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Rhythmic Abilities of Children With Hearing Loss
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Objectives: Children with hearing loss (HL), in spite of early cochlear
implantation, often struggle considerably with language acquisition.
Previous research has shown a benefit of rhythmic training on linguistic
skills in children with HL, suggesting that improving rhythmic capaci-
ties could help attenuating language difficulties. However, little is known
about general rhythmic skills of children with HL and how they relate
to speech perception. The aim of this study is twofold: (1) to assess
the abilities of children with HL in different rhythmic sensorimotor syn-
chronization tasks compared to a normal-hearing control group and (2)
to investigate a possible relation between sensorimotor synchronization
abilities and speech perception abilities in children with HL.

Design: A battery of sensorimotor synchronization tests with stimuli of
varying acoustic and temporal complexity was used: a metronome, differ-
ent musical excerpts, and complex rhythmic patterns. Synchronization abil-
ities were assessed in 32 children (aged from 5 to 10 years) with a severe
to profound HL mainly fitted with one or two cochlear implants (n = 28) or
with hearing aids (n = 4). Working memory and sentence repetition abilities
were also assessed. Performance was compared to an age-matched con-
trol group of 24 children with normal hearing. The comparison took into
account variability in working memory capacities. For children with HL only,
we computed linear regressions on speech, sensorimotor synchronization,
and working memory abilities, including device-related variables such as
onset of device use, type of device, and duration of use.

Results: Compared to the normal-hearing group, children with HL per-
formed poorly in all sensorimotor synchronization tasks, but the effect
size was greater for complex as compared to simple stimuli. Group dif-
ferences in working memory did not explain this result. Linear regres-
sion analysis revealed that working memory, synchronization to complex
rhythms performances, age, and duration of device use predicted the
number of correct syllables produced in a sentence repetition task.

Conclusion: Despite early cochlear implantation or hearing aid use, hear-
ing impairment affects the quality of temporal processing of acoustic
stimuli in congenitally deaf children. This deficit seems to be more se-
vere with stimuli of increasing rhythmic complexity highlighting a diffi-
culty in structuring sounds according to a temporal hierarchy.

Key words: Acoustic structure complexity, Cochlear implants, Hearing
loss, Rhythmic abilities, Sensorimotor synchronization, Temporal struc-
ture complexity.
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INTRODUCTION

Thanks to neonatal screening and early implantation, chil-
dren with a cochlear implant (CI) can better decode speech
and learn to speak in an oral environment, compared to peers
wearing conventional hearing aids (Truy et al. 1998; Baldas-
sari et al. 2009). However, while children with CI can achieve
age-appropriate receptive vocabulary skills (Hayes et al. 2009),
most of them achieve poorer vocabulary knowledge (Lund
2016) and lower verbal fluency than normal-hearing (NH) chil-
dren (Wechsler-Kashi et al. 2014). Moreover, compared to their
NH peers, children with CI perform poorer in the morpholog-
ical and syntactical domain (Boons et al. 2013a) and in spoken
narrative skills (Boons et al. 2013a, 2013b). Linguistic difficul-
ties also persist in speech perception. Difficulties with prosody,
such as discrimination of vocal emotions and processing of
prosodic discourse markers, are quite common (Torppa et al.
2014; Holt et al. 2017; Jiam et al. 2017). Lower scores are also
observed in reading skills (Johnson & Goswami 2010; Geers
et al. 2011), discrimination of phonologically similar words,
grammatical processing (Caselli et al. 2012), but also in dis-
cursive and abstract reasoning (Bandursky & Gatkowski 2004;
Geers et al. 2011; see van Wieringen & Wouters 2015 for a re-
cent review of linguistics skills of children with CI). Finally,
while the intelligibility of speech of children with CI can be
good (Peng et al. 2004; Habib et al. 2010), speech production
scores remain quite variable (Blamey et al. 2001). Globally,
most children with CI have a lower speech intelligibility than
their NH peers (Grandon et al. 2020).

Interestingly, the training of rhythmic skills seems to atten-
uate some of these verbal deficits in children with hearing loss
(HL). Recently, we showed that children’s capacity to tempo-
rally anticipate and adapt to a partner during verbal interac-
tion was improved following a rhythm intervention (Hidalgo
et al. 2017, 2019). Moreover, in general, rhythmic stimulation
seems to facilitate different levels of language processing. For
example, rhythmic priming enhances sentence perception,
which in turn improves production abilities in children with HL
(Cason et al. 2015). However, little is known about the general
rhythmic abilities of children with HL. It is possible that the ge-
neral rhythmic capacities of children with HL are poorer com-
pared to NH children, pointing to general deficits in temporal
processing caused by auditory impairment. It is also possible
that the better their rhythmic skills the better they process fine-
grained temporal auditory stimuli (i.e., similarly to differences
found between musicians and nonmusicians; see Rammsayer
& Altenmiiller 2006; Chobert et al. 2011; Sares et al. 2018).
Improving our knowledge of general rhythmic capacities of
children with HL is important for understanding how senso-
rimotor and cognitive abilities, involved in rhythm and timing
processing, interface with verbal abilities of children with HL.
Indeed, in certain developmental speech and language disor-
ders, rhythmic skills are tightly linked to verbal capacities. For
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example, poor performance in nonverbal sensorimotor synchro-
nization tasks, such as tapping along the beat or rhythm repro-
duction, is linked to deficits in reading abilities and stuttering
severity (Thomson & Goswami 2008; Tierney & Kraus 2013a;
Flaugnacco et al. 2014; Falk et al. 2015). Rhythmic stimula-
tion can also improve syntax processing in children with spe-
cific language impairment (Przybylski et al. 2013; Bedoin et al.
2016) and phonological awareness in children with dyslexia
(Flaugnacco et al. 2015). Thus, gaining a better understanding
of general rhythmic capacities of children with HL might help
to devise interventions based on musical training that can en-
gage children with HL in social musical activities, with benefits
potentially extending to nonmusical domains (Phillips-Silver
et al. 2015). Finally, knowledge of individual differences in
rhythmic abilities in children with HL may allow to predict the
success of a rhythm-based intervention, as found in certain dis-
eases (e.g., Parkinson’s disease, Dalla Bella et al. 2017a, 2018;
Cochen De Cock et al. 2018).

Interestingly, when considering the neuroscientific literature
on rhythm processing and brain plasticity, rhythmic training
has been proposed to facilitate the processing of verbal sounds
because it enhances the precision of auditory timing (Tierney
& Kraus 2014) and improves temporal prediction (Kotz &
Schwartze 2010). This facilitation effect is likely to be under-
pinned by the capacity of our neural system to adapt/predict
the hierarchical organization of sound (Giraud & Poeppel 2012;
Peelle & Davis 2012). The neural oscillatory activity of the au-
ditory system entrains to event periodicities at different time
scales, such as the syllable, but also recurrences or larger pro-
sodic units like phrases (Luo & Poeppel 2007; Bourguignon
et al. 2013; Ding & Simon 2014; Doelling et al. 2014). The
dynamics of these complex oscillatory processes creates a scaf-
folding to support auditory perception and comprehension of
hierarchical verbal structure (Ding et al. 2016; Kosem & van
Wassenhove 2017).

Here, we hypothesize that children with HL may have dif-
ficulties in perceiving the temporal hierarchical organization of
sounds, which is essential for speech and language processing.
Prenatal or perinatal HL may lead to deficits in auditory atten-
tion (Torppa et al. 2014) and particularly in attention to speech
(Houston et al. 2003; Segal & Kishon-Rabin 2011; Houston
& Bergeson 2014; Wang et al. 2018) also including prosodic
cues (Holt et al. 2016). In the visual modality, children with
CI struggle to organize sequential events into a hierarchical
structure (Conway et al. 2011). Notably, these sequencing skills
correlate with speech and language deficits such as sentence
repetition. In the auditory modality, some studies show impaired
discrimination of auditory rhythmic sequences in children with
CI relative to NH children (Stabej et al. 2012; Innes-Brown
et al. 2013; Good et al. 2017; Polonenko et al. 2017). Given
the paucity of recent studies on rhythmic abilities in children
with HL (Vongpaisal et al. 2016) and the absence of a thorough
assessment of rhythmic skills, the aim of the present study was
to gain a better understanding of rhythmic skills and their rela-
tion to speech perception abilities.

One way to assess rhythmic abilities is to use sensorimotor
synchronization tasks. In these tasks, participants move (e.g.,
by finger tapping) to the beat of auditory rhythms of varying
temporal and spectral complexity (e.g., metronome, music).
These tasks require participants to analyze the complex tem-
poral structure of the auditory signal, extract periodicities in

the signal (e.g., at the beat level), organize these periodicities
according to a hierarchical structure with different levels of
prominence (the metrical levels). The construction of this hier-
archical rhythmic representation is instrumental for generating
temporal predictions. This allows listeners anticipating when the
next beat will occur and thereby aligning their motor response
to it (e.g., Repp 2005; Sowiniski & Dalla Bella 2013). Notably,
similar temporal skills could be relevant in structuring speech
sounds into a temporal hierarchical organization during speech
perception (Giraud & Poeppel 2012). Although it is agreed that
speech does not present a clear periodicity and stress patterns
are generally more variable than in music (Jadoul et al. 2016),
both speech and music share different levels of hierarchically
organized accents or prominences giving rise to stress patterns
(Di Cristo 2002; Jun & Fougeron 2002). Listeners have to iden-
tify more or less prominent speech units (Lehiste 1977; Fowler
1979) and predict their next moment of occurrence to ade-
quately plan their own production (Garrod & Pickering 2015).
Hence rhythmic skills may be informative about speech and
language capacities because shared mechanisms may support
the extraction of hierarchical structures in the timing domain
(Fitch & Martins 2014; Haegens & Zion Golumbic 2018).

While some studies have investigated rhythmic perception
in children with CI in music (Hopyan et al. 2012; Innes-Brown
et al. 2013; Roy et al. 2014; Good et al. 2017; Polonenko et al.
2017), few have specifically addressed rhythm production abili-
ties, to our knowledge. We tested rhythm production in children
with HL using a synchronization finger tapping task. Partici-
pants were asked to tap with one hand to the beat of differ-
ent auditory rhythms consisting of simple sounds sequences or
music and to reproduce complex rhythmic patterns (i.e., more
complex durational patterns).

Previous studies assessing sensorimotor synchronization
abilities in adults and children with HL showed normal or close
to normal behavior with acoustically and structurally simple
stimuli (Phillips-Silver et al. 2015; Vongpaisal et al. 2016).
Thus, we hypothesized that children with HL would perform
similarly to NH children in a sensorimotor synchronization task
using a simple stimulus like a metronome. By contrast, we ex-
pected poorer performances in HL compared to NH children
when using a multi-instrumental musical stimulus that requires
efficient spectral processing to separate the sources and extract
the beat (Pressnitzer et al. 2011). Finally, we predicted that chil-
dren with HL would have lower abilities to reproduce complex
rhythmic sequences compared to NH children. Considering
that working memory capacities are important in perceiving
complex rhythmic sequences (Tierney & Kraus 2015) and that
children with HL suffer from verbal working memory deficits
(Nittrouer et al. 2013; AuBuchon et al. 2015), we assessed po-
tential deficits in rhythmic production abilities by controlling
for differences in auditory working memory.

Our second aim was to investigate a possible relation be-
tween temporal rhythmic production deficits and speech percep-
tion. Since both speech and music perception require an accurate
processing of hierarchical stress patterns (Cason & Schon 2012;
Schén & Tillmann 2015), and rhythmic training seems to im-
prove stress perception (Hausen et al. 2013; Cason et al. 2015;
Torppa et al. 2018; Torppa & Huotilainen 2019), we predicted
that, for children with HL, performance in speech perception
would correlate with performance on imitation of complex
rhythms. Indeed, this latter task requires constructing an accurate
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hierarchical stress pattern representation. The performance of
children with HL was compared to that of age-matched controls
and interpreted relative to auditory working memory and sen-
tence repetition abilities, as well as CI device-related variables
(onset of use, type of device, and duration of use).

MATERIALS AND METHODS

Participants

Thirty-two French-speaking children aged from 5 to 10
years (mean = 88.2 months, SD =19.8 months) with congen-
ital, prelingual, or perilingual severe (5) to profound (26) HL
group, without any known additional disorders were recruited
from the pediatric implantation center of Lyon (Edouard Her-
riot Hospital, France) and from 4 independent speech therapy
centers in Marseille (France). These children wore bilateral
hearing aids (4) or one (8) or two ClIs (20), and/or a contra-
lateral hearing aid (see Supplemental Digital Content 1 for a
Table with more details http://links.lww.com/EANDH/A691);
were included in mainstream schools; and benefited from two
speech therapy sessions per week on average. Following the rec-
ommendation of the French health authority, each session lasted
45min on average and consisted of auditory, speech and lan-
guage stimulation adapted to each child’s individual level. Four
of them had previously followed musical initiation activities.
Seventeen were right-handed. Twenty-four children with NH
group were recruited from two elementary schools: one in Lyon
and one in Marseille (France). These children were all French
native speakers without any known visual, speech, cognitive,
or hearing disorder and were paired in age with children with
HL (mean = 90 months, SD = 21.2 months; no age difference
between NH and HL children: #(54) = —0.33, p = 0.74). Seven
of them had previously followed musical initiation activities, 3
had taken instrumental music classes and 18 were right-handed.
This study was approved by the Ethics Committee Sud Méditer-
ranée I (n°ID RCB: 2015-A01490-49).

Procedure

All children were assessed individually with three synchro-
nization tests and a working memory test. A speech perception
test was also administered to children with HL. Children were
seated in front of the experimenter in a quiet room. In the syn-
chronization tasks, they were asked to tap with the index of their
dominant hand on a digital tablet (I.T. Works 10.1, 25.65cm) or
onto a cardboard box containing a ZOOM H4n digital recorder.
All sounds were delivered by loudspeakers (Creative Inspire
T1) placed at 1 m from the child. Sound volume was manu-
ally adjusted for every child to a comfortable loudness level. A
training phase with the experimenter preceded each task. In this
phase, we could ensure that each child could hear the stimuli.
The experimental session lasted approximately 30 min.

Tasks Description

First, children were asked to tap regularly at their preferred
pace, without an auditory context (spontaneous tapping). Then,
they were asked to synchronize their finger tapping to the beat
of various rhythmic sequences of varying complexity, namely
a metronome, music excerpts, and rhythmic sequences. Syn-
chronization to a metronome (paced tapping) was tested using
the BAASTA battery (Dalla Bella et al. 2017b) implemented

on a tablet device (Bégel et al. 2017). Children were asked to
tap in synchrony with 60 isochronous piano tones (tone fre-
quency = 1319 Hz, pitch = ES5, interonset interval of 600 ms).
Synchronization to music was tested using the stimuli from the
Beat Alignment Test (Iversen & Patel 2008). Children were
asked to tap in synchrony with the beat of one jazz (Tuxedo
Junction of Glenn Miller) and one pop (A Chorus Line of
Boston Pops) musical excerpts (music tapping). Each excerpt
lasted 17 and 14 sec, respectively, and was repeated twice (54
and 58 taps, respectively, tempo of ~90 and 120 bpm). Synchro-
nization with complex rhythmic sequences was assessed using
the protocol of Tierney and Kraus (2015). In this task, children
listened to a complex rhythm (cf. Supplemental Digital Content
2, http://links.lww.com/EANDH/A689, for the Audio stimuli,
tempo of 120 bpm) that was repeated eight times in a row, and
they were asked to imitate the whole rhythmic pattern (and not
the beat) by tapping along the rhythm (imitation of complex
rhythms). Importantly, the use of one single sound with a short
attack time and a short duration ensures a low spectral com-
plexity of these stimuli.

The speech perception task consisted of repeating very short
sentences. Twenty French, syntactically simple sentences (sub-
ject-verb-complement) were selected from Cason et al. (2015).
Each sentence was composed of six syllables (cf. Supplemental
Digital Content 3 for the Audio stimuli, http://links.lww.com/
EANDH/A690). Children listened to each sentence twice and
were then asked to repeat it. Because the aim of this test was
mostly to assess speech perception, the scoring realized by a
speech therapist only considered segmental errors and not pro-
sodic errors or misarticulations. One point was attributed for
each correctly repeated syllable (one or more wrong phonemes
in a syllable—vowel or consonant—counted as an error); the
final mark was the average for the 20 sentences which was then
converted into percentage of correct syllables. This test was pre-
viously piloted with NH children who scored at ceiling.

A working memory test was selected from the Wechsler In-
telligence Scale for Children IV (indirect span). Children were
asked to repeat sequences of digits of increasing length in the
reverse order. The test stops when the child gives a wrong an-
swer on more than two items of a given length in a row.

Analyses of Tapping to the Beat

Unpaced and tapping times with metronome and musical
excerpts were plotted on a polar scale in which each tap is rep-
resented on a circle of 360° by an angle relative to the expected
beat time (=0° on the circle). Taps in a trial are treated as uni-
tary vectors; the resulting vector is calculated to quantify sen-
sorimotor synchronization to the beat (for a description of the
procedure, common in tapping studies, see Sowiniski & Dalla
Bella 2013). The length of this vector, named synchronization
consistency (from 0 to 1), is a measure of synchronization per-
formance (0 = performance at chance; 1 = perfect phase syn-
chronization). Vector length was logit transformed for group
statistics when necessary (Falk et al. 2015).

Analysis of the Imitation of Complex Rhythmic
Sequences

For each repetition of the sequence out of the eight repeti-
tions, the first three were considered as a learning phase; hence,
only the last five repetitions were analyzed. Analyses were on
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average run on 180 taps per child. First, we extracted the tem-
poral series of tapping from the audio recording. To this aim,
we used the SciPy function find_peaks with a minimal dis-
tance of 100ms and a prominence of 2 SD. We developed a
new objective method to score children’s performances, based
on computing a correlation between children’s tap timing and
the rhythms to be reproduced. To this aim, we modeled three
sources of noise: temporal jitters (small lags), temporal lags
(large lags), and small accelerations/decelerations. To account
for temporal jitters, we first convolved each tapping perfor-
mance with a Gaussian filter (SD = 50ms). Then, to account
for temporal lags and small accelerations/decelerations we per-
formed the correlations between the stimulus time series and
each combination of temporally stretched performances (85
to 115% of the performance duration, 50 steps) and lags. The
score of each performance was defined as the maximum value
of these correlations (see Supplemental Digital Content 4 for
the Python Script, http://links.lww.com/EANDH/A692). To as-
certain the reliability of this objective measure, we compared
it to the subjective scoring of three expert judges (blind to the
children group membership). The independent judges scored
each item performance using a 1 to 9 scale (very poor to excel-
lent rhythmic performance). Spearman correlations between the
objective measure and the judges scores were strong (correla-
tion between the objective measure and judge 1: » = 0.86; judge
2: r=10.77; judge 3: r = 0.79; correlation with the mean of the
three judges: »=0.86) and equivalent to interjudges correlations
(correlations between judges 1 and 2: » = 0.83, between judges
1 and 3 r = 0.81; between judges 2 and 3: r = 0.77), thus con-
firming the reliability of the objective measure.

Statistical Modeling

All statistical analysis was computed using R (R Core Team,
2018). We computed linear regressions for all variables with
group (hearing status) as a predictor variable. These analy-
ses were implemented using the Im() function, from the Ime4
package (Bates et al. 2015). As children’s musical experience
could have an influence on the results, we modeled musical ex-
perience as a confounding factor (categorical) in all the linear
models. Thereby, the potential influence of musical experience
can be assessed and factored out. We tested all the assumptions
of the models using the Global Validation of Linear Model
Assumptions package. When the assumption of normality was
not accepted, we computed a logit transformation on the data.

To control for a possible effect of working memory on the
imitation of complex rhythms performance, we also included
working memory as a continuous predictor variable. For chil-
dren with HL only, performances in each task were modeled
with duration, type of device, and onset of use as additional pre-
dictors in the linear model. Then, we computed model compar-
ison on Akaike Information Criterion (AIC) which is a standard
measure to arbitrate between complexity and explanatory power
of the models. We report the model with the lowest AIC.

RESULTS

Variability in spontaneous tapping did not differ between
groups (3 = 0.01, SE = 0.06, = 0.23, p > 0.05). Children with
HL tapped less consistently with the metronome (paced tap-
ping) and with the different musical excerpts (music tapping)
compared to NH children (§ = —1.32, SE = 047, t = -2.77,

p=0.007, Cohen’s d = 0.55; 3 =-0.23, SE=0.05,r=-3.92, p
<0.001, Cohen’s d = 1.12; see Fig. 1, panels A and B, respec-
tively). Rayleigh test (an estimate of the uniformity of the taps
distribution) also showed that more children with HL tapped
randomly with the metronome compared to children with
NH (y*> = 6.74, p = 0.009). They also performed more poorly
than children with NH in the imitation of complex rhythms
(B=-0.099, SE =0.02, r =—4.65, p <0.001, Cohen’s d = 1.38)
(see Fig. 1, panel C). This difference holds true even when con-
trolling for working memory (f =0.07, SE =0.01, 7=3.53,p <
0.001; correlation between indirect span and imitation of com-
plex rhythms performances » = 0.53, p < 0.01) which showed a
poorer performance in children with HL (§ =—1.36, SE = 0.53,
t=-2.56,p=0.01, Cohen’s d = 0.67, see Fig. 1, panel D).

Musical experience did not have an effect on any of the de-
pendent variables previously reported (all ps > 0.4); this was
not surprising considering the short duration and weak intensity
of the overall musical experience (musical initiation activities).

To evaluate links between speech and sensorimotor synchro-
nization abilities in children with HL, we then computed linear
regressions including sentence repetition scores, indirect span
and imitation of complex rhythms, in children with HL only.
Results showed, as expected, a relation between sentence repeti-
tion and indirect span (§ = 0.46, SE =0.17, t=2.59, p = 0.01).
Interestingly, we also found that the performance in the imi-
tation of complex rhythms task explained sentence repetition
scores ( =0.39, SE=0.17,t=2.214, p = 0.03, see Fig. 2).

The regression analysis showed that duration and onset
of device use well predicted performance in tapping consist-
ency (metronome: F = 4.45, p = 0.04, AIC = 19.66; music:
F = 347, p = 0.07, AIC = —19.27), imitation of complex
rhythms (F = 11.05, p = 0.002, AIC =—-89.50), and indirect span
(F=17.28, p=0.01, AIC = 106.24). Sentence repetition perfor-
mance was only predicted by duration of device use (F = 8.86,
p =0.006, AIC = 277.83). The device type did not predict per-
formance in any of the administered tasks.

DISCUSSION

In this study, we investigated rhythmic production abilities
in congenitally deaf children with HL. We assessed sensori-
motor synchronization to the beat of nonverbal stimuli of dif-
ferent acoustic and rhythmic complexity. We have also assessed
working memory in both populations and sentence repetition
in children with HL. Children with HL revealed poorer motor
synchronization to the beat as compared to their NH peers. To
our knowledge, this is the first time that this deficit is clearly
isolated in children with HL. We will first discuss the basis of
this deficit in relation to potential difficulties encountered by
children with HL in realizing hierarchical temporal processing
of auditory information. Second, we will discuss the links be-
tween the rhythmic competences of children with HL and
speech competences.

Congenitally Deaf Children Have Poor Sensorimotor
Synchronization Abilities

Our results show that children with HL perform worse than
children with NH when tapping to a metronome, music, and
complex rhythmical sequences. These results suggest that HL
may have altered the abilities involved in coupling movement
to the beat of an auditory stimulus (Phillips-Silver et al. 2015).
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Fig. 1. Illustration of the results in the sensorimotor synchronization tasks and the memory task. A and B, Synchronization consistency measured for HL and
NH children’s tapping along with a metronome and musical excerpts. Higher values represent better performances (range 0 to 1). C, HL and NH children’s
synchronization performances on the imitation of complex rhythms task represented by the correlation coefficient between the stimuli and the children taps.
D, HL and NH scores in the working memory task. HL indicates hearing loss; NH, normal-hearing. Errors bars represent the standard error of the mean.

Importantly, these deficits cannot be ascribed to a general motor
timing deficit, as children showed unimpaired performance
when tapping without a stimulus. One possibility is that poor
sensorimotor synchronization reflects a general rhythmic per-
ception deficit in children with HL (see Stabej et al. 2012).
However, not all studies support this hypothesis. In a prelimi-
nary study, Innes-Brown et al. (2013) tested the musical percep-
tual abilities of NH children (n = 8), implanted children (n = 6),
and children with hearing aids (n = 5). Children with HL scored
lower than NH children in pitch discrimination and timbre rec-
ognition tasks but showed a similar performance in rhythmic
discrimination. Interestingly, while the degree of HL was a good
predictor of performance on the pitch and timbre tests, it did not
predict rhythmic performance. Similarly to children with HL,
postlingually deaf adults can better appreciate the rhythmic than
the melodic structure of musical stimuli (McDermott 2004; Looi
et al. 2008). Adults with CI perform similarly to NH adults in
the discrimination or identification of rhythmic patterns, as well
as tempo discrimination, but are less skilled in tone or melody
discrimination (Collins et al. 1994; Gfeller et al. 1997; Kong
et al. 2004). Unless in a complex auditory scene with many sim-
ilar instruments, rhythm perception does not necessarily require

a fine spectral analysis. Considering the technical limitations
of the CI in terms of spectral processing and the rather good
performance in terms of temporal processing of the auditory
signal (Limb & Roy 2014), the different performance of adults
with CI in melodic and rhythmic tasks might be interpreted in
terms of the acoustic nature of the stimuli to be processed. The
poor spectral resolution of CIs could also account for some of
our results with children with HL. Their greater difficulty to
synchronize to the beat of musical excerpts compared to the
performance with the metronome is in line with results found in
adults (Sowinski & Dalla Bella 2013; Dalla Bella et al. 2017a)
and NH children populations (Puyjarinet et al. 2017). Specifi-
cally for children with HL, this difficulty could be partly due to
the greater demands in terms of auditory scene analysis which
heavily involves spectral analysis to elaborate and select objects
in a complex auditory environment (Oxenham 2008; Shinn-
Cunningham et al. 2017).

However, children with HL also performed more poorly
than the control group when synchronizing to a spectrally very
simple stimulus (auditory metronome) and when tapping to
complex rhythmic tone sequences that did not require complex
spectral processing. Thus, a poor spectral representation cannot
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Fig. 2. Relation between sentence repetition scores in percentage of correct
syllables and performance in the imitation of complex rhythms task meas-
ured by the coefficient of correlation between children’s taps timing and the
rhythms be reproduced. Shaded area represents confidence intervals (0.99).

fully account for our results and a temporal processing deficit
seems to be present in children with HL, similarly to findings
with deaf adults. Phillips-Silver et al. (2015) asked postlin-
gually deaf adults with CI and adults with NH to synchronize
to stimuli with different spectral complexity: a song, a version
of the song with reduced spectral complexity (played on the
piano) and a version played on percussions containing only the
rhythmic structure. Regardless of spectral complexity, adults
with CI displayed a poorer tapping performance than adults
with NH in all the tasks except when tapping to a visual metro-
nome (Phillips-Silver et al. 2015).

When evaluating a potential temporal processing deficit in
children with HL, it is important to carefully examine the pos-
sible role of working memory. Overall, we replicated previous
studies showing a working memory deficit in children with HL
children (Pisoni & Cleary 2003; Beer et al. 2011). Tapping to
complex rhythms may have been particularly affected by these
memory restrictions. However, it is important to recall that in
this task, children tap along several repetitions of the rhythmic
sequence. Reproducing several times the same rhythm and tap-
ping along with it are both supposed to reduce working memory
load. Moreover, we showed that, even when modeling working
memory variability, the performance in the complex rhythms
task remained significantly worse in children with HL compared
to children with NH. Thus, memory skills of children with HL
cannot entirely account for their deficit in this task.

In a NH population, sensorimotor synchronization requires
temporal predictions affording fine coupling between the au-
ditory and motor systems (Chen et al. 2008; Patel & Iversen
2014). The poor tapping abilities of children with HL, present
with simple stimuli but exacerbated with stimuli of increasing
temporal complexity, might stem from difficulties in temporal
anticipation of the beat and/or motor adaptation. As suggested
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by Gfeller et al. (1997) for postlingually deaf adults with CI,
rhythmic difficulties may be accompanied by a higher-level
temporal deficit related to the structuring of acoustic events in
a hierarchical manner.

Sensorimotor Synchronization Deficits and Speech
Abilities

Potential difficulties for congenitally children with HL in
perceiving a temporal hierarchical organization of sounds may
have affected their ability to perceive speech. This idea is sup-
ported by our finding that children’s performance in the imita-
tion of complex rhythms task correlates with performance in
sentence repetition.

The ability to organize sequential auditory events accord-
ing to a hierarchical structure would indeed be of utmost im-
portance in auditory perception of speech. For example, speech
sounds have to be organized as patterns of more or less prom-
inent perceptual units (e.g., accent patterns featuring alterna-
tion of strong and weak syllables, see Hirst & Di Cristo 1998).
Interestingly, priming the temporal structure of speech using a
clear musical beat and meter facilitates speech perception pos-
sibly via increased neural coupling to the phonological structure
(Cason et al 2015; Falk et al 2017). The field of metrical pho-
nology shows that building a correct hierarchy of syllabic prom-
inence levels is essential to identify utterance boundaries and
communicative intent of these utterances (e.g., Post 2012). To
put it differently, structuring auditory information in a temporal
hierarchical structure may be needed to identify the different
levels of the entire hierarchy of speech.

Nonetheless, the present results only show a medium cor-
relation between rhythmic and speech abilities). Thus, while
consistent with a literature showing a link between rhythmic
and speech abilities in normal (Tierney & Kraus 2013b; Ozer-
nov-Palchik et al. 2018) as well as in developmental disorders
(Muneaux et al. 2004; Corriveau & Goswami 2009; Wieland
et al. 2015), our results need to be taken with care and stronger
claims on this link await further research possibly focusing on
the relation between rhythm and speech production abilities.

CONCLUSION

In sum, it is possible that despite early cochlear implantation
or hearing aid use, hearing impairment may affect the quality
of temporal processing of acoustic stimuli in congenitally deaf
children. The sensorimotor synchronization deficit of children
with HL found in this study, possibly linked to an underlying
deficit in temporal motor anticipation/adaptation, suggests that
future studies should also examine how HL in early childhood
affects the audio-motor network in the brain of children with
HL and its contribution to anticipating rhythmic events and
adapting a motor response to these events (e.g., van der Steen
& Keller 2013).

Finally, the link between speech capacities and sensorimotor
synchronization in children with HL should be examined in
more detail. As recommended by studies conducted in other
clinical populations with language and speech deficits (Przy-
bylski et al. 2013; Flaugnacco et al. 2015), the effect of mu-
sical training, and more specifically rhythmic training, could
be examined in relation to the ability to perceive and produce
speech in children with HL. Interestingly, the efficiency of
this type of interventions may also depend upon the level of
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impairment of sensorimotor synchronization abilities, as sug-
gested for other populations (e.g., Dalla Bella et al. 2018).
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