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In children, single-sided deafness (SSD) affects the development of linguistic and social skills and can impede educational progress. These difficulties may relate to cortical changes that occur following SSD, such as reduced inter-hemispheric functional asymmetry and maladaptive brain plasticity. To investigate these neuronal changes and their evolution in children, a non-invasive technique is required that is little affected by motion artifacts. Here, we present a research protocol that uses functional nearinfrared spectroscopy (fNIRS) to evaluate the reorganization of cortical auditory asymmetry in children with SSD; it also examines how the cortical changes relate to auditory and language skills. The protocol is designed for children whose SSD has not been treated, because hearing restoration can alter both brain reorganization and behavioral performance. We propose a single-center, cross-sectional study that includes 30 children with SSD (congenital or acquired moderate-to-profound deafness) and 30 children with normal hearing (NH), all aged 5-16 years. The children undergo fNIRS during monaural and binaural stimulation, and the pattern of cortical activity is analyzed using measures of the peak amplitude and area under the curve for both oxy-and deoxyhemoglobin. These cortical measures can be compared between the two groups of children, and analyses can be run to determine whether they relate to binaural hearing (speech-in-noise and sound localization), speech perception and production, and quality of life (QoL). The results could be of relevance for developing individualized rehabilitation programs for SSD, which could reduce patients' difficulties and prevent long-term neurofunctional and clinical consequences.

Introduction

Binaural hearing involves various mechanisms that analyze and integrate auditory information from the two ears. Interaural disparities are particularly important, as they facilitate the comprehension of speech in noise and sound localization. Impaired binaural hearing occurs when there is single-sided deafness (SSD) or bilateral asymmetric hearing loss. This has significant socio-behavioral consequences and can impede educational progress in the case of children.

Functional magnetic resonance imaging (fMRI) studies in adults with SSD have shown a reduction in the functional asymmetry of the auditory cortices. This has also been shown for children with bilateral profound deafness who have been treated with a unilateral cochlear implant; this reduced asymmetry persists following cochlear implantation of the remaining side if the delay is longer than 1.5 years.

To the best of our knowledge, there is little data concerning the consequences of untreated SSD at the cortical level in the case of children.

Here, we hypothesize that SSD in children modifies the auditory cortical activation profile, and that this relates to (i) binaural hearing skills, (ii) language development, and (iii) quality of life (QoL).

Background

Unilateral hearing loss (UHL) is a common hearing disorder that can be either congenital or acquired, and it affects 0.5-5% of children of all ages [START_REF] Everberg | LIII Etiology of Unilateral Total Deafness Studied in a Series of Children and Young Adults[END_REF][START_REF] Lieu | Speech-Language and Educational Consequences of Unilateral Hearing Loss in Children[END_REF][START_REF] Dodson | Etiology of Unilateral Hearing Loss in a National Hereditary Deafness Repository[END_REF]. UHL is two to three times more common than bilateral hearing loss and its incidence is increasing [START_REF] Shargorodsky | Change in prevalence of hearing loss in US adolescents[END_REF]. Before the systematic screening of newborn hearing, UHL was rarely diagnosed before the age of five, and then only during routine screening at schools [START_REF] Brookhouser | Unilateral Hearing Loss in Children[END_REF]. Newborn hearing screening has revolutionized the diagnosis of UHL and has shown that 0.05-4% of neonates are affected [START_REF] Mehl | Newborn Hearing Screening: The Great Omission[END_REF][START_REF] Widen | Identification of Neonatal Hearing Impairment: Hearing Status at 8 to 12 Months Corrected Age Using a Visual Reinforcement Audiometry Protocol[END_REF][START_REF] Berninger | Outcome of a Universal Newborn Hearing-Screening Programme Based on Multiple Transient-Evoked Otoacoustic Emissions and Clinical Brainstem Response Audiometry[END_REF].

UHL Consequences and Care

In the 1970s, UHL was not considered to be a disability and its management was limited to identifying the underlying causes and advising children's parents [START_REF] Northern | Hearing in Children[END_REF][START_REF] Bess | An Introduction to Unilateral Sensorineural Hearing Loss in Children[END_REF]. Research carried out since the 1980s has caused this to change. This work showed that UHL in children can affect auditory skills, language, educational levels, and behavior [START_REF] Tharpe | Unilateral and Mild Bilateral Hearing Loss in Children: Past and Current Perspectives[END_REF]. In the case of auditory skills, impairments were shown for auditory discrimination, sound localization, and speech-in-noise comprehension [START_REF] Bess | Auditory Performance of Children with Unilateral Sensorineural Hearing Loss[END_REF][START_REF] Bovo | Auditory and Academic Performance of Children with Unilateral Hearing Loss[END_REF][START_REF] Humes | Horizontal Sound Localization Skills of Unilaterally Hearing-Impaired Children[END_REF][START_REF] Newton | Sound Localisation in Children with a Severe Unilateral Hearing Loss[END_REF]. In the case of language skills, several studies showed negative effects on the verbal IQ [START_REF] Davis | Characteristics of Hearing-Impaired Children in the Public Schools: Part II-Psychoeducational Data[END_REF][START_REF] Lieu | Unilateral Hearing Loss Is Associated with Worse Speech-Language Scores in Children: A Case-Control Study[END_REF][START_REF] Martínez-Cruz | Cognitive Performance of School Children with Unilateral Sensorineural Hearing Loss[END_REF][START_REF] Purcell | Children with Unilateral Hearing Loss May Have Lower Intelligence Quotient Scores: A Meta-Analysis[END_REF] and on tests assessing morphology, syntax, and expressive vocabulary [START_REF] Sangen | Single-Sided Deafness Affects Language and Auditory Development-A Case-Control Study[END_REF]. The studies that assessed educational levels revealed a range of difficulties that affected 34-78% of the children [START_REF] Davis | Characteristics of Hearing-Impaired Children in the Public Schools: Part II-Psychoeducational Data[END_REF][START_REF] Roland | Quality of Life in Children with Hearing Impairment. Systematic Review and Meta-analysis[END_REF]. Behavioral difficulties were also reported by some studies, with teachers perceiving problems in 20-59% of children with UHL [START_REF] Berninger | Outcome of a Universal Newborn Hearing-Screening Programme Based on Multiple Transient-Evoked Otoacoustic Emissions and Clinical Brainstem Response Audiometry[END_REF][START_REF] Bess | Auditory Performance of Children with Unilateral Sensorineural Hearing Loss[END_REF]. This wide range of problems can lead to a decrease in the quality of life of children with UHL [START_REF] Roland | Quality of Life in Children with Hearing Impairment. Systematic Review and Meta-analysis[END_REF][START_REF] Umansky | The HEAR-QL: Quality of Life Questionnaire for Children with Hearing Loss[END_REF][START_REF] Rachakonda | Discriminative Ability, and Reliability of the Hearing-Related Quality of Life Questionnaire for Adolescents: HEAR-QL for Adolescents[END_REF].

Recommendations for treating UHL in children were published by the American Academy of Audiology in 2013 [START_REF]Updated Clinical Practice Guidelines for Unilateral Hearing Loss[END_REF]. Despite these recommendations and the accumulating evidence for UHL-related difficulties, many children are not offered an adapted treatment plan [START_REF] Fitzpatrick | Clinical Practice for Children with Mild Bilateral and Unilateral Hearing Loss[END_REF]; treatment is often only considered for children with delayed language acquisition. However, several treatment options are available, as for bilateral deafness. Moderate to severe hearing loss can benefit from a conventional hearing aid, although this depends on the condition of the external auditory canal and pinna. Conductive hearing loss can be treated with a bone conduction hearing aid [START_REF] Denoyelle | Hearing Rehabilitation with the Closed Skin Bone-Anchored Implant Sophono Alpha1: Results of a Prospective Study in 15 Children with Ear Atresia[END_REF][START_REF] Liu | The Role of Bone Conduction Hearing Aids in Congenital Unilateral Hearing Loss: A Systematic Review[END_REF], which uses a device attached to a headband for children younger than five or an osseointegrated device such as a BAHA (Bone Anchored Hearing Aid) for older children. In the case of severe deafness, the auditory information that reaches the deaf ear can be transferred to the healthy ear through a wireless system (CROS System: Contralateral Routing of Signal) or bone (BAHA) conduction, leading to "pseudo" binaural hearing. Cochlear implantation (CI) is also used for UHL rehabilitation, but this is currently restricted to adults with profound deafness and disabling tinnitus that is unresponsive to conventional treatment [START_REF] Vermeire | Binaural Hearing after Cochlear Implantation in Subjects with Unilateral Sensorineural Deafness and Tinnitus[END_REF][START_REF] Marx | Treatment Choice in Single-Sided Deafness and Asymmetric Hearing Loss. A Prospective, Multicentre Cohort Study on 155 Patients[END_REF][START_REF] Marx | Cochlear Implantation and Other Treatments in Single-Sided Deafness and Asymmetric Hearing Loss: Results of a National Multicenter Study Including a Randomized Controlled Trial[END_REF]. However, in 2019, the US Food and Drug Administration approved cochlear implantation for children with single-sided deafness (SSD) [START_REF]FDA Approves MED-EL USA's Cochlear Implants for Single-Sided Deafness and Asymmetric Hearing Loss[END_REF].

There is now a large body of evidence demonstrating the benefits of treating SSD in adults, regardless of the rehabilitation strategy. These benefits include improved speech intelligibility in noise (signal-to-noise ratio, SNR), sound localization, and quality of life (QoL) [START_REF] Vermeire | Binaural Hearing after Cochlear Implantation in Subjects with Unilateral Sensorineural Deafness and Tinnitus[END_REF][START_REF] Schmerber | Safety and Effectiveness of the Bonebridge Transcutaneous Active Direct-Drive Bone-Conduction Hearing Implant at 1-Year Device Use[END_REF][START_REF] Firszt | Auditory Abilities after Cochlear Implantation in Adults with Unilateral Deafness: A Pilot Study[END_REF]. Arndt et al. [START_REF] Arndt | Comparison of Pseudobinaural Hearing to Real Binaural Hearing Rehabilitation after Cochlear Implantation in Patients with Unilateral Deafness and Tinnitus[END_REF] assessed the auditory skills of a group of patients with SSD, first with pseudo binaural hearing (CROS and then BAHA on a headband), and then 6 months following CI. It was found that sound localization and speech comprehension in noise were much better following the CI. More recently, a prospective, multi-center study [START_REF] Marx | Cochlear Implantation and Other Treatments in Single-Sided Deafness and Asymmetric Hearing Loss: Results of a National Multicenter Study Including a Randomized Controlled Trial[END_REF] demonstrated that QoL improves following CI in adults with unilateral or asymmetric profound deafness and severe tinnitus.

Treatment of UHL in children has also shown satisfactory levels of recovery, as in adults. In the case of conductive hearing loss, there have been encouraging results for BAHAs, with improved speech perception in noise [START_REF] Denoyelle | Hearing Rehabilitation with the Closed Skin Bone-Anchored Implant Sophono Alpha1: Results of a Prospective Study in 15 Children with Ear Atresia[END_REF]. For moderate to profound UHL, there is evidence that CROS or bone conduction hearing devices improve the pure tone average and speech recognition in quiet or noise [START_REF] Nicolas | Quality of Life of Children Treated for Unilateral Hearing Loss: A Systematic Review and Meta-Analysis[END_REF]. A recent meta-analysis by Benchetrit et al. [START_REF] Benchetrit | Cochlear Implantation in Children With Single-Sided Deafness: A Systematic Review and Meta-Analysis[END_REF] showed that CI for children with profound SSD was associated with clinically meaningful improvements in auditory skills (sound localization and speech perception in quiet and noise) and patient-reported outcomes (for speech recognition, spatial hearing, and hearing quality, as assessed using a questionnaire). Similarly, a meta-analysis by Nicolas et al. [START_REF] Nicolas | Quality of Life of Children Treated for Unilateral Hearing Loss: A Systematic Review and Meta-Analysis[END_REF] showed improved quality of life following treatment for UHL using various devices in children. However, the failure rate of UHL treatment is high, regardless of the rehabilitation method adopted, with failure rates ranging from 21 to 75% [START_REF] Umansky | The HEAR-QL: Quality of Life Questionnaire for Children with Hearing Loss[END_REF][START_REF] Rachakonda | Discriminative Ability, and Reliability of the Hearing-Related Quality of Life Questionnaire for Adolescents: HEAR-QL for Adolescents[END_REF][START_REF] Mckay | Amplification Considerations for Children With Minimal or Mild Bilateral Hearing Loss and Unilateral Hearing Loss[END_REF]. Individual outcomes are very variable, both in terms of binaural performance and subjective quality of life. The paucity of robust clinical data specific to pediatric patients is problematic when advising families concerning the clinical treatment options and their potential advantages. In this context, it is important to understand the cortical reorganization that occurs following SSD, particularly in children, and the implications that this has for the mechanisms involved in brain plasticity. This is important, as these processes could underlie some of the variability seen in the rehabilitation outcomes. This information could be used to guide clinical decision making concerning the rehabilitation of children with SSD.

Cortical Reorganization following Unilateral Deafness

In adults

The auditory system is strongly lateralized along the different levels of processing. In normally-hearing subjects, monaural stimulation induces the hemodynamic activation of the contralateral auditory cortex, a pattern that results from uneven projections from the cochlea to the contralateral hemisphere [START_REF] Adams | Ascending Projections to the Inferior Colliculus[END_REF][START_REF] Coleman | Sources of Projections to Subdivisions of the Inferior Colliculus in the Rat[END_REF]. This lateralization of auditory information processing is present at all levels of the auditory pathway [START_REF] Schönwiesner | Hemispheric Asymmetry for Auditory Processing in the Human Auditory Brain Stem, Thalamus, and Cortex[END_REF] and is referred to as contralateral dominance. It has been suggested that this lateralization may relate to processing auditory information from the contralateral sound field rather than the contralateral ear per se [START_REF] Eisenman | Neural Encoding of Sound Location: An Electrophysiological Study in Auditory Cortex (AI) of the Cat Using Free Field Stimuli[END_REF][START_REF] Middlebrooks | Functional Classes of Neurons in Primary Auditory Cortex of the Cat Distinguished by Sensitivity to Sound Location[END_REF][START_REF] Phillips | Representation of the Two Ears in the Auditory Cortex: A Re-Examination[END_REF].

Studies have been run using animal models to investigate cortical reorganization following early SSD [START_REF] Kral | Single-Sided Deafness Leads to Unilateral Aural Preference within an Early Sensitive Period[END_REF][START_REF] Tillein | Monaural Congenital Deafness Affects Aural Dominance and Degrades Binaural Processing[END_REF]. These have shown that auditory-induced neuronal activity shifts towards the hemisphere ipsilateral to the normally-hearing ear, with both increased excitability/activity and a reduced latency. This cortical reorganization towards the functional ear has been described as "aural preference syndrome" and is thought to be characteristic of congenital unilateral deafness [START_REF] Kral | Single-Sided Deafness Leads to Unilateral Aural Preference within an Early Sensitive Period[END_REF].

In humans, the cortical reorganization that results from prolonged hearing loss can be investigated using different functional brain imaging methods, such as electroencephalography (EEG), magnetoencephalography (MEG), near-infrared spectroscopy (NIRS), magnetic resonance imaging (MRI), and positron emission tomography (PET). In adults with SSD, brain imaging studies have shown decreased interhemispheric asymmetry following stimulation of the preserved ear. Specifically, monaural stimulation induces a more pronounced activation of the contralateral auditory cortex in normally-hearing subjects, while there is more bilateral activation for subjects with SSD; this has been shown using fMRI [START_REF] Burton | Activation Lateralization in Human Core, Belt, and Parabelt Auditory Fields with Unilateral Deafness Compared to Normal Hearing[END_REF][START_REF] Scheffler | Auditory Cortical Responses in Hearing Subjects and Unilateral Deaf Patients as Detected by Functional Magnetic Resonance Imaging[END_REF][START_REF] Suzuki | Cortical Representation of Hearing Restoration in Patients with Sudden Deafness[END_REF] and EEG/MEG [START_REF] Hanss | The Effect of Long-Term Unilateral Deafness on the Activation Pattern in the Auditory Cortices of French-Native Speakers: Influence of Deafness Side[END_REF][START_REF] Vasama | Abrupt Unilateral Deafness Modifies Function of Human Auditory Pathways[END_REF]. The relevance of the side of the deafness, right or left, was studied by Hanss et al. [START_REF] Hanss | The Effect of Long-Term Unilateral Deafness on the Activation Pattern in the Auditory Cortices of French-Native Speakers: Influence of Deafness Side[END_REF]. They found that the normal lateralization pattern is more strongly affected by left-sided deafness. In SSD patients after therapeutic cochlear nerve resection, the shift from contralateral dominance to more bilateral patterns can take several months [START_REF] Vasama | Abrupt Unilateral Deafness Modifies Function of Human Auditory Pathways[END_REF][START_REF] Bilecen | Cortical Reorganization after Acute Unilateral Hearing Loss Traced by FMRI[END_REF], thus suggesting that the shift in lateralization is a dynamic mechanism. It is possible that this process may relate to how well individual patients adapt to having only monaural auditory input. For instance, there is evidence that some adult patients with UHL develop adaptive strategies that enable them to perform at near-normal levels on both sound localization and speech-in-noise comprehension tasks [START_REF] Alzaher | Brain Plasticity and Hearing Disorders[END_REF][START_REF] Vannson | Speech-in-Noise Perception in Unilateral Hearing Loss: Relation to Pure-Tone Thresholds and Brainstem Plasticity[END_REF]; this is likely to result from patients learning to use head shadow effects as well as monaural spectral cues [START_REF] Middlebrooks | Sound Localization by Human Listeners[END_REF][START_REF] Van Wanrooij | Contribution of Head Shadow and Pinna Cues to Chronic Monaural Sound Localization[END_REF]. One study showed that the auditory adaption relates to the extent of the shift in cortical lateralization, with better spatial hearing scores being related to a smaller ipsilateral shift [START_REF] Vannson | Evidence of a Functional Reorganization in the Auditory Dorsal Stream Following Unilateral Hearing Loss[END_REF]. Another study found that the restoration of binaural inputs to patients with SSD through CI restored the contralateral pattern of auditory activation as well as improving sound localization and speech-in-noise performance [START_REF] Karoui | Cochlear Implantation Restores Cortical Processing for Spatial Hearing in Asymmetric Hearing Loss[END_REF].

During development

Few studies have investigated cortical reorganization in children with SSD or asymmetric hearing loss. An anatomical study using MRI track-density imaging found that children with SSD had altered connectivity within the auditory pathway, revealed by decreased fractional anisotropy values. This may reflect a maturational delay [START_REF] Huang | Diffusion Tensor Imaging of the Auditory Neural Pathway for Clinical Outcome of Cochlear Implantation in Pediatric Congenital Sensorineural Hearing Loss Patients[END_REF] due to the lack of peripheral input.

Animal studies have been carried out to investigate the impact of congenital SSD on the lateralization of auditory cortical activity [START_REF] Kral | Single-Sided Deafness Leads to Unilateral Aural Preference within an Early Sensitive Period[END_REF][START_REF] Kral | Strengthening of Hearing Ear Representation Reduces Binaural Sensitivity in Early Single-Sided Deafness[END_REF]. These studies, carried out on cats, have confirmed that there is a stronger representation of the hearing ear in the cortex ipsilateral to that ear. Similar findings have been reported for children with SSD [START_REF] Lee | Consistent and Chronic Cochlear Implant Use Partially Reverses Cortical Effects of Single Sided Deafness in Children[END_REF] and also for children with bilateral deafness following sequential bilateral CI [START_REF] Gordon | Animal and Human Studies on Developmental Monaural Hearing Loss[END_REF], thus strengthening the evidence for an aural preference syndrome. A study by Sharma et al. [START_REF] Sharma | The Influence of a Sensitive Period on Central Auditory Development in Children with Unilateral and Bilateral Cochlear Implants[END_REF] showed a deficit in auditory cortical maturation in a child who received sequential bilateral CI, which was restricted to the cortex contralateral to the second implanted ear; of note, this second implant was received after the age of seven, while the first was received by the age of 3.5. In another study, Gordon et al. [START_REF] Gordon | Binaural Interactions Develop in the Auditory Brainstem of Children Who Are Deaf: Effects of Place and Level of Bilateral Electrical Stimulation[END_REF] presented EEG evidence for cortical reorganization in children with bilateral profound deafness treated with CI. When the second cochlear implant was received after a delay of 1.5 years or more, there was an abnormal ipsilateral aural preference that persisted over time, even after prolonged experience with the bilateral implants. This abnormal pattern related to a speech perception deficit for the second implanted ear [START_REF] Kral | Spatiotemporal Patterns of Cortical Activity with Bilateral Cochlear Implants in Congenital Deafness[END_REF]. In contrast, when the second cochlear implant was received after a delay of less than 1.5 years, the cortical responses showed a similar contralateral pattern for both ears [START_REF] Gordon | Binaural Interactions Develop in the Auditory Brainstem of Children Who Are Deaf: Effects of Place and Level of Bilateral Electrical Stimulation[END_REF]. The same research group [START_REF] Lee | Consistent and Chronic Cochlear Implant Use Partially Reverses Cortical Effects of Single Sided Deafness in Children[END_REF][START_REF] Polonenko | Limiting Asymmetric Hearing Improves Benefits of Bilateral Hearing in Children Using Cochlear Implants[END_REF] also showed an abnormal aural preference in children with early SSD, which was partially reversed by restoring binaural inputs through CI. The lateralization patterns and their modification after CI were highly variable and may have related to the duration of deafness and experience with the implants.

fNIRS Brain Imaging in Children with UHL

It can be challenging to measure brain activity in children. fMRI is not usually suitable because of the length of time participants are required to remain still, which is typically around 50 min [START_REF] Karoui | Cochlear Implantation Restores Cortical Processing for Spatial Hearing in Asymmetric Hearing Loss[END_REF]. EEG studies require a large number of trials, which can be long and tedious for children; in addition, this technique has limited spatial resolution, for adults as well as for children, because EEG relies on algorithms of source reconstruction that lack accuracy. Invasive methods and those using radioactive markers, such as PET, are also unsuitable for pediatric populations.

In the present protocol, we use fNIRS to measure functional brain activity in children. fNIRS assesses cortical activity levels using spectroscopy; specifically, it detects an increase in blood flow to active cortical areas by assessing the concentrations of oxyhemoglobin and deoxyhemoglobin [66]. This is performed using two different near infra-red wavelength photonic beams, each specific to the type of hemoglobin. Then, fNIRS systems measure the photonic absorption between two scalps optodes (one emitter and one receiver, forming a channel). This absorption is then used through the modified Beer-Lambert law to calculate the relative changes of oxyhemoglobin and deoxyhemoglobin concentrations for each wavelength. These changes are linked to the local changes in Cerebral Blood Flow (CBF) [START_REF] Scholkmann | A Review on Continuous Wave Functional Near-Infrared Spectroscopy and Imaging Instrumentation and Methodology[END_REF][START_REF] Pinti | The Present and Future Use of Functional Near-Infrared Spectroscopy (FNIRS) for Cognitive Neuroscience[END_REF]. Thus, fNIRS is similar to fMRI in that it indirectly measures the neuronal activity in a particular area. fNIRS has been shown to be a safe and effective noninvasive brain imaging method, which can be used to study auditory function in patients with hearing loss [START_REF] Harrison | Shedding Light On The Human Auditory Cortex: A Review Of The Advances In Near Infrared Spectroscopy (NIRS)[END_REF][START_REF] Saliba | Functional Near-Infrared Spectroscopy for Neuroimaging in Cochlear Implant Recipients[END_REF][START_REF] Basura | Human Central Auditory Plasticity: A Review of Functional Nearinfrared Spectroscopy (FNIRS) to Measure Cochlear Implant Performance and Tinnitus Perception[END_REF]. It is little affected by patients' movements, thus providing an advantage over some other functional imaging techniques [START_REF] Nishiyori | FNIRS: An Emergent Method to Document Functional Cortical Activity during Infant Movements[END_REF]. Both cortical sensory areas (e.g., visual, auditory) and integrative areas (e.g., prefrontal cortex) can be analyzed. It also enables a spatially constrained localization of the cortical activity up to a depth of around 15 mm; this represents an advantage over EEG/MEG, where the signals at the scalp result from a complex summation of neuronal activity with an unknown distribution within the brain. A further advantage is that fNIRS can be carried out in a comfortable environment for children, without the noise or intimidating atmosphere created by fMRI scanners. Preparation of the cap and calibration takes about 10 min, which is much shorter than the preparation time usually needed for EEG; this can therefore be less tiresome for children. In addition, the recording time is relatively short, typically lasting about 15 min, unlike the long experimental durations usually required for fMRI and EEG. Finally, although movements can create artifacts in the fNIRS signal, they are less problematic than in EEG and fMRI, thus making fNIRS more suitable for children.

Despite these qualities, fNIRS often raises concerns on whether it is able to measure auditory activity, as the auditory cortex is partly hidden inside the lateral sulcus [START_REF] Wiggins | Speech-Evoked Activation in Adult Temporal Cortex Measured Using Functional near-Infrared Spectroscopy (FNIRS): Are the Measurements Reliable?[END_REF]. Some authors advocate that oxyhemoglobin concentration changes might not be relatable. Indeed, Steinmetzger et al. showed in adult subjects that temporal regions′ oxyhemoglobin responses to speech-like stimuli were less correlated to EEG activity than deoxyhemoglobin, questioning the real interest of the first measure [START_REF] Steinmetzger | Auditory Cortex Activity Measured Using Functional Near-Infrared Spectroscopy (FNIRS) Appears to Be Susceptible to Masking by Cortical Blood Stealing[END_REF]. On the other hand, some authors have already successfully used it for auditory purposes in adults but also in children. In adults, Wiggins et al. [START_REF] Wiggins | Speech-Evoked Activation in Adult Temporal Cortex Measured Using Functional near-Infrared Spectroscopy (FNIRS): Are the Measurements Reliable?[END_REF] showed that fNIRS reliability for auditory speech responses was good to excellent (Pearson's r = 0.79-0.98) at the group level, even though it was more variable at the individual level. In children, in 2010, Sevy et al. [START_REF] Sevy | Neuroimaging with Near-Infrared Spectroscopy Demonstrates Speech-Evoked Activity in the Auditory Cortex of Deaf Children Following Cochlear Implantation[END_REF] illustrated the capacity of fNIRS to detect auditory speech-induced cortical temporal responses in 100% of their normal-hearing adult population and in about 80% of both their normal hearing and cochlear implanted children population aged from 2 to 19 years. Minagawa-Kawai et al. [START_REF] Minagawa-Kawai | Optical Brain Imaging Reveals General Auditory and Language-Specific Processing in Early Infant Development[END_REF] were able to show, in 4-month-old infants, left-hemispheric lateralization of CBF in response to auditory speech stimuli, whereas non-speech stimuli elicited rightlateralized responses. Two other studies from Telkemeyer et al. using fNIRS suggested that these auditory HDR response lateralizations are quite constant from birth up to 6 months [START_REF] Telkemeyer | Sensitivity of Newborn Auditory Cortex to the Temporal Structure of Sounds[END_REF][START_REF] Telkemeyer | Acoustic Processing of Temporally Modulated Sounds in Infants: Evidence from a Combined Near-Infrared Spectroscopy and EEG Study[END_REF].

Our protocol uses fNIRS to assess cortical reorganization in UHL. The protocol involves collecting data for a group of children with SSD and a group of age-and gendermatched normally-hearing children. The data from the two groups can then be compared, and analyses can be run to explore the links between fNIRS measures and performance on different tests (e.g., hearing, speech).

Objectives

Primary Objective

The main objective of this protocol is to investigate auditory cortical activation in children with SSD and normally-hearing controls using fNIRS.

Secondary Objectives

The protocol also aims to:

• study the relationship between the oxyhemoglobin/deoxyhemoglobin levels in each auditory cortex during sound stimulation and the scores on different tasks: sound localization, speech-in-noise recognition, language assessment, and quality of life measures.

•

describe the relationship between the oxyhemoglobin/deoxyhemoglobin levels in each auditory cortex during sound stimulation and the duration of deafness/age of children with SSD.

Protocol Design

The protocol is for an exploratory, single-center, cross-sectional study, which aims to compare two groups of children: those with SSD and age-and sex-matched normallyhearing controls. There are 30 children in each group, aged 5-16 years.

The children first undergo a baseline evaluation to confirm their inclusion; they then complete two sessions, each lasting maximum 2 h, separated by a gap of up to 3 months.

For the first session (V1), the children undergo auditory and language testing. For the second session (V2), auditory cortical imaging is carried out using fNIRS.

The fNIRS is non-invasive and uses a sensor-bearing cap. The raw intensity values are converted to optical density units and then, using the modified Beer-Lambert Law, to the relative concentrations of oxy-and deoxyhemoglobin. General linear models (GLM) including short channels are used; classical averaging per condition is also feasible. As models leave an inevitable residual variability (error term), which is different across subjects and channels and may present a bias, we prefer to use both approaches: GLM based and simple averaging to compare their results. Averaging is carried out for each condition, and the amplitudes of the peaks and the areas under the curves are calculated to enable comparison between the groups.

Group comparisons are carried out for the binaural performance (speech-in-noise recognition and sound localization ability), language skills, and quality of life (QoL) measures. Further analyses are carried out to determine whether these measures relate to the cortical activity and the extent of functional reorganization.

Materials and Methods

Eligibility Criteria

Inclusion Criteria

•

Children aged 5-16 years Auditory perception is evaluated using the Categories of Auditory Performance II (CAP II) rating scale from the Nottingham Early Assessment Package [START_REF] Archbold | Categories of Auditory Performance[END_REF]. This hierarchical scale assesses auditory perception in everyday environments, and children are given a score ranging from zero to nine.

Speech intelligibility is evaluated using a categorical scale, the Speech Intelligibility Rating (SIR) scale from the Nottingham Early Assessment Package [START_REF] Allen | Speech Intelligibility in Children after Cochlear Implantation[END_REF]. The clarity and intelligibility of the child's speech is given a score out of five.

Receptive and expressive language skills are assessed using standardized tests that are appropriate to the age and perceived language level of a child. These tests assess speech comprehension and expression, sentence construction, and executive functions such as attention and working memory.

For children younger than seven, the French test battery EVALO 2-6 short version is used [START_REF] Coquet | Batterie EVALO 2-6 Evaluation du développement du langage oral et des comportements non verbaux du jeune enfant[END_REF]. This involves assessing children through standardized play or activities; the results are either raw scores or standard deviations from the age norm. For children aged seven or above, receptive vocabulary is assessed using the French version of the Peabody Picture Vocabulary Test (PPVT) [START_REF] Dunn | Peabody Picture Vocabulary Test[END_REF]; this gives a raw score and an age equivalent score. Syntactic and morphosyntactic comprehension are assessed using the E.CO.S.SE test ("échelle de compréhension syntaxico-sémantique") [START_REF] Lecocq | Une Épreuve de Compréhension Syntaxico-Sémantique[END_REF]; this again gives a raw score and age equivalent scores.

Memory span is assessed using the forward and backward conditions of the digit span test from the Wechsler Intelligence Scale for Children-Fourth Edition (WISC-IV) [START_REF] Kaufman | Test Review: Wechsler Intelligence Scale for Children, Fourth Edition (WISC-IV)[END_REF]. For this, children are presented with a series of numbers which they are asked to recall in the correct order (forward span) or the reverse order (backward span). This assesses the working memory capacity (forward span) and manipulation skills within working memory (backward span). The digit span is associated with the functional age.

Assessment of Binaural Function

Sound localization is assessed using age-appropriate tasks. For children under the age of seven, a left-right lateralization task with non-linguistic sounds is carried out in a dedicated room [START_REF] Berland | Perception of Everyday Sounds: A Developmental Study of a Free Sorting Task[END_REF], and the percentage of errors is recorded. For children aged seven or older, a sound localization test with 12 loudspeakers is used. For this, the child is seated and the loudspeakers are placed in a semi-circular array around the child (1.20 m of distance), each separated by 15°. The child faces the array, with the loudspeakers located from 82.5° on the right to -82.5° on the left [START_REF] Chan | Evaluation of Binaural Functions in Bilateral Cochlear Implant Users[END_REF]. The child hears the sound of a gun shot (presented at 65 dB) and is asked to decide which loudspeaker presented the sound. Responses are made by selecting the corresponding location on a tablet which shows the loudspeaker array. Results are recorded as the degrees of error (15° standard) and the percentage of errors.

Speech-in-noise perception is assessed using age-appropriate tasks, presented in a sound booth. The Common Phrases Test (Common Test version) [START_REF] Robbins | Common Phrases Test[END_REF] is used for children up to the age of six, the Hearing in Noise Test (HINT-C) test [START_REF] Nilsson | Development of the Hearing in Noise Test for the Measurement of Speech Reception Thresholds in Quiet and in Noise[END_REF] is used for children aged seven to eleven, and the Marginal Benefit from Acoustic Amplification (MBAA) test [START_REF] James | The French MBAA2 Sentence Recognition in Noise Test for Cochlear Implant Users[END_REF] is used for children older than eleven. The speech is presented at 65 dB with a fixed SNR of +10 dB and then +5dB. The speech is presented through a loudspeaker placed in front of the child; the noise (environmental noise) is presented though two loudspeakers placed at either side of the child. Results are recorded as the percentage of speech understood.

Quality of Life

QoL is assessed using the KindL R generic QoL scale and the Speech, Spatial, and Qualities of Hearing Scale (SSQ), which is specific to hearing loss [START_REF] Ravens-Sieberer | Assessing Health-Related Quality of Life in Chronically Ill Children with the German KINDL: First Psychometric and Content Analytical Results[END_REF].

Two scales have age-appropriate versions: the KindL for children aged 3-6 years; the KindL for children aged 7-13 years [START_REF] Ravens-Sieberer | News from the KINDL-Questionnaire-A new version for adolescents[END_REF]; the KindL for children aged 14-17 years; the SSQ French version for parents; and the SSQ French version for children.

Auditory Cortical Imaging

Imaging is performed using fNIRS. This non-invasive functional imaging technique relies on a sensor-bearing cap, which can measure cortical activity during auditory stimulation. We will use the channel distances of 30 mm for all the channels and short channels located at 8 mm from the sources. These short-distance detectors pick up extracerebral signals close to the source and route these signals to an available detector channel through miniaturized fiber optics. Bundles of eight short-distance probes couple to a single detector channel. For this study, optodes are placed with a focus on the auditory cortex and the superior temporal area, as determined using fOLD software (Figure 1). We expect to observe activity mainly in the channels over the Te3 area, the secondary auditory cortex located at the lateral surface of the gyrus, and more posterior temporal areas involved in integrative auditory processing [START_REF] Vannson | Evidence of a Functional Reorganization in the Auditory Dorsal Stream Following Unilateral Hearing Loss[END_REF][START_REF] Moerel | Processing of Natural Sounds in Human Auditory Cortex: Tonotopy, Spectral Tuning, and Relation to Voice Sensitivity[END_REF]. For the recording session, the participant is seated in a sound-proof room where there is no external source of light. An fNIRS cap is chosen according to the subject′s head circumference, and then centered on the head using the left and right preauricular points and the nasion (frontal) and inion (occipital). The optodes and detectors are calibrated using NIRstar software, which visualizes the cap using a model. During calibration, the optode images on the screen are color coded (red/orange/green) according to the signal to noise ratio.

The cortical signals are recorded using NIRstar and begin 1 min before the first sound presentation to obtain the baseline levels of cortical activity. During the recordings, the sounds are presented through noise-cancelling headphones at a level of approximately 60 dB, as measured using a sound level meter. The stimuli include environmental sounds, human voice non-speech sounds, and speech sounds (syllables), which have been validated and used in previous studies [START_REF] Massida | Voice Discrimination in Cochlear-Implanted Deaf Subjects[END_REF]. White noise is also presented in separate blocks. The participants are instructed to sit still and listen to the sounds; no specific task is given.

The sound stimuli are presented in 15 s blocks, each containing 18 sounds of 500 ms duration, spaced by 300 ms silent gaps. The blocks contain either natural sounds or white noise, and the sounds are presented to either the right ear, the left ear, or binaurally, thus giving a total of six conditions. These are presented in a random order, a total of three times each (Figure 2). The number of blocks could be increased if the results of a pilot study required to increase the SNR. Each 15 s block is preceded by a rest phase of a random duration between 20 and 30 s; this enables the cortical activity to return to baseline levels so that the auditory BOLD response can be determined [START_REF] Devlin | Semantic Processing in the Left Inferior Prefrontal Cortex: A Combined Functional Magnetic Resonance Imaging and Transcranial Magnetic Stimulation Study[END_REF]. Three additional blocks of silence (15 s duration) and two blocks of videos with cartoons are also included in the recording session. The videos provide the children with some entertainment and keep their attention on the screen; they last about 55 s and are preceded and followed by a 15 s rest phase.

At the end of the recordings, which last approximately 20 min in total, the fNIRS cap is removed. The entire session takes up to a maximum of 2 h, including the set-up. The recordings are then analyzed to determine the auditory cortical activity. Indices of interhemispheric processing asymmetry are calculated for the different conditions. 

Participant Timeline

The timeline of procedures during the study is shown in Figure 3. 

Number of Subjects

Thirty children with SSD and thirty normally-hearing children.

Recruitment

Children with SSD are consecutively recruited by physicians at the ENT department, Toulouse Hospital, during follow-up appointments or when diagnosing hearing loss. There are currently estimated to be more than 110 patients who are being followed up for SSD at the hospital, of whom at least 50 are not undergoing rehabilitation and fulfill the study's eligibility criteria, thus ensuring the feasibility of the study. Normally-hearing children are recruited using posters displayed in the ENT department and pediatric hospital waiting rooms. Before including a potentially eligible child with SSD, a control is sought who is of the same sex and as close in age as possible. An age difference of more than a year is not accepted. Children with SSD are not included if no suitable control can be found. The recruitment continues until 30 children with SSD have been matched to 30 controls.

Data Collection and Management

For each participant, information is collected using a case report form (CRF) that is completed by the investigators. The CRF includes the child's identity, clinical observations, and medical follow-up data of relevance to the study. This document is kept in the ENT department, Toulouse Hospital. The study data is kept on a computer, with data entry carried out by the investigators and their colleagues. The patients′ CRFs are reviewed on-site prior to data entry, which is then carried out according to procedures determined by the study methodologist, statistician, and principal investigator. The imaging data is saved on an external storage device (CD, DVD) in compliance with the study′s anonymity requirements. This device is attached to the CRF for archiving. The data are kept for a minimum of 15 years.

Statistical Analysis

As this is an exploratory study, descriptive statistics are run for the groups of children to summarize the primary outcome measures: the changes in oxyhemoglobin, deoxyhemoglobin, and their ratio.

The associations between these fNIRS measures and scores on the auditory, speech, and quality of life assessments are also analyzed for each group.

The Matlab-based Homer2 program is used to preprocess the fNIRS signals to obtain curves that can be further analyzed. The preprocessing involves motion correction, bandpass filtering, and principal component analysis (PCA), which detects the greatest amount of spatial covariance across all spatially distributed channels and then removes those components from all channels [START_REF] Hocke | Automated Processing of FNIRS Data-A Visual Guide to the Pitfalls and Consequences[END_REF]. The scalp-coupling index, which is used as a measure of the prominence of the photoplethysmographic cardiac signal [START_REF] Pollonini | Auditory Cortex Activation to Natural Speech and Simulated Cochlear Implant Speech Measured with Functional Near-Infrared Spectroscopy[END_REF], will be used to detect bad channels.

The preprocessing pipeline is: raw measurement → transformation to optical density → bad channel rejection→ transformation to concentration → PCA → motion correction → band-pass filter. At the first stage, the fMRI-like general linear model analysis will be applied [START_REF] Uga | Optimizing the General Linear Model for Functional Near-Infrared Spectroscopy: An Adaptive Hemodynamic Response Function Approach[END_REF] to test the differences between the conditions. Functional responses are calculated as block average waveforms for each condition. Various parameters will then be extracted from the waveforms, using Matlab scripts, for further statistical analysis. The two main parameters are the peak value and the area under the curve (Figure 4). We will use Bonferroni correction for the family-wise error rate (FWER) and the Benjamini-Hochberg correction for the false-discovery rate (FDR). In a second step, the relative activity levels in the two hemispheres are calculated. The asymmetry index (AI) is calculated for each monaural condition using the formula: AI = (Contralateral hemisphere activity-Ipsilateral hemisphere activity)/(Contralateral hemisphere activity + Ipsilateral hemisphere activity). AI values are positive when there is greater contralateral activity, and negative when there is greater ipsilateral activity.

The aural preference index (API) is calculated for each hemisphere using the formula: API = (Contralateral ear condition-Ipsilateral ear condition)/(Contralateral ear condition + Ipsilateral ear condition). API values are positive when the contralateral ear has a greater influence (Figure 5). The within-and between-group analyses are carried out using STATA and R software. Between-group comparisons are run using generalized mixed-effect models, after the data have been checked, outliers corrected, and the data 'frozen'.

Descriptive statistics are run to summarize the characteristics of the two study groups. They are also run to describe the primary outcome measures: the distribution of oxyhemoglobin and deoxyhemoglobin levels in the auditory cortices during sound stimulation (corresponding to the primary objective). These analyses are carried out for each participant group, and the measures of central tendency (mean, median) and dispersion (range, standard deviation, inter-quartile range) are recorded. Tests (Shapiro-Wilk) are also run to assess the normality of the distribution.

Further analyses are run to assess the association between the fNIRS measures (oxyhemoglobin/deoxyhemoglobin levels and interhemispheric indices) and scores on the auditory, language, and quality of life assessments (secondary objective). These are run for each group of children using Mann-Whitney tests or Spearman′s rank correlation tests, according to the categorical or continuous nature of the variable.

Spearman's rank correlation tests are also run to investigate the relationship between the fNIRS measures (oxyhemoglobin/deoxyhemoglobin levels and interhemispheric indices) and the ages of the children and duration of deafness in the SSD group (secondary objective).

Ethics and Dissemination

All of the authorizations required by French legislation were obtained. The study was approved by the Ethics Committee in May 2018. 

Confidentiality

In accordance with the regulations, those with direct access to the data take all necessary precautions to ensure the confidentiality of information relating to the study participants, in particular their identity and results.

During the research or at its conclusion, the data collected is made anonymous. For the children with SSD, only the first letter of their name and surname are recorded, along with a coded number indicating the order of their inclusion, and the letter S (for SSD). For the matched control children, the same code is assigned plus the letters NH. For each child, the investigators ensure that the child's legal guardians provide written consent for the team to access the child's data that is necessary for the research. No information enabling the identification of participants is communicated to third parties other than those legally authorized to hold this information (and who are bound by professional secrecy).

Working Hypothesis

The experimental hypothesis is that both the AI and API indices are altered in children with SSD. It is hypothesized that the API index is negative for the hemisphere contralateral to the deaf ear, corresponding to an abnormal ipsilateral aural preference. This would be in line with previous studies that have described an aural preference syndrome in adults with SSD [START_REF] Kral | Single-Sided Deafness Leads to Unilateral Aural Preference within an Early Sensitive Period[END_REF][START_REF] Vannson | Evidence of a Functional Reorganization in the Auditory Dorsal Stream Following Unilateral Hearing Loss[END_REF][START_REF] Karoui | Cochlear Implantation Restores Cortical Processing for Spatial Hearing in Asymmetric Hearing Loss[END_REF]. The API values are expected to relate to the duration of deafness and/or the age of the children.

For the AI, it is hypothesized that stimulation of the better ear shifts the AI toward the ipsilateral auditory cortex, as found in a study on adults with SSD [START_REF] Vannson | Evidence of a Functional Reorganization in the Auditory Dorsal Stream Following Unilateral Hearing Loss[END_REF]. This shift is thought to disrupt the neuronal interactions within the ispilateral auditory cortex. We hypothesize that the lateralization of auditory processing, expressed by the AI, mainly relates to the contralateral sound field rather than the contralateral ear per se [START_REF] Eisenman | Neural Encoding of Sound Location: An Electrophysiological Study in Auditory Cortex (AI) of the Cat Using Free Field Stimuli[END_REF][START_REF] Middlebrooks | Functional Classes of Neurons in Primary Auditory Cortex of the Cat Distinguished by Sensitivity to Sound Location[END_REF][START_REF] Phillips | Representation of the Two Ears in the Auditory Cortex: A Re-Examination[END_REF]. In consequence, we expect the children's AI values to correlate positively with spatial hearing performance (i.e., sound localization scores).
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 1 Figure 1. Optode positions and the corresponding cortical landmarks below the scalp; 10 channels ("source-detector" pairs) are available in the left hemisphere and 8 channels in the right hemisphere, the most posterior detector (D08) being used for short channels.
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 2 Figure 2. Auditory stimulation blocks and conditions.
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 3 Figure 3. The timeline of procedures during the study.

Figure 4 .

 4 Figure 4. A typical fNIRS curve. The peak amplitude and the area under the curve (dotted lines) are extracted for further statistical analysis.
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 5 Figure 5. Illustration of the asymmetry index and aural preference index.

2. 5

 5 .1. Trial Registration NCT04043910 in Clinical Trials.gov 2.5.2. Protocol Version Version 2, 15 July 2020. Protocol amendments The protocol was amended (change the phone number of the contact person in the recruitment poster) and approved by the Ethics Committee in March 2021.
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