraus,
2014). Interestingly, in the normal-hearing adults, Skoe and Kraus
(2012) showed that a limited period of music practice in childhood
(3 years on average) influences how the brain further encodes and
processes sounds later in life. Thus, in deaf children, it is possible
that listening strategies taught at a young age would have a life-
long impact, if the children keep using these strategies beyond the
context of musical lessons.

There are two potential interpretations for the results from
the auditory working memory performance, in which musically
trained children show better performance than controls. First,
enhanced auditory representation and listening strategies, as evi-
dent by better performance in phonological discrimination and
auditory scene analysis by the musically trained children, may have
facilitated encoding and storage in working memory. Some stud-
ies highlighted a causal link between poor encoding of sounds and
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difficulties in working memory in deaf children (Pisoniand Cleary,
2003; Pisoni et al., 2011; Nittrouer et al., 2013). This is consistent
with the observation of enhanced auditory (but not necessarily
visual) working memory in normal-hearing children and adults
after musical practice, compared to matched non-musician, (in
children: Moreno et al., 2011; Strait et al., 2012; in adults: Berti
et al., 2006; Hansen et al., 2013; Parbery-Clark et al., 2009). Alter-
natively, the music exercises relied on working memory for an
important part and this might have enhanced general working
memory ability, beyond auditory-specific working memory (see
George and Coch, 2011 for enhanced visuo-spatial memory in
normal hearing adult musicians). This would be consistent with
studies showing that music training improves various high level
cognitive processes in normal-hearing children (e.g., Schellenberg,
2004). Future studies could test whether or not musical train-
ing could generally improve working memory processes of deaf
children in a non-auditory context.

Surprisingly, we did not found any effect of type of device
or amodal versus bimodal aid (as CI users also wore HA in the
contralateral ear). Due to limited spectral resolution and reduced
temporal fine-grained structure in cochlear implants (Kong et al.,
2005; Zeng et al., 2008), encoding pitch information remains a
challenge (McDermott, 2004; Looi et al., 2008) and a hearing aid in
the non-implanted ear could have positively influenced music pro-
cessing and thus the gain from music training (Kong et al., 2005).
Further studies will explore interactions between music training
and type of device to determine which profiles of children would
benefit most from the training.

The main limitation of the study is the cross-sectional nature
of the study design, which does not allow to draw causal conclu-
sions regarding musical training as the present results could be
due, at least in part, to pre-existing differences between groups
or confounding factors (e.g., perceptive threshold levels, chrono-
logical age). Although our multiple regression analysis suggested
music factor as an influential factor even after accounting for other
possible confounds, it is possible that other factors not exam-
ined presently could underlie the group differences reported here.
In addition, schooling programs would differ between the two
groups for 50% of their time, which could also have influenced the
children’s performance. Longitudinal studies using a randomized
controlled trial design and blind testers are necessary to further
replicate these findings. Further study would also need to investi-
gate effects of training at the neural level. Using a deviant detection
task (tone, duration, intensity, and timbre) in pediatric cochlear
implant users that were not musically trained, Torppa et al. (2012)
observed smaller amplitudes for the P1, MMN, and P3a com-
ponents as well as longer latency of the MMN than in matched
normal hearing children. Further studies will investigate if music
training could improve these neural indices in deaf children.

As a final note, it is important to mention that a great advantage
of music is to be an enjoyable stimulus. Contrary to the post-
lingually cochlear-implanted adults who report little appreciation
in listening to music due to the spectral limitation of the device and
the comparison with their prior musical knowledge (McDermott,
2004; Looi et al., 2008), deaf children show interest and pleasure in
listening to music (Nakata et al., 2005). They appreciate activities
involving music such as listening to music, dancing, singing, or

instrumental practice (Gfeller et al., 1999). As in normal-hearing
children, music has the power to modify their mood (Hopyan-
Misakyan et al., 2009). Moreover, motivation and enjoyment have
been shown to improve learning effects and to boost brain plastic-
ity (Sutoo and Akiyama, 2004). Thus, while clinical rehabilitation
with children remains a challenge due to lack of engaging training
program and difficulty to keep children’s attention and motiva-
tion, music could represent a highly effective rehabilitation tool
(Bruner, 1960; Kim, 2013).

To conclude, this study provides evidence that music may
constitute a relevant tool for deaf children rehabilitation. Music
lessons promote improved auditory perception and the devel-
opment of finer sound representations and listening strategies.
Moreover, improvements in these processes appear to have down-
stream effects on higher-order auditory cognition (i.e., auditory
working memory). Interestingly, these results provide support
for cross-domain transfer into the linguistic domain. Therefore,
musical training may be an interesting and useful vehicle for
enhancing the basic linguistic processes that are necessary for
improving higher-order linguistic processes (i.e., vocabulary and
reading abilities).
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