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Introduction

One in 1,000 newborns are identified with severe to profound hearing loss at birth [START_REF] Butcher | Prevalence of permanent childhood hearing loss detected at the universal newborn hearing screen: Systematic review and meta-analysis[END_REF]. Approximately 80% of prelingual deafness is due to genetic factors [START_REF] Marlin | GJB2 and GJB6 mutations: genotypic and phenotypic correlations in a large cohort of hearing-impaired patients[END_REF] with about a hundred identified gene abnormalities [START_REF] Ideura | Comprehensive analysis of syndromic hearing loss patients in Japan[END_REF] [START_REF] Bai | Identification of novel variants in MYO15A, OTOF, and RDX with hearing loss by next-generation sequencing[END_REF]. Phenotypic expression of these genetic mutations is variable, with a hearing loss ranging from mild to severe. Despite the use of hearing aid devices, persistent lack of audibility may require patients to develop skills other than using sounds to communicate, relying particularly on visual cues (lip reading, cued speech, sign language) or tactile cues.

Cochlear implants (CI) have proven to be a useful treatment option for individuals with severe to profound hearing loss and are part of the French National Authority for Health management guidelines (HAS 2012, https://www.has sante.fr/upload/docs/application/pdf/fiche_bon_usage_implants_cochleaires.pdf). It has been recognized that early implantation provides children with the best outcomes [START_REF] Simon | Guidelines (short version) of the French Society of Otorhinolaryngology (SFORL) on pediatric cochlear implant indications[END_REF]. Cochlear implantation is not recommended as an option for children over 5 years old, unless hearing loss is acquired or progressive [START_REF] Simon | Guidelines (short version) of the French Society of Otorhinolaryngology (SFORL) on pediatric cochlear implant indications[END_REF].

Improvement of auditory perception after CI was investigated by electrophysiological studies using the latency of the P1 cortical auditory evoked potential [START_REF] Dorman | Central auditory development: evidence from CAEP measurements in children fit with cochlear implants[END_REF]. Results

showed that if children experience less than 3 years of auditory deprivation before implantation, P1 latencies fall back into the normal range. Children who are implanted after the age of 7 years old, however, generally do not develop normal P1 latencies.

The development of other somatosensory modalities, such as lip reading [START_REF] Finney | Visual stimuli activate auditory cortex in the deaf[END_REF], sign language [START_REF] Macsweeney | The signing brain: the neurobiology of sign language[END_REF], vibrotactile stimulation [START_REF] Cardon | Somatosensory Cross-Modal Reorganization in Children With Cochlear Implants[END_REF], as well as the response to reinstated auditory input after cochlear implantation [START_REF] Kang | Neural changes associated with speech learning in deaf children following cochlear implantation[END_REF] in deaf patients has been investigated by functional neuroimaging studies over the last two decades. Results have shown differences in cerebral organization in adults with congenital deafness [START_REF] Finney | Visual stimuli activate auditory cortex in the deaf[END_REF], [START_REF] Macsweeney | The signing brain: the neurobiology of sign language[END_REF]. However, it is not clear whether these differences stem from the acquisition of non-verbal communication skills, from deafness, or from both. Few functional studies have focused on children candidates for cochlear implantation, mainly because of the challenges associated with brain imaging studies in children. In a study by Lee et al, brain metabolism in 33 deaf children (age = 6.3 ± 2.3 years, with less than 70 dB HL pure tone thresholds with their hearing aids) was examined preoperatively using FDG-PET and correlated with postoperative speech perception scores [START_REF] Lee | Cortical activity at rest predicts cochlear implantation outcome[END_REF]. Results showed that the degree of hypometabolism within the auditory cortex before implantation was positively correlated with oral intelligibility scores after implantation: patients obtaining higher scores were those presenting stronger hypometabolism before CI, suggesting that the auditory cortices would not have been recruited by other cortical functions and could respond effectively to the auditory input reinstated by cochlear implantation. The results from fMRI and rest metabolism studies [START_REF] Finney | Visual stimuli activate auditory cortex in the deaf[END_REF], [START_REF] Macsweeney | The signing brain: the neurobiology of sign language[END_REF], [START_REF] Cardon | Somatosensory Cross-Modal Reorganization in Children With Cochlear Implants[END_REF] indicate that deafness can lead to cross-modal plasticity: the auditory cortex became more responsive to non-auditory stimulation in deaf individuals [START_REF] Benetti | Functional selectivity for face processing in the temporal voice area of early deaf individuals[END_REF]. Nevertheless, the question remains of whether reorganization of auditory cortex in deaf individuals is due to the effects of auditory deprivation (bottom-up regulation) or the later acquisition of sign language (top-down regulation) [START_REF] Cardin | Differential activity in Heschl's gyrus between deaf and hearing individuals is due to auditory deprivation rather than language modality[END_REF].

Brain functional investigations using nuclear imaging methods remain limited in children for obvious methodological reasons. It is difficult to justify the use of radiotracers for imaging children before cochlear implantation. However, recent advances in neuroimaging allow to measure rest brain function using arterial spin labeling (ASL) MRI sequence. This technique uses magnetically labeled arterial blood water as a diffusible flow tracer. By labeling inflowing blood water proximal to the target imaging region, the perfusion signal is subsequently calculated by comparison with a separate image acquired using a control pulse without labeling blood flow to remove static background signal and control for magnetization transfer effects. Therefore, ASL-MRI non-invasively assesses brain perfusion and provides an absolute and quantifiable voxel-by-voxel measurement of rest cerebral blood flow (CBF)

without the administration of contrast material or exposure to ionizing radiation, [START_REF] Detre | Perfusion magnetic resonance imaging with continuous arterial spin labeling: methods and clinical applications in the central nervous system[END_REF], offering new opportunities to quantify cerebral blood flow at rest in neonates and children. We sought to investigate whole-brain cortical perfusion in deaf children compared to normally hearing controls in three age groups: younger than 2 years old; from 2 to 5 years old; and from 5 to 16 years old. In addition, in deaf children aged from 5 to 16 years old, we aimed to investigate a putative relationship between preoperative cortical perfusion and clinical outcome after cochlear implantation using oral intelligibility scores at arthrogryposis, facial cutaneous angioma or hemangioma or lymphangioma, morphological evaluation of upper-limit head circumference, sub-cutaneous cyst, feeding difficulties, abnormal eye-movements, benign nystagmus, benign eye-motion disorder, isolated strabism, neo-natal diabetes with no severe hypoglycemia) and presented strictly normal scans and no hearing loss verified by routine clinical follow up.

Participants were divided into 3 subgroups based on their age at time of MRI. A subgroup under 2 years of age was composed of 28 patients (median age = 0.9 years, range 0.5 to 2.0 years) and 33 controls (median age = 1.0 year, 0.5 to 2.0 years). A subgroup aged between 2 and 5 years of age was composed of 26 deaf patients (median age = 3.2 years, 2.1 to 4.6 years) and 20 controls (median age = 2.9 years, 2.0 to 5.0 years). A subgroup older than 5 years of age was composed of 25 deaf patients (median age = 9.0 years, 5.2 to 15.8 years) and 33 controls (median age = 10.1 years, 6.0 to 13.0 years).

All children, patients and controls, younger than 5 years of age received standard premedication before their MRI (pentobarbital, 5 mg / kg). The study design was approved by the local ethics committee, 61-NCK, 20190621163621.

Clinical description

All patients had bilateral hearing loss. In the studied population 60.8 % had a symmetric bilateral hearing loss and 39.2% had an asymmetric hearing loss with a right predominance in 77.4% of the cases. Seventy percent (70%) of patients were implanted on the right ear, 26%

were implanted on the left ear, 4% received bilateral cochlear implantation and one child had not been implanted yet. Concerning the etiology, 47% had a hearing loss (HL) of unknown etiology, 5% had congenital cytomegalovirus infection (cCMV), 18% had a connexin gene mutation, 26% had an inner ear malformation (two of which had SCL26A4 mutation), and 4% had an auditory neuropathy.

For children over 5 years old, speech perception was evaluated in free field, before and 12 months after cochlear implantation based on the mean intelligibility score obtained using open-set recognition of French Fournier disyllabic words (OSW) (for 5 out of 25 of deaf children, the OSW scores were unknown). Prior to CI, following hearing aid rehabilitation, oral communication was evaluated with a mean intelligibility score of 64.5 +/-32%. Twelve months after CI, mean intelligibility score was of 92 +/-11.5% (see Figure 1). There was no correlation between age and intelligibility scores either before or after cochlear implantation (see Figure 1). The hearing thresholds before cochlear implantation showed that patients had some auditory perception with hearing aids at low frequencies. Perceived frequencies were mainly low frequencies 250 Hz (36 dB HL) and high frequencies remained difficult to perceive (63 dB HL at 4 kHz). Cochlear implants significantly improved perception of frequencies between 500 Hz and 4 kHz in comparison to hearing aids (see Figure 2), improving the audibility of long-term average speech spectra [START_REF] Byrne | An international comparison of long-term average speech spectra[END_REF]. For 3 deaf children, perceived frequency values were unknown.

Data acquisition

All On the 3.0T scanner, 3D T1-weighted FSPGR images were acquired with the following parameters: 156 axial slices; TR = 6.9 ms; TE = 3 ms; resolution in plane = 1 x 1 mm; slice thickness = 1 mm; FA = 12°. For most deaf patients, Cube T1 images were acquired with these parameters: 374 sagittal slices; TR = 500 ms; TE = 11.2 ms; resolution in plane = 0.47 x 0.47 mm; slice thickness = 1 mm; FA = 90°. ASL perfusion images were obtained using the same parameters as on the 1.5T system.

Data preprocessing

For the data preprocessing, we used the quantification of the CBF and not only perfusion weighted images. The ASL sequence provided by General Electric Medical System included a proton-density image used for signal normalization during CBF quantification.

CBF images are produced by the processing console automatically and we can measure the ASL quantitatively.

All T1-weighted and ASL-MRI images were first visually checked for major artifacts: we performed a two-step quality control, the first one by an expert radiologist right after acquisition (NB) and the second one by an expert image processing engineer (LF) before preprocessing to discard images with artifacts, such as motion, aliasing, ghosting, spikes, low signal to noise ratio. Then, all images were analyzed using SPM12

(http://www.fil.ion.ucl.ac.uk/spm, London, UK).

Native 3D T1-weighted FSPGR and Cube T1 images were segmented into gray matter, white matter and cerebrospinal fluid using the CAT12 toolbox (http://www.neuro.unijena.de/cat/) within SPM12 and deformation fields between native space and MNI space were obtained. The MNI template used for segmentation has been adapted according to the age of the given subject: a pediatric template was created with "Template-O-Matic" toolbox (http://dbm.neuro.uni-jena.de/software/tom/) using the NIH Pediatric MRI Data Repository (n=404, age range 5-18 years) for children over 2 years old, and the Infant Brain Probability Templates [START_REF] Altaye | Infant brain probability templates for MRI segmentation and normalization[END_REF] for children under 2 years old.

For each child, the co-registration between the native CBF image and the native gray matter image was estimated. Then, the combination of the deformation fields and the estimated coregistration was applied to the CBF image to spatially normalize this image in the MNI space. The resulting image was checked for proper registration and smoothed with a Gaussian kernel of 10-mm full-width at half-maximum (FWHM). All spatially normalized images had the same resolution in plane (1.5 x 1.5 mm) and the same slice thickness (1.5 mm).

Statistical analysis Whole-brain voxel-based analysis

For each subgroup, comparisons between deaf children and normally hearing controls were performed to investigate voxel-wise cortical perfusion differences using a two-sample t-test design within the framework of the general linear model (GLM) in SPM12. Age and MRI field strength were considered as confounding covariates. A proportional scaling of the CBF images was applied and set to a grand mean scaled value of 50 mL/dL/min to minimize intersubject variability. Voxels included on an explicit binary mask were considered, corresponding to the cortical gray matter excluding the cerebellum.

Multiple regression analysis

An additional GLM analysis, using a multiple regression design, was applied to the smoothed CBF images spatially normalized in the subgroup of deaf children older than 5 years old, to investigate a putative relationship between preoperative cortical perfusion and clinical outcome after cochlear implantation. Oral intelligibility scores obtained 12 months after implantation were used as independent factors. Age and MRI field strength were considered as confounding covariates. Proportional scaling of the CBF images was also applied and set to a grand mean scaled value of 50 mL/dL/min in this analysis. All p-values were threshold at 0.05 and corrected for multiple comparisons with family-wise error correction (FWE).

Region-of-interest analysis

As a post-hoc analysis, a region of interest analysis was performed to investigate, in both groups, the evolution of rest CBF across age within temporal clusters identified in the wholebrain group comparison. Thus, the mean CBF from these clusters was extracted for all participants. The individual mean CBF values were normalized by the mean CBF measured within the cortical gray matter binary mask for each participant to obtain relative CBF. We used the residual values from the analysis as dependent variables, canceling out field strength effect using the ordinary least squares (OLS) model with the python stats models v0.9.0 module. P-values ≤ 0.05 were considered statistically significant.

Results

Whole-brain voxel-based comparisons

For children over 5 years old, whole-brain voxel-based comparison between rest CBF in deaf patients and normally hearing controls revealed significant bilateral decrease in rest CBF localized in the superior temporal and Heschl's regions in patients (p ≤ 0.05, FWE correction) (see Figure 3). This result appeared to be independent of the predominance of deafness, with no significant differences found between right-predominant and left-dominant deaf children.

This result was independent of the side of the predominant hearing loss. No significant cluster was There were no significant differences between groups for children between 2 and 5 years old and for children younger than 2 years old.

Multiple regression analysis

Clinical OSW scores were available for 20 out of 25 deaf children older than 5 years old.

Whole-brain voxel-based multiple regression analysis showed a significant negative regression between rest-CBF before implantation and OSW scores at 12 months after implantation localized in left inferior and mid-occipital regions: deaf children who presented higher OSW scores 12 months after implantation were those who had lower rest-CBF values in these regions prior to implantation (t = 6.63; z(score) = 4.53; p(FWE-corr) = 0.036; MNI coordinates: x = -33, y = -81, z = -8). There was no significant positive regression with OSW scores at 12 months after implantation. No significant positive or negative regression were found between rest-CBF and clinical OSW scores before implantation.

Region-of-interest analysis

The evolution of rest-CBF across age within temporal regions was significantly different in both groups (t = 4.14; p = 0.0001) (see Figure 4). While in normally hearing children rest-CBF increased with age (β = 0.0207 unit/year; t(161) = 5.67; p = 0.00001), in deaf children rest-CBF did not increase with age and remained stable over time (β = -0.0011 unit/year; t(161) = -0.29; p = 0.773).

In addition, further analyses comparing mean rest-CBF relative values in these regions for specific age groups, showed no significant differences between deaf children and normallyhearing controls for 0-2 and 2-4 years old groups and a significant difference for the others age groups: 4-6, 6-8, 8-10, 10-12 and 12-16 years groups (Figure 5).

Discussion

To our knowledge, this is the first study to use 3D ASL-MRI at different ages and stages of brain development in infants and children as part of their preoperative work-up for cochlear implantation. It gives us insight on the brain reorganization secondary to deafness and subsequent hearing restoration from hearing aids and cochlear implants.

Our results showed that, in comparison to normally hearing children of the same age, deaf children above 5 years old present a significantly decreased cerebral blood flow at rest within temporal regions bilaterally. This decrease is more pronounced on the right side independently of the side of deafness if single-sided. In addition, a significant increased rest-CBF was also observed within occipital regions in deaf children. Importantly, even if conventional hearing devices were systematically used in patients, abnormal cortical blood flow at rest is still observed, suggesting that, even in the context of partial auditory stimulation, a functional reorganization occurs with the temporal cortex becoming less functional and the visual cortex becoming over functional. Comparable results have been reported by [START_REF] Coez | Processing of voices in deafness rehabilitation by auditory brainstem implant[END_REF] in a PET study involving adults with acquired hearing loss after auditory brainstem implant with a low average score of postoperative intelligibility. When compared to controls, patients presented higher rest PET CBF in bilateral occipital brain areas (left: x=-18, y=-86, z=22; right: x=14, y=-84, z=26), and lower rest PET CBF in the left temporal areas (x=-58, y=-14, z=-2). The authors hypothesized that patients had developed and optimized their visual strategies to better perceive their environment.

Our results also showed that the degree of hyperperfusion within occipital regions regressed negatively with cochlear implant OSW scores in children older than 5 years old: deaf children who presented higher OSW scores obtained 12 months after CI were those who had lower rest CBF values in these regions prior to implantation. In normally hearing children, the role of the auditory cortical network in enabling processing of the acoustic cues required for language development is present very early in life and is quickly lost [START_REF] Dehaene-Lambertz | The Infancy of the Human Brain[END_REF]. Profoundly deaf individuals will not be able to develop a full phonological inventory of their native language despite conventional hearing aids [START_REF] Mccandliss | Success and failure in teaching the [r]-[l] contrast to Japanese adults: tests of a Hebbian model of plasticity and stabilization in spoken language perception[END_REF]. Here, even though we show that deaf children seem to use the available and operational somatosensory networks to establish ad-hoc communication (eg. visual networks if they have a deficient auditory cortical activity), we also show that over recruitment of this alternative network seems to disrupt rehabilitation of the function.

It is worth noticing that the OSW scores of most patients improved after cochlear implantation (Figure 1), especially if the pre-OSW score was under 80%, which suggests that, despite previous partial auditory stimulation, cortical temporal areas are still capable of analyzing and processing the new incoming high-frequency phonemes that ensure further language development. As showed in Figure 2 with speech outcomes at 1 year after implantation [START_REF] Han | Brain Plasticity Can Predict the Cochlear Implant Outcome in Adult-Onset Deafness[END_REF]. Here we corroborate these results in a pediatric population. Indeed, we describe not only a significantly decreased cerebral blood flow at rest within temporal regions bilaterally and significantly increased within left occipital regions, but we show that deaf children who undergo late cochlear implantation after hearing aid rehabilitation seem to develop sufficient language skills. These results reinforce the hypothesis that temporal regions remain relatively resistant to cross modal plasticity.

Our results showing differences in rest CBF across age within temporal regions between deaf and normally hearing children provides a better understanding of the developmental dynamics of deafness. Results from the whole brain group comparison showed no significant differences in rest CBF between deaf children and normally hearing children under 5 years old, suggesting that auditory deprivation does not immediately impact brain function at rest.

Results showing the evolution of rest CBF across age within temporal regions indicate that functional changes, characterized by increase in rest CBF occur in these areas and continue progressively throughout childhood in normally hearing children. In deaf children, however, no rest CBF evolution was observed with age, suggesting a lack of synaptic activity in auditory cortex in the context of auditory deprivation. Importantly, the analysis performed in separated age groups showed that mean rest CBF within the Heschl's gyri is comparable between deaf children and normally hearing controls between 0 and 4 years old, indicating equivalent brain neuronal activity. However, from this age on, significant differences are observed for all age groups (4-16 years old), which suggest that there might be a critical period around 4 years old where, in the context of auditory deprivation, typical brain maturation within the temporal cortices becomes significantly disturbed (Figure 5). This could be associated with the fact that synapse formation begins after birth and increases rapidly in the early postnatal period and the synapses that are not activated by sensory stimulation are lost [START_REF] Rakic | Concurrent overproduction of synapses in diverse regions of the primate cerebral cortex[END_REF]. Interestingly, it has been shown that the time point for synapses loss differs across brain regions, occurring at about 2 years old in occipital areas, 4 years old in temporal areas and between 5 and 10 years old in the prefrontal cortex [START_REF] Huttenlocher | Regional differences in synaptogenesis in human cerebral cortex[END_REF]. Previous electro-physiological studies using the P1-N1 complex of auditory evoked potentials corroborate this hypothesis, by describing a sensitive period for development of the primary auditory cortex in deaf children fitted with cochlear implants [START_REF] Sharma | Developmental and cross-modal plasticity in deafness: evidence from the P1 and N1 event related potentials in cochlear implanted children[END_REF]: children implanted above age 3.5 years show considerable variability in P1 and N1 development, indicating poor clinical outcome, in contrast to the early implanted children.

Contrary to previous rest metabolism PET studies in deaf children, in our study all deaf children older than 5 years old included had benefited from early rehabilitation with conventional hearing aids. They had progressive deafness, meeting the eligibility criteria for late cochlear implants, including significant residual hearing (mean threshold of aided hearing was around 40 dB HL; Figure 2) and spoken language skills. With hearing aids, all children presented functional verbal communication. Importantly, in the study of [START_REF] Lee | Cortical activity at rest predicts cochlear implantation outcome[END_REF], the best threshold of aided hearing was 70 dB HL, which might explain the negative correlation observed between age at implantation and oral intelligibility scores after cochlear implantation. In addition, even though some studies consider the impact of the "duration of auditory deprivation" [START_REF] Han | Brain Plasticity Can Predict the Cochlear Implant Outcome in Adult-Onset Deafness[END_REF], in our study this parameter was not relevant since all children benefited from early screening and early rehabilitation by the use of hearing aids.

It is important to notice that rest CBF results presented in this study, obtained using ASL-MRI, strongly agree with FDG-PET results, indicating the robustness of these measures. The discrepancies in the neuroimaging literature in the field might be partially explained by heterogeneity of etiologies. Indeed, certain genetic causes of hearing loss can make any attempt at cochlear implant rehabilitation unsuccessful, as the neural system cannot withstand the additional current load [START_REF] Delmaghani | Hypervulnerability to Sound Exposure through Impaired Adaptive Proliferation of Peroxisomes[END_REF]. In our sample, even though some patients had an identified genetic cause of deafness and despite the genetic screening recommendations, about 50% of etiologies unfortunately remained unknown. Interestingly, a preliminary study indicates that there were no notable differences between patients with connexin 26 gene mutations and patients with hearing loss from other genetic causes of unknown etiology (unpublished data). In a prospective study, we will address brain perfusion differences and cochlear implant benefit in sub-groups of different etiologies of genetic deafness. Another possible methodological limitation of this study was the use of pentobarbital in the group under 5 years old even if deaf patients and controls received the same premedication. Nevertheless, many recent studies reported no effects of pentobarbital on the regional distribution of CBF (Veselis et al., 2004[START_REF] Carsin-Vu | Measurement of pediatric regional cerebral blood flow from 6 months to 15 years of age in a clinical population[END_REF]) [START_REF] Greicius | Persistent default-mode network connectivity during light sedation[END_REF]. Moreover, other PET activation studies using the same sedation with pentobarbital found hyperperfusion in temporal regions [START_REF] Boddaert | Perception of complex sounds in autism: abnormal auditory cortical processing in children[END_REF] or hypoperfusion at rest when comparing groups of normally hearing, autistic versus non autistic children [START_REF] Zilbovicius | Temporal lobe dysfunction in childhood autism: a PET study. Positron emission tomography[END_REF]. DiFrancesco et al. ( 2013) performed a study on BOLD fMRI in infants under sedation: Comparing the Impact of Pentobarbital and Propofol on Auditory and Language Activation. They compared activation profiles in response to passive story-listening stimulation. Nembutal, had robust activation of primary and secondary sensory cortices. They concluded that clinical fMRI of sedated infants could be performed [START_REF] Difrancesco | BOLD fMRI in infants under sedation: Comparing the impact of pentobarbital and propofol on auditory and language activation[END_REF]. We hypothesized that this limited effect of pentobarbital was similar using ASL-MRI.

We also admit that the sequence parameters are not optimized for the different ages and field strengths across the study and therefore this may have influenced absolute measurement of CBF. Nevertheless, it could also be discussed as a limitation of our study that the scanner noise could have been cause an effect on perfusion. Although the scanner noise is reduced to 60 dB by earplugs it is possible that the noise partly cause a difference between hearing impaired children and hearing children especially since the sedation with pentobarbital may play a role. Pentobarbital may reduce the perception of the scanner noise also in hearing children and may lead to the lack of the difference between hearing impaired and hearing children.

OSW scores appeared to be of limited value to evaluate the effectiveness of CI, especially in the groups under 5 years old. Better outcome measures, such as listening effort including verbal response times to repeating back words [START_REF] Coez | Audiométrie vocale chronométrée: le temps de réaction pour répéter un mot, indicateur de l'effort attentionnel fourni[END_REF], pupillometry [START_REF] Steel | Correction: Binaural Fusion and Listening Effort in Children Who Use Bilateral Cochlear Implants: A Psychoacoustic and Pupillometric Study[END_REF]) [START_REF] Aminihajibashi | Individual differences in resting-state pupil size: Evidence for association between working memory capacity and pupil size variability[END_REF] or electrophysiology [START_REF] Anderson | Pre-operative Brain Imaging Using Functional Near-Infrared Spectroscopy Helps Predict Cochlear Implant Outcome in Deaf Adults[END_REF][START_REF] De Schonen | Visual cortical activity before and after cochlear implantation: A follow up ERP prospective study in deaf children[END_REF] could improve the evaluation of cochlear implant effectiveness. Associated with these measures, rest-CBF investigations using ASL-MRI could help develop a useful prognostic tool to predict cochlear implant benefit.

Conclusion

This study provides insight into brain perfusion changes associated with deafness and subsequent auditory rehabilitation in children. A decrease rest-CBF in the auditory cortex is observed in children older than 5 years old and not in younger children, suggesting and motivating early cochlear implantation to maximize implant outcomes. These perfusion abnormalities seem to occur progressively and become significant around 4 years old, compared to typically hearing children. It would be interesting to undertake additional research in the early years of life in deaf children to fine-tune the analysis of early brain development and further determine critical periods in auditory brain development.

Figure 1: OSW scores before (red) and 12 months after cochlear implantation (green) for patients above 5 years old. After cochlear implants, mean intelligibility scores were statistically better (92 +/-11.5 %) than before (64.5 +/-32 %) (p<0,001). There were no correlations between age and the intelligibility scores either before (β = -1.16 unit/year; t(18) = -0.539; p = 0.597) or after cochlear implantation (β = -0.08 unit/year; t(18) = -0.097; p = 0.924). Figure 5: Comparison of the mean rest-CBF relative values in temporal clusters identified in the whole-brain group comparison between normally-hearing children (orange) and deaf children (blue) for specific age groups. No significant differences for groups above 4 years: 0-2 years (t = 1.12; p = 0.266) and 2-4 years (t = -1.23; p = 0.226). However, we found significant differences for all groups after 4 years: 4-6 years (t = 5.82; p = 0.0003), 6-8 years (t = 7.46; p = 0.0001), 8-10 years (t = 2.74; p = 0.018), 10-12 years (t = 3.99; p = 0.002) and 12-16 years (t = 2.28, p = 0.047).

  images were acquired in the Department of Pediatric Radiology of Necker Children's Hospital (Paris, France) with a standard routine protocol including T1, T2 and ASL weighted sequences. Before June 2015, data from 33 of the 79 children candidates for cochlear implantation and 41 of the 86 controls were acquired on a 1.5 Tesla MRI scanner (Signa HDxt General Electric (GE) Medical System). After June 2015, data from 46 of the 79 children candidates for cochlear implantation and 45 of the 86 controls were acquired on a Discovery 3.0 Tesla MRI scanner (MR750 General Electric Medical System). We used normal-hearing earplugs for children, which attenuates the noise from 90 dB(A) to 60 dB(A). On the 1.5T scanner, 3D T1-weighted Fast Spoiled Gradient Echo (FSPGR) images were acquired with the following parameters: 240 axial slices; repetition time (TR) = 16.4 ms; echo time (TE) = 7.2 ms; resolution in plane = 0.47 x 0.47 mm; slice thickness = 1.2 mm; flip angle (FA) = 13°. ASL perfusion images were performed with a 3D pseudo continuous arterial spin labeling (3D pcASL) sequence using a fast spin echo acquisition with spiral filling of the K space (TR/TE = 4453/10.96 ms; 8 spiral arms x 512 sampling points; Freq = 512; postlabeling delay (PLD) = 1025 ms; FA = 155°; matrix size = 128 x 128; resolution in plane = 1.875 x 1.875 mm; slice thickness = 4 mm; field of view = 24 x 24 cm; bandwidth = 62.50; Imaging Options EDR, Fast, Spiral, Phase 8 Freq, NEX 3.00, Auto Shim On; 40 contiguous axial slices and duration time ≈ 4 minutes. Labeling duration is 1500 ms.

  found using two-sample t-test comparison between right-predominant and left-predominant deaf children. Furthermore, no significant effect of the predominance of deafness was found on relative mean CBF from the Heschl ROI (ANOVA; F(2, 17) = 0.34; p = 0.718), with age and MRI field strength as confounding covariates. Decrease in rest CBF was more pronounced in the right hemisphere (t = 6.42; z(score) = 5.51; p(FWE-corr) < 0.001; MNI coordinates: x = 45, y = -21, z = 10) than in the left hemisphere (t = 5.19; z(score) = 4.65; p(FWE-corr) = 0.015; MNI coordinates: x = -42, y = -24, z = 8). In addition, a significant bilateral increase in rest CBF was observed in the left (t = 5.12; z(score) = 4.61; p(FWE-corr) = 0.018; MNI coordinates: x = -33, y = -82, z = 2) and right (t = 4.80; z(score) = 4.36; p(FWE-corr) = 0.048; MNI coordinates: x = 27, y = -72, z = 24) occipital regions.

  , partial auditory stimulation prior to implantation reinforces postoperative speech performance. Even though postoperative ASL MR imaging is not feasible, our results lead us to suspect a change in brain activity at rest favoring auditory cortex over visual cortex. In a previous study comparing brain metabolism at rest using FDG-PET from post-lingually deaf adults to normally hearing controls before cochlear implant surgery, Han and colleagues described that bilateral temporal lobe hypometabolism(right: x=54, y=-14, z=6; left: x=-46, y=-24, z=16) and bilateral occipital hypermetabolism(right: x=18, y=-94, z=-4; left: x=-14, y=-94, z=-8) negatively correlated

Figure 2 :

 2 Figure2: Mean auditory thresholds (dB HL), with error bars corresponding to the 68% confidence interval (standard error), for the group of deaf children older than 5 years old before cochlear implantation without hearing aids (HA) (blue), with hearing aids (orange) and after cochlear implantation (green) at different frequencies: 250 Hz, 500 Hz, 1000 Hz, 2000 Hz and 4000 Hz. The side with the best tonal audiometric thresholds has been reported on the figure. Speech auditory perception improved with the use of hearing devices. Although performance was similar with hearing aids and cochlear implant at the frequency of 250 Hz (p=0,11), it was significantly better with the cochlear implant at frequencies of 500 Hz(p<0,05), 1000Hz (p<0,05) and 2000 Hz (p<0,05) and 4000 Hz (p<0,001). The long term average speech spectrum energy is reported in gray: (250Hz: -46 dB HL; 500Hz: -52 dB HL; 1000 Hz: -46 dB HL; 2000 Hz: -44 dB HL; 4000 Hz: -48 dB HL). HL thresholds over the speech spectrum did not allow speech perception.

Figure 3 :

 3 Figure 3: Whole brain voxel-by-voxel SPM analyses comparing deaf children and normallyhearing children older than 5 years old. A) Significant rest-CBF decrease in temporal regions, more pronounced in the right hemisphere (t = 6.42; z(score) = 5.51; p(FWE-corr) < 0.001; MNI coordinates: x = 45, y = -21, z = 10) than in the left hemisphere (t = 5.19; z(score) = 4.65; p(FWE-corr) = 0.015; MNI coordinates: x = -42, y = -24, z = 8). B) Significant rest-CBF increase in left (t = 5.12; z(score) = 4.61; p(FWE-corr) = 0.018; MNI coordinates: x = -33, y = -82, z = 2) and right (t = 4.80; z(score) = 4.36; p(FWE-corr) = 0.048; MNI coordinates: x = 27, y = -72, z = 24) occipital regions. Images were selected for illustrative purposes.

Figure 4 :

 4 Figure 4: Significant difference in age-related changes of the rest-CBF relative values in temporal regions for normally-hearing children (orange) and deaf children (blue) between 0 and 16 years (t = 4.09; p = 0.0001). The rest-CBF relative values are presented in arbitrary units.