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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 capacities 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 synchronization 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, different musical excerpts, and complex rhythmic patterns. Synchronization abilities 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 control 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 performed poorly in all sensorimotor synchronization tasks, but the effect size was greater for complex as compared to simple stimuli. Group differences in working memory did not explain this result. Linear regression 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, hearing impairment affects the quality of temporal processing of acoustic stimuli in congenitally deaf children. This deficit seems to be more severe with stimuli of increasing rhythmic complexity highlighting a difficulty in structuring sounds according to a temporal hierarchy.

INTRODUCTION

Thanks to neonatal screening and early implantation, children with a cochlear implant (CI) can better decode speech and learn to speak in an oral environment, compared to peers wearing conventional hearing aids [START_REF] Truy | Comprehension of language in congenitally deaf children with and without cochlear implants[END_REF][START_REF] Baldassari | Receptive language outcomes in children after cochlear implantation[END_REF]. However, while children with CI can achieve age-appropriate receptive vocabulary skills [START_REF] Hayes | Receptive vocabulary development in deaf children with cochlear implants: Achievement in an intensive auditory-oral educational setting[END_REF]), most of them achieve poorer vocabulary knowledge [START_REF] Lund | Vocabulary knowledge of children with cochlear implants: A meta-analysis[END_REF] and lower verbal fluency than normal-hearing (NH) children [START_REF] Wechsler-Kashi | Picture naming and verbal fluency in children with cochlear implants[END_REF]. Moreover, compared to their NH peers, children with CI perform poorer in the morphological and syntactical domain (Boons et al. 2013a) and in spoken narrative skills (Boons et al. 2013a[START_REF] Boons | Narrative spoken language skills in severely hearing impaired school-aged children with cochlear implants[END_REF]. Linguistic difficulties also persist in speech perception. Difficulties with prosody, such as discrimination of vocal emotions and processing of prosodic discourse markers, are quite common [START_REF] Torppa | The perception of prosody and associated auditory cues in early-implanted children: The role of auditory working memory and musical activities[END_REF][START_REF] Holt | Discourse strategies and the production of prosody by prelingually deaf adolescent cochlear implant users[END_REF][START_REF] Jiam | Voice emotion perception and production in cochlear implant users[END_REF]. Lower scores are also observed in reading skills [START_REF] Johnson | Phonological awareness, vocabulary, and reading in deaf children with cochlear implants[END_REF][START_REF] Geers | Epilogue: Factors contributing to long-term outcomes of cochlear implantation in early childhood[END_REF], discrimination of phonologically similar words, grammatical processing [START_REF] Caselli | Cochlear implant in the second year of life: Lexical and grammatical outcomes[END_REF], but also in discursive and abstract reasoning (Bandursky & Gałkowski 2004;[START_REF] Geers | Epilogue: Factors contributing to long-term outcomes of cochlear implantation in early childhood[END_REF]; see van Wieringen & Wouters 2015 for a recent review of linguistics skills of children with CI). Finally, while the intelligibility of speech of children with CI can be good [START_REF] Peng | Speech intelligibility of pediatric cochlear implant recipients with 7 years of device experience[END_REF][START_REF] Habib | Speech production intelligibility of early implanted pediatric cochlear implant users[END_REF], speech production scores remain quite variable [START_REF] Blamey | Relationships among speech perception, production, language, hearing loss, and age in children with impaired hearing[END_REF]. Globally, most children with CI have a lower speech intelligibility than their NH peers [START_REF] Grandon | Long-term effects of cochlear implantation on the intelligibility of speech in Frenchspeaking children[END_REF].

Interestingly, the training of rhythmic skills seems to attenuate some of these verbal deficits in children with hearing loss (HL). Recently, we showed that children's capacity to temporally anticipate and adapt to a partner during verbal interaction was improved following a rhythm intervention [START_REF] Hidalgo | Speak on time! Effects of a musical rhythmic training on children with hearing loss[END_REF][START_REF] Hidalgo | Rhythmic training improves temporal anticipation and adaptation abilities in children with hearing loss during verbal interaction[END_REF]. 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 [START_REF] Cason | Rhythmic priming enhances speech production abilities: Evidence from prelingually deaf children[END_REF]. However, little is known about the general rhythmic abilities of children with HL. It is possible that the general rhythmic capacities of children with HL are poorer compared 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 finegrained temporal auditory stimuli (i.e., similarly to differences found between musicians and nonmusicians; see [START_REF] Rammsayer | Temporal information processing in musicians and nonmusicians[END_REF][START_REF] Chobert | Enhanced passive and active processing of syllables in musician children[END_REF][START_REF] Sares | Pitch and time processing in speech and tones: The effects of musical training and attention[END_REF]. Improving our knowledge of general rhythmic capacities of children with HL is important for understanding how sensorimotor and cognitive abilities, involved in rhythm and timing processing, interface with verbal abilities of children with HL. Indeed, in certain developmental speech and language disorders, rhythmic skills are tightly linked to verbal capacities. For
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Céline Hidalgo, 1,2 Annabelle Zécri, 1 Jacques Pesnot-Lerousseau, 1 Eric Truy, 3,4,5,6 Stéphane Roman, 1,7 Simone Falk, 8,9 Simone Dalla Bella, 9,10,11 and Daniele Schön 1 example, poor performance in nonverbal sensorimotor synchronization tasks, such as tapping along the beat or rhythm reproduction, is linked to deficits in reading abilities and stuttering severity [START_REF] Thomson | Rhythmic processing in children with developmental dyslexia: Auditory and motor rhythms link to reading and spelling[END_REF]Tierney & Kraus 2013a;[START_REF] Flaugnacco | Rhythm perception and production predict reading abilities in developmental dyslexia[END_REF][START_REF] Falk | Non-verbal sensorimotor timing deficits in children and adolescents who stutter[END_REF]. Rhythmic stimulation can also improve syntax processing in children with specific language impairment [START_REF] Przybylski | Rhythmic auditory stimulation influences syntactic processing in children with developmental language disorders[END_REF][START_REF] Bedoin | Temporally regular musical primes facilitate subsequent syntax processing in children with specific language impairment[END_REF] and phonological awareness in children with dyslexia [START_REF] Flaugnacco | Music training increases phonological awareness and reading skills in developmental dyslexia: A randomized control trial[END_REF]. Thus, gaining a better understanding of general rhythmic capacities of children with HL might help to devise interventions based on musical training that can engage children with HL in social musical activities, with benefits potentially extending to nonmusical domains [START_REF] Phillips-Silver | Cochlear implant users move in time to the beat of drum music[END_REF]. 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 diseases (e.g., Parkinson's disease, Dalla Bella et al. 2017a[START_REF] Dalla Bella | Individualization of music-based rhythmic auditory cueing in Parkinson's disease[END_REF][START_REF] De Cock | Rhythmic abilities and musical training in Parkinson's disease: Do they help?[END_REF].

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 [START_REF] Tierney | Auditory-motor entrainment and phonological skills: Precise auditory timing hypothesis (PATH)[END_REF] and improves temporal prediction [START_REF] Kotz | Cortical speech processing unplugged: A timely subcortico-cortical framework[END_REF]. This facilitation effect is likely to be underpinned by the capacity of our neural system to adapt/predict the hierarchical organization of sound [START_REF] Giraud | Cortical oscillations and speech processing: Emerging computational principles and operations[END_REF][START_REF] Peelle | Neural oscillations carry speech rhythm through to comprehension[END_REF]. The neural oscillatory activity of the auditory system entrains to event periodicities at different time scales, such as the syllable, but also recurrences or larger prosodic units like phrases [START_REF] Luo | Phase patterns of neuronal responses reliably discriminate speech in human auditory cortex[END_REF][START_REF] Bourguignon | The pace of prosodic phrasing couples the listener's cortex to the reader's voice[END_REF][START_REF] Ding | Cortical entrainment to continuous speech: Functional roles and interpretations[END_REF][START_REF] Doelling | Acoustic landmarks drive delta-theta oscillations to enable speech comprehension by facilitating perceptual parsing[END_REF]). The dynamics of these complex oscillatory processes creates a scaffolding to support auditory perception and comprehension of hierarchical verbal structure [START_REF] Ding | Cortical tracking of hierarchical linguistic structures in connected speech[END_REF][START_REF] Kösem | Distinct contributions of low-and high-frequency neural oscillations to speech comprehension[END_REF].

Here, we hypothesize that children with HL may have difficulties 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 attention [START_REF] Torppa | The perception of prosody and associated auditory cues in early-implanted children: The role of auditory working memory and musical activities[END_REF] and particularly in attention to speech [START_REF] Houston | Speech perception skills of deaf infants following cochlear implantation: A first report[END_REF][START_REF] Segal | Listening preference for childdirected speech versus nonspeech stimuli in normal-hearing and hearingimpaired infants after cochlear implantation[END_REF][START_REF] Houston | Hearing versus listening: Attention to speech and its role in language acquisition in deaf infants with cochlear implants[END_REF][START_REF] Wang | Attention to speech and spoken language development in deaf children with cochlear implants: A 10-year study[END_REF]) also including prosodic cues [START_REF] Holt | The use of prosodic cues in sentence processing by prelingually deaf users of cochlear implants[END_REF]). In the visual modality, children with CI struggle to organize sequential events into a hierarchical structure [START_REF] Conway | Implicit sequence learning in deaf children with cochlear implants[END_REF]. 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 [START_REF] Stabej | The music perception abilities of prelingually deaf children with cochlear implants[END_REF][START_REF] Innes-Brown | Tone, rhythm, and timbre perception in school-age children using cochlear implants and hearing aids[END_REF][START_REF] Good | Benefits of music training for perception of emotional speech prosody in deaf children with cochlear implants[END_REF][START_REF] Polonenko | Music perception improves in children with bilateral cochlear implants or bimodal devices[END_REF]. Given the paucity of recent studies on rhythmic abilities in children with HL [START_REF] Vongpaisal | Dance movements enhance song learning in deaf children with cochlear implants[END_REF] 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 relation 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 temporal 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 hierarchical 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., [START_REF] Repp | Sensorimotor synchronization: A review of the tapping literature[END_REF][START_REF] Sowiński | Poor synchronization to the beat may result from deficient auditory-motor mapping[END_REF]. Notably, similar temporal skills could be relevant in structuring speech sounds into a temporal hierarchical organization during speech perception [START_REF] Giraud | Cortical oscillations and speech processing: Emerging computational principles and operations[END_REF]. Although it is agreed that speech does not present a clear periodicity and stress patterns are generally more variable than in music [START_REF] Jadoul | Seeking temporal predictability in speech: Comparing statistical approaches on 18 world languages[END_REF], both speech and music share different levels of hierarchically organized accents or prominences giving rise to stress patterns [START_REF] Di Cristo | De la métrique et du rythme de la parole ordinaire: L'exemple du français[END_REF][START_REF] Jun | Realizations of accentual phrase in French intonation[END_REF]. Listeners have to identify more or less prominent speech units [START_REF] Lehiste | Isochrony reconsidered[END_REF][START_REF] Fowler | Perceptual centers" in speech production and perception[END_REF]) and predict their next moment of occurrence to adequately plan their own production [START_REF] Garrod | The use of content and timing to predict turn transitions[END_REF]. 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 [START_REF] Fitch | Hierarchical processing in music, language, and action: Lashley revisited[END_REF][START_REF] Haegens | Rhythmic facilitation of sensory processing: A critical review[END_REF].

While some studies have investigated rhythmic perception in children with CI in music [START_REF] Hopyan | Children using cochlear implants capitalize on acoustical hearing for music perception[END_REF][START_REF] Innes-Brown | Tone, rhythm, and timbre perception in school-age children using cochlear implants and hearing aids[END_REF][START_REF] Roy | Evaluation of a test battery to assess perception of music in children with cochlear implants[END_REF][START_REF] Good | Benefits of music training for perception of emotional speech prosody in deaf children with cochlear implants[END_REF][START_REF] Polonenko | Music perception improves in children with bilateral cochlear implants or bimodal devices[END_REF], few have specifically addressed rhythm production abilities, to our knowledge. We tested rhythm production in children with HL using a synchronization finger tapping task. Participants were asked to tap with one hand to the beat of different 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 [START_REF] Phillips-Silver | Cochlear implant users move in time to the beat of drum music[END_REF][START_REF] Vongpaisal | Dance movements enhance song learning in deaf children with cochlear implants[END_REF]). 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 expected 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 [START_REF] Pressnitzer | Auditory scene analysis: The sweet music of ambiguity[END_REF]. Finally, we predicted that children 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 [START_REF] Tierney | Evidence for multiple rhythmic skills[END_REF] and that children with HL suffer from verbal working memory deficits [START_REF] Nittrouer | Working memory in children with cochlear implants: Problems are in storage, not processing[END_REF][START_REF] Aubuchon | Short-term and working memory impairments in early-implanted, long-term cochlear implant users are independent of audibility and speech production[END_REF], we assessed potential deficits in rhythmic production abilities by controlling for differences in auditory working memory.

Our second aim was to investigate a possible relation between temporal rhythmic production deficits and speech perception. Since both speech and music perception require an accurate processing of hierarchical stress patterns [START_REF] Cason | Rhythmic priming enhances the phonological processing of speech[END_REF][START_REF] Schön | Short-and long-term rhythmic interventions: Perspectives for language rehabilitation[END_REF], and rhythmic training seems to improve stress perception [START_REF] Hausen | Music and speech prosody: A common rhythm[END_REF][START_REF] Cason | Rhythmic priming enhances speech production abilities: Evidence from prelingually deaf children[END_REF][START_REF] Torppa | Developmental links between speech perception in noise, singing, and cortical processing of music in children with cochlear implants[END_REF][START_REF] Torppa | Why and how music can be used to rehabilitate and develop speech and language skills in hearing-impaired children[END_REF], 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 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 sentence 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 congenital, 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 Herriot Hospital, France) and from 4 independent speech therapy centers in Marseille (France). These children wore bilateral hearing aids (4) or one (8) or two CIs (20), and/or a contralateral 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 recommendation of the French health authority, each session lasted 45 min on average and consisted of auditory, speech and language 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: t(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 Méditerranée I (n°ID RCB: 2015-A01490-49).

Procedure

All children were assessed individually with three synchronization 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 synchronization tasks, they were asked to tap with the index of their dominant hand on a digital tablet (I.T. Works 10.1, 25.65 cm) 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 manually 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. Synchronization to a metronome (paced tapping) was tested using the BAASTA battery (Dalla Bella et al. 2017b) implemented on a tablet device [START_REF] Bégel | Lost in time" but still moving to the beat[END_REF]. Children were asked to tap in synchrony with 60 isochronous piano tones (tone frequency = 1319 Hz, pitch = E5, interonset interval of 600 ms). Synchronization to music was tested using the stimuli from the Beat Alignment Test [START_REF] Iversen | The Beat Alignment Test (BAT): Surveying beat processing abilities in the general population[END_REF]. 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). Synchronization with complex rhythmic sequences was assessed using the protocol of [START_REF] Tierney | Evidence for multiple rhythmic skills[END_REF]. 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 complexity of these stimuli.

The speech perception task consisted of repeating very short sentences. Twenty French, syntactically simple sentences (subject-verb-complement) were selected from [START_REF] Cason | Rhythmic priming enhances speech production abilities: Evidence from prelingually deaf children[END_REF]. 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 prosodic 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 previously piloted with NH children who scored at ceiling.

A working memory test was selected from the Wechsler Intelligence 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 answer 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 represented 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 unitary vectors; the resulting vector is calculated to quantify sensorimotor synchronization to the beat (for a description of the procedure, common in tapping studies, see [START_REF] Sowiński | Poor synchronization to the beat may result from deficient auditory-motor mapping[END_REF]. The length of this vector, named synchronization consistency (from 0 to 1), is a measure of synchronization performance (0 = performance at chance; 1 = perfect phase synchronization). Vector length was logit transformed for group statistics when necessary [START_REF] Falk | Non-verbal sensorimotor timing deficits in children and adolescents who stutter[END_REF].

Analysis of the Imitation of Complex Rhythmic Sequences

For each repetition of the sequence out of the eight repetitions, the first three were considered as a learning phase; hence, only the last five repetitions were analyzed. Analyses were on average run on 180 taps per child. First, we extracted the temporal series of tapping from the audio recording. To this aim, we used the SciPy function find_peaks with a minimal distance of 100 ms 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 performance with a Gaussian filter (SD = 50 ms). Then, to account for temporal lags and small accelerations/decelerations we performed 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 ascertain 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 excellent rhythmic performance). Spearman correlations between the objective measure and the judges scores were strong (correlation between the objective measure and judge 1: r = 0.86; judge 2: r = 0.77; judge 3: r = 0.79; correlation with the mean of the three judges: r = 0.86) and equivalent to interjudges correlations (correlations between judges 1 and 2: r = 0.83, between judges 1 and 3 r = 0.81; between judges 2 and 3: r = 0.77), thus confirming 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 analyses were implemented using the lm() function, from the lme4 package [START_REF] Bates | Fitting linear mixedeffects models using {lme4}[END_REF]. As children's musical experience could have an influence on the results, we modeled musical experience 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 children with HL only, performances in each task were modeled with duration, type of device, and onset of use as additional predictors in the linear model. Then, we computed model comparison 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 (β = 0.01, SE = 0.06, t = 0.23, p > 0.05). Children with HL tapped less consistently with the metronome (paced tapping) and with the different musical excerpts (music tapping) compared to NH children (β = -1.32, SE = 0.47, t = -2.77, p = 0.007, Cohen's d = 0.55; β = -0.23, SE = 0.05, t = -3.92, p < 0.001, Cohen's d = 1.12; see Fig. 1, panels A and B, respectively). 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 (χ 2 = 6.74, p = 0.009). They also performed more poorly than children with NH in the imitation of complex rhythms (β = -0.099, SE = 0.02, t = -4.65, p < 0.001, Cohen's d = 1.38) (see Fig. 1,panel C). This difference holds true even when controlling for working memory (β = 0.07, SE = 0.01, t = 3.53, p < 0.001; correlation between indirect span and imitation of complex rhythms performances r = 0.53, p < 0.01) which showed a poorer performance in children with HL (β = -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 dependent 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 synchronization 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 repetition and indirect span (β = 0.46, SE = 0.17, t = 2.59, p = 0.01). Interestingly, we also found that the performance in the imitation of complex rhythms task explained sentence repetition scores (β = 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 consistency (metronome: F = 4.45, p = 0.04, AIC = 19.66; music: F = 3.47, p = 0.07, AIC = -19.27), imitation of complex rhythms (F = 11.05, p = 0.002, AIC = -89.50), and indirect span (F = 7.28, p = 0.01, AIC = 106.24). Sentence repetition performance was only predicted by duration of device use (F = 8.86, p = 0.006, AIC = 277.83). The device type did not predict performance in any of the administered tasks.

DISCUSSION

In this study, we investigated rhythmic production abilities in congenitally deaf children with HL. We assessed sensorimotor synchronization to the beat of nonverbal stimuli of different 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 between 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).

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 perception deficit in children with HL (see [START_REF] Stabej | The music perception abilities of prelingually deaf children with cochlear implants[END_REF]). However, not all studies support this hypothesis. In a preliminary study, Innes-Brown et al. ( 2013) tested the musical perceptual 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 recognition 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 [START_REF] Mcdermott | Music perception with cochlear implants: A review[END_REF][START_REF] Looi | Music perception of cochlear implant users compared with that of hearing aid users[END_REF]. 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 [START_REF] Collins | Temporal pattern discrimination and speech recognition under electrical stimulation[END_REF][START_REF] Gfeller | Perception of rhythmic and sequential pitch patterns by normally hearing adults and adult cochlear implant users[END_REF][START_REF] Kong | Music perception with temporal cues in acoustic and electric hearing[END_REF]). Unless in a complex auditory scene with many similar 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 [START_REF] Limb | Technological, biological, and acoustical constraints to music perception in cochlear implant users[END_REF], 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 [START_REF] Sowiński | Poor synchronization to the beat may result from deficient auditory-motor mapping[END_REF]Dalla Bella et al. 2017a) and NH children populations [START_REF] Puyjarinet | Children and adults with attention-deficit/hyperactivity disorder cannot move to the beat[END_REF]. Specifically 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 [START_REF] Oxenham | Pitch perception and auditory stream segregation: Implications for hearing loss and cochlear implants[END_REF][START_REF] Shinn-Cunningham | Auditory object formation and selection[END_REF].

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 When evaluating a potential temporal processing deficit in children with HL, it is important to carefully examine the possible role of working memory. Overall, we replicated previous studies showing a working memory deficit in children with HL children [START_REF] Pisoni | Measures of working memory span and verbal rehearsal speed in deaf children after cochlear implantation[END_REF][START_REF] Beer | Executive function in everyday life: Implications for young cochlear implant users[END_REF]. 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 tapping 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 auditory and motor systems [START_REF] Chen | Moving on time: Brain network for auditory-motor synchronization is modulated by rhythm complexity and musical training[END_REF][START_REF] Patel | The evolutionary neuroscience of musical beat perception: The Action Simulation for Auditory Prediction (ASAP) hypothesis[END_REF]. 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 by [START_REF] Gfeller | Perception of rhythmic and sequential pitch patterns by normally hearing adults and adult cochlear implant users[END_REF] 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 supported by our finding that children's performance in the imitation of complex rhythms task correlates with performance in sentence repetition.

The ability to organize sequential auditory events according to a hierarchical structure would indeed be of utmost importance in auditory perception of speech. For example, speech sounds have to be organized as patterns of more or less prominent perceptual units (e.g., accent patterns featuring alternation of strong and weak syllables, see [START_REF] Hirst | A survey of intonation systems[END_REF]. Interestingly, priming the temporal structure of speech using a clear musical beat and meter facilitates speech perception possibly via increased neural coupling to the phonological structure [START_REF] Cason | Rhythmic priming enhances speech production abilities: Evidence from prelingually deaf children[END_REF][START_REF] Falk | Tuning neural phase entrainment to speech[END_REF]. The field of metrical phonology shows that building a correct hierarchy of syllabic prominence levels is essential to identify utterance boundaries and communicative intent of these utterances (e.g., [START_REF] Post | Metrical structure and the prosodic hierarchy[END_REF]). 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 correlation between rhythmic and speech abilities). Thus, while consistent with a literature showing a link between rhythmic and speech abilities in normal (Tierney & Kraus 2013b;[START_REF] Ozernov-Palchik | Relationships between early literacy and nonlinguistic rhythmic processes in kindergarteners[END_REF] as well as in developmental disorders [START_REF] Muneaux | Deficits in beat perception and dyslexia: Evidence from French[END_REF][START_REF] Corriveau | Rhythmic motor entrainment in children with speech and language impairments: Tapping to the beat[END_REF][START_REF] Wieland | Evidence for a rhythm perception deficit in children who stutter[END_REF], 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., [START_REF] Van Der Steen | The adaptation and anticipation model (ADAM) of sensorimotor synchronization[END_REF].

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 [START_REF] Przybylski | Rhythmic auditory stimulation influences syntactic processing in children with developmental language disorders[END_REF][START_REF] Flaugnacco | Music training increases phonological awareness and reading skills in developmental dyslexia: A randomized control trial[END_REF], the effect of musical 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 impairment of sensorimotor synchronization abilities, as suggested for other populations (e.g., Dalla Bella et al. 2018).

Fig. 1 .

 1 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.

Fig. 2 .

 2 Fig.2. Relation between sentence repetition scores in percentage of correct syllables and performance in the imitation of complex rhythms task measured by the coefficient of correlation between children's taps timing and the rhythms be reproduced. Shaded area represents confidence intervals (0.99).
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