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Editorial on the Research Topic
Early detection and intervention for unilateral hearing loss and mild bilateral hearing loss in children: clinical practices and outcomes



Most newborn hearing screening (NHS) programs aim to identify children with permanent moderate to profound bilateral hearing loss. In addition to these children, NHS programs may identify children with unilateral hearing loss (UHL) and those with mild bilateral hearing loss (MBHL). Previously, these children have typically been identified at 4–5 years of age. The very early identification of children with UHL raises questions about early management, particularly about early provision of amplification for which there is no clear evidence. A similar lack of evidence for the efficacy of intervention exists for children with MBHL. The contributions to this special issue reflect state-of-the-art evidence on clinical practices and outcomes of children who are impacted by a hearing loss during an important developmental period, especially for speech, language, listening effort, emotions and behaviour, and quality of life.

Early detection has provided an opportunity to better map the audiologic characteristics and trajectory of hearing loss in children with UHL. This is the focus of two papers in this issue, which reported findings from studies in Australia and Canada. Zhang et al. provided detailed audiologic and clinical profiles of 91 children with congenital UHL. The authors drew attention to the challenge of obtaining reliable behavioral audiologic profiles because despite early diagnosis at an average of 2.1 months, almost half of the children were over age 3 years before the first reliable audiogram was obtained. This study also showed that 78% of children showed deterioration in hearing by the time of their first behavioral audiogram (average age 3 years). Notably, 73% of the children with deterioration progressed to severe to profound hearing loss. In the second paper, Fitzpatrick et al. also undertook an in-depth examination of the trajectory of unilateral hearing loss. Almost half of 177 children followed for an average of 58.9 months experienced further deterioration in hearing including 12% who developed bilateral hearing loss. These reports underscore the importance of careful monitoring of even very mild degrees of UHL, given that 2–3 of every 4 children appear to be at risk for further hearing deterioration in one or both ears.

Other challenges in clinical management of UHL are reported in two papers. Horrocks et al. study showed that children admitted to neonatal intensive care units with UHL, when compared to matched controls without hearing loss, were more likely to have congenital anomalies, developmental impairments and requirements for speech and language therapy. The authors highlighted the need for screening for this group of children because many of the congenital anomalies were not detected at birth, including genetic and clinical follow-up. Patel et al. showed that the lack of evidence in guiding early management of UHL has resulted in much of the decisions on trialing hearing devices being parent- or child-led rather than clinician-led. Of the children who were fitted with hearing devices in the reported cohort, most occurred late (mean age 4.7 years). The authors also highlighted the lack of funding for support services and cochlear implants, despite 28.5% of the families reporting concerns around their care.

The presence of hearing loss reduces auditory input, potentially affecting outcomes. Three studies reported on psychosocial, language and quality-of-life outcomes. Ong et al. showed that school-aged children with UHL and MBHL were just as likely as those with moderate to profound hearing loss to experience more emotional/behavioural difficulties, poorer health-related quality of life, and higher distress reported in their parents compared to population norms. Carew et al. showed that, on average, children with MBHL had poorer language outcomes than those with UHL, and both groups had lower scores compared to population norms. The total health-related quality of life scores were, on average, similar between UHL and MBHL groups. On the other hand, Cupples et al. found that children with congenital UHL had language, functional performance, speech intelligibility and quality-of-life outcomes similar to population norms, but passage comprehension and speech perception in noise were significantly below the typical range. They identified a relationship between better nonverbal cognitive ability and language results, which underscored the importance of examining cognitive ability in future studies.

Binaural processing can help listeners locate sound sources and improve their ability to hear and understand target speech in noisy environments. As these benefits relied on combining auditory inputs from both ears, they are lessened when hearing is reduced in one or both ears. Two studies explored the consequences of decreased audibility. Lewis et al. reported that children with untreated UHL or MBHL located talkers more easily and achieved better speech perception in noise when assessed in the audio-visual condition than in the auditory-only condition. On average, children with UHL exhibited better speech perception than children with MBHL, but both groups performed more poorly than peers with typical hearing. Dahlgren et al. showed that children with unilateral aural atresia experienced difficulties in localisation, with performance inversely related to degree of hearing thresholds in the atretic ear. However, early aiding with bone conduction hearing aids had mixed effects. A further consequence of decreased audibility is listening-related fatigue, which may underpin problems experienced by listeners with hearing loss. Adams et al. described fatigue experienced by 6- to 16-year-old children with and without hearing loss. Compared with children with typical hearing, listening can cause more fatigue not only for children with bilateral hearing loss but also for children with UHL. This calls for improving the acoustics of learning environments for children.

The articles in this research topic exemplify the diverse outcomes of contemporary cohorts of children with UHL and MBHL, part of which may be attributed to the lack of evidence-based guidelines for management. Despite an unsuccessful attempt to conduct a randomized control trial of amplification for children with MBHL by Sung et al. they shared learnings on engaging families in trials that might generate high-quality evidence. Cupples et al. called for research to evaluate the fitting of hearing devices using random assignment to avoid any confounding influence of degree of hearing loss or past/current level of progress. More research is needed to understand factors influencing the somewhat atypical speech, language and psychosocial outcomes. Given the heterogeneity of children with UHL or MBHL, and the clear risk of progression of hearing loss, it is crucial to develop tailored intervention options and evidence-based guidelines for management.


Author contributions

TC: Writing – original draft, Writing – review & editing. EF: Writing – original draft, Writing – review & editing. KH: Writing – original draft, Writing – review & editing. UL: Writing – original draft, Writing – review & editing. CK: Writing – original draft, Writing – review & editing. VS: Writing – original draft, Writing – review & editing.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.












	
	TYPE Original Research

PUBLISHED 10 January 2023
DOI 10.3389/fped.2022.1068884






[image: image2]

Multiple congenital anomalies and adverse developmental outcomes are associated with neonatal intensive care admission and unilateral hearing loss

Lucy M. Horrocks1, Pádraig T. Kitterick1,2, Dulip S. Jayasinghe3, Karen R. Willis4, Katherine R. M. Martin5, Abhijit Dixit6 and Sally K. Thornton1,2*

1Hearing Sciences, School of Medicine, The University of Nottingham, Nottingham, United Kingdom

2NIHR Nottingham Biomedical Research Centre, Nottingham University Hospitals NHS Trust, Nottingham, United Kingdom

3Neonatal Intensive Care Unit, City Hospital Campus, Nottingham University Hospitals NHS Trust, Nottingham, United Kingdom

4Children’s Audiology, Nottingham University Hospitals NHS Trust, Nottingham, United Kingdom

5Children’s Development Centre, City Hospital Campus, Nottingham University Hospitals NHS Trust, Nottingham, United Kingdom

6Clinical Genetics, City Hospital Campus, Nottingham University Hospitals NHS Trust, Nottingham, United Kingdom

EDITED BY
Teresa Y. C. Ching, NextSense Institute, Macquarie University, Australia

REVIEWED BY
Barbara Cone, University of Arizona, United States
Karen Liddle, Children’s Health Queensland, Australia

*CORRESPONDENCE  Sally K. Thornton sally.thornton@nottingham.ac.uk

SPECIALTY SECTION This article was submitted to Pediatric Otolaryngology, a section of the journal Frontiers in Pediatrics

RECEIVED 13 October 2022
ACCEPTED 01 December 2022
PUBLISHED 10 January 2023

CITATION Horrocks LM, Kitterick PT, Jayasinghe DS, Willis KR, Martin KRM, Dixit A and Thornton SK (2022) Multiple congenital anomalies and adverse developmental outcomes are associated with neonatal intensive care admission and unilateral hearing loss.
Front. Pediatr. 10:1068884.
doi: 10.3389/fped.2022.1068884

COPYRIGHT © 2023 Horrocks, Kitterick, Jayasinghe, Willis, Martin, Dixit and Thornton. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Aim: To determine congenital and developmental outcomes of children with Unilateral Hearing Loss (UHL) who were admitted to the Neonatal Intensive Care Unit (NICU).



Method: Retrospective, single-site study that followed 25 children with permanent congenital UHL and a NICU admission to a NICU of Nottingham University Hospital. Birth and two-year developmental follow-up data were collected. They were compared to matched control group who had a NICU admission but no hearing loss (matched on gestational age, weight and sex).



Results: The median birthweights, gestational ages and number of days spent on the NICU for the UHL population were 2510 g, 36 weeks, and 12 days respectively. Most children (20/25; 80%) with UHL and a NICU admission were diagnosed with a congenital anomaly within the first two years of life. Only half (13/25) of these children were diagnosed with a congenital anomaly at discharge. Children with UHL and a NICU admission were more likely than the matched group (NICU admission only; p < .001) to have multiple congenital anomalies. We found a positive association between multiple congenital anomalies and developmental impairment for the NICU graduates with UHL (p = .019). This UHL-NICU group were also more likely than the matched NICU children to have developmental impairment (7/25 vs. 0/25; p = .01), speech and language therapy (13/25 vs. 1/25; p < .001), inner ear malformations (14/25 vs. 0/25, p < .001) or craniofacial anomalies (12/25 vs. 2/25; p = .004).



Interpretation: Children with UHL and a NICU admission were at high risk of congenital anomalies and certain adverse developmental outcomes. Improved congenital anomaly screening is needed at birth for this population. Having multiple congenital anomalies suggests closer developmental monitoring is needed. This study contributes towards producing clinical screening and management guidelines to ensure consistent high-quality care for this unique population.
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Introduction

Babies born with unilateral hearing loss (UHL) who were admitted to the neonatal intensive care unit (NICU) are a very understudied population, with no current literature on their specific developmental outcomes. Currently there are no national hearing or NICU guidelines surrounding the management of this population or of the birth population of children with UHL. UHL is hearing loss in only one ear, it's prevalence in the birth population is estimated at 0.3–1 per 1,000 births (1–3) and whilst there is little literature documenting it's prevalence in the NICU population, some studies estimate 1.2%–4.6% (4, 5).

There has been no research investigating two-year outcomes of children with UHL and a NICU admission, although there has been research into the birth population of children with UHL and for children with normal hearing with a NICU admission.

Approximately 40% of children with UHL require speech and language therapy (SLT) (6). A need for further academic support has also been identified in this population, with studies finding that 45% of children with UHL need an Individualised Education Program (IEP) (7) and almost a third of children with UHL fail a grade (8). It is established in the literature that congenital anomalies such as craniofacial abnormalities and inner ear malformations are common in this population (3, 9–11) and the prevalence of bony malformations in the inner ear and/or internal auditory canal was markedly higher in infants with congenital UHL than in infants with bilateral hearing loss (9), with about two thirds (66.7%) of children with UHL having inner-ear and/or internal auditory canal malformations (12). However, little research has been undertaken into the number and further “non ear” related variety of congenital anomalies present in children with UHL.

For children admitted to the NICU, Schiariti et al. found that 12.6% of term babies had a congenital anomaly; 3.1% of them were cardiac and/or circulatory anomalies, 2.7% were gastrointestinal anomalies and 0.4% were face and neck anomalies (13). Those that are preterm and/or have a low birth weight are more likely to have visual and auditory impairments (14), with 3%–5% of babies <1500 g having a hearing impairment, compared to less than 1% of babies born at term (15). Babies born pre-term and/or of low birth weight are more likely to have learning difficulties (14). One study found that a third of preterm babies (32–36 weeks) had motor, speech and educational difficulties in childhood (14).

The absence of published literature surrounding the developmental outcomes of children with UHL and a NICU admission has highlighted the need for this exploratory study. The primary aim is to describe the congenital, anatomical and behavioural outcomes of this population, with the aim to determine a constellation of features specifically associated with this group of children. Genetic screening is not currently funded for children with UHL in the UK.

This information from a larger cohort could inform the development of clinical guidelines on the follow up and management of this understudied population, ensuring effective and consistent care.



Materials and methods


Participants

This retrospective, longitudinal case-controlled cohort study documents routinely collected NICU discharge data, two-year developmental follow-up data and hearing aid treatment data which was collected and analysed for patients with UHL and without UHL and a NICU admission to Nottingham University Hospitals. For the UHL infant group the inclusion criteria included a NICU admission and a referral from the UK National Newborn Hearing Screening Programme (NHSP) with a subsequent diagnosis of permanent UHL confirmed via auditory brainstem response (ABR) for birth dates between February 28, 2008, and 12 July 2019. This gave the final cohort of 25 patients (13 females, 12 males; median gestational age 36 weeks; median birthweight 2510 g).

Data was also collected for matched and peer controls. The matched control patients had passed the NHSP screening and were matched on sex, birthweight (±10 g), gestational age (±1 week) and whether they spent ≥48 h NICU, as it is already well established that these variables impact a baby's development. Few exceptions were made when no matched babies fit these criteria; the weight range was increased by 10 g, and one patient was not matched on sex. If more than one baby fit the matched control criteria, then the baby born most recently was chosen. Peer control patients had passed the NHSP screening and were matched on date of birth (±4 days) and sex. Their weights, gestational ages and days spent on the NICU were recorded. No significant difference was detected regarding the birthweights, gestational ages and number of days spent on the NICU between the children with UHL and their matched controls or peer controls (p > 0.05 for all comparisons).

The NEAT database has been approved by Research Ethics Committee (REC 22/SC/0337; IRAS 292263).



Procedure

Data recorded between 0 and 2 years included data from (pre-term) birth to 2 years. Data recorded at birth was taken from NICU discharge notes. We analysed all data from birth to the time of the study and utilised paper notes or NHS databases. Demographic data, discharge summaries and the patient's first postcode were recorded from the neonatal database, Badger. If a patient had multiple anomalies within one organ or organ system, this was still recorded as one anomaly.

Developmental impairment is a diagnosis of their development which is not in the normal range for their corrected gestational age. Specifically, a child was diagnosed with developmental impairment if their developmental skills fell two SD or more below the population mean in two or more developmental domains. Developmental impairment was included in this study if it was stated in the patient notes that they had a global developmental delay, fine motor delay, delay in communication, developmental impairment or had been referred for developmental needs.

In terms of eligibility for SLT in the study area, the local SLT specialist hearing impaired team only accept referrals for children with severe/profound bilateral hearing loss and auditory spectrum neuropathy disorder. Referral to local community SLT is possible for children with other degrees of hearing loss, however this is not done as routine at point of diagnosis by the current service.

Home postcode on discharge from NICU was used to determine deprivation index (16, 17). The lower the index of multiple deprivation decile, the more deprived the area was that the patient lived [1 = most deprived, 10 = least deprived (16, 17)]. These patients were then split into two groups – (i) index of multiple deprivation decile of <5 (more deprived) and (ii) index of multiple deprivation decile of ≥5 (less deprived).

Follow-up data for the UHL cases and their matched counterparts were collected and used to determine abnormal anatomical features between 0 and 2 years. There were four exceptions in the UHL cohort; three eye problems and one inner ear malformation were detected after 2 years. A consultant neonatologist determined which anomalies were congenital.

The date of first fitting of a hearing device and the types of devices trialled were recorded. It was then calculated how many patients had their device fitted before 1 year of age. Patients not recorded on the database were assumed to have never trialled a hearing device.

Hearing thresholds for the patients with UHL were recorded and their most recent audiology report was used. The patients with UHL were then split into two groups, those that had mild/moderate hearing loss and those that had severe/profound hearing loss according to the British Society of Audiology guidelines (18).

See Supplementary Appendix S2 for the full list of diagnoses included and definition of major and minor craniofacial abnormalities.

Missing data: The number of children with UHL may be higher than we recorded in this population as cases may be missed for a number of reasons: Firstly, while many US screening programmes include babies with permanent mild BHL and UHL in their target group, NHSP in the UK does not. It aims to identify all children with a moderate-profound permanent HL in the better hearing ear. As a by-product, the screen will identify babies who have UHL and, in some cases, mild permanent hearing loss, as well as temporary hearing loss. Babies with UHL may also be missed if they had moved out of area after NICU admission or if their data was not available on Badgernet.



Statistical analysis

A power calculation was not performed as the sample size was limited by the number of available UHL cases with NICU admissions registered at the Nottingham University Hospitals, 2008–2019. Mann–Whitney U test was performed for non-categorical data and chi-squared for categorical data (or Fischer's Exact if f n ≤ 5 in either group being compared).

Shapiro-Wilk test indicated that the non-categorical data were not normally distributed.




Results

In this study, 14,538 babies were admitted to the NICU, 25 of whom had UHL, making the prevalence of UHL in this NICU cohort approximately 0.17%. This is lower than previous reports (1.23%–4.6%) (4, 5).


Congenital anomalies

Congenital anomalies that were detected at birth, and between discharge and two years, were documented in Table 1. Over half (13/52) of cases with UHL were diagnosed with a congenital anomaly at birth, with the majority of cases being diagnosed with multiple congenital anomalies (8/13). Surprisingly, analyses reveal that more than a quarter (n = 7) of patients with UHL were diagnosed with an anomaly that was thought to be congenital, post-discharge, but within the first 2 years of life. Therefore, when the total number of children with UHL with congenital anomalies detected at birth and post-discharge are combined, the majority (20/25) of babies with UHL had a least one congenital anomaly. Most (16/20) of these cases had multiple congenital anomalies. Children with UHL were significantly more likely to have a congenital anomaly that was diagnosed either at birth (p < 0.001) or post NICU discharge between 0 and 2 years (p < 0.001) compared to their matched counterparts. They were also significantly more likely to have multiple congenital anomalies (>1 anomaly) at birth (p = 0.004) and between 0 and 2 years (p < 0.001) compared with the matched control group.


TABLE 1 Congenital anomalies detected at birth.

[image: Table 1]



Abnormal anatomical features

Table 2 presents the abnormal anatomical features in the UHL cohort between 0 and 2 years. A statistically significant difference was found regarding total number of anomalies between children with UHL (71) and their matched controls (21) (p < 0.001). Children with UHL were 6 times more likely to have vision and eye issues, 5 times as likely to have other malformations, 4 times as likely to have neurological and spinal issues, 3.5 times as likely to have gastrointestinal problems, 3 times as likely to have renal anomalies and 2.5 times as likely to have cardiac abnormalities than their matched counterparts. However, these differences were not found to be statistically significant (p > 0.05). Only the differences in inner ear malformations (IEM) and craniofacial anomalies were statistically significant, yielding a p-value of <0.001 and 0.004 respectively. Division of craniofacial anomalies into subgroups revealed a significant difference from matched controls only detected for ear anomalies (p < .05). No statistical differences were found between the patients with UHL and their matched controls for respiratory, metabolic or neuromotor anomalies.


TABLE 2 Describing abnormal anatomical features detected between birth and 2 years.

[image: Table 2]



Behavioural outcomes

Table 3 describes the behavioural outcomes of the UHL patients that were recorded to date. 52% of patients with UHL had SLT, 28% had a developmental impairment and 16% had a learning disability. There was a significant difference between the UHL group and their matched controls for SLT (p < 0.001) and developmental impairment (p = .01). It was observed that all of the UHL patients with a developmental impairment also had multiple congenital anomalies, with 4/7 (57%) having ≥4 congenital anomalies. Analyses revealed that patients with UHL and a developmental impairment were statistically more likely to have multiple congenital anomalies than those without a developmental impairment (p = .019).


TABLE 3 Behavioural outcomes recorded to date.
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Syndromic and genetic data

Genetic testing was carried out on twelve patients with UHL, and eleven results were obtained. Four of these patients had a genetic variant, two of which were pathogenic and two of uncertain significance. It is not known if these variants were causative of hearing loss. Three out of the four patients that had a genetic variant also had a phenotypic syndrome diagnosed by a paediatrician.

Six patients with UHL were diagnosed with a syndrome, four of which are known to be associated with hearing loss. These were Oculo-auriculo-vertebral Syndrome (19), Large Vestibular Aqueduct Syndrome (20), Klippel Feil Syndrome (21) and Beckwith Wiedemann Syndrome (22). Of those with a syndromic diagnosis, all 6 had multiple congenital anomalies, 4 had a developmental impairment and 4 were enrolled in SLT.


No syndromic or genetic data were recorded for the matched controls.



Hearing data

Fourteen of the 25 patients with UHL had mild or moderate hearing loss and 11 had severe or profound hearing loss in their affected ear. More than half of the patients (14/25) had an index of multiple deprivation decile of <5 (associated with lower socio-economic status according to their postcode) on discharge from the NICU. Nearly half (12/25) had trialled a hearing device, and most of these patients (10/25) still used a hearing device at the time of the study. The patient's degree of hearing loss or deprivation decile did not significantly affect whether they had a hearing device, their age of fitting of the device or what device they used. Most patients with UHL that were fitted with a hearing device were fitted after their first birthday (8/12;67%) irrespective of their degree of hearing loss or deprivation, with an average age of first fitting of 3 years 1 month. Patients with UHL who had SLT or developmental impairment were significantly more likely to have trialled a hearing device than those that did not (p = .047 and p = 0.019 respectively). Five of the seven children with UHL and a developmental impairment also received SLT.




Discussion

Children with UHL and a NICU admission were at high risk of multiple congenital anomalies and certain adverse developmental outcomes. Targeted clinical screening—genetic and clinical follow-up is needed at birth for this discrete population.

These data indicate that children with UHL and a NICU admission were more likely than their matched counterparts to have congenital anomalies, developmental impairment and SLT. Approximately two thirds (64%) of patients with UHL had multiple congenital anomalies but not all congenital anomalies were detected at discharge (7/25, detected post-discharge). This information suggests better screening for congenital anomalies would be advantageous in this population. This would be particularly beneficial as a congenital anomaly was found to be positively associated with a developmental impairment and could be used as an indicator for closer developmental follow up in early life.

The prevalence of UHL and NICU admission was 0.17%—lower than previous reports (1.23%–4.6%) (4, 5). Varied methodology could explain this difference, for example babies on the NICU for ≤5 days were excluded in one of these studies. Any baby with suspected sepsis is routinely admitted to the NICU in Nottingham University Hospitals which differs from other regions. Another possibility is despite universal NHSP, UHL is under-reported or undetected in this cohort.


Congenital anomalies

In this study, half (14) of UHL cases were diagnosed with a congenital anomaly at birth. A further quarter (7) patients had congenital anomalies that weren't detected at birth but were detected within the 2 years following. This prevalence is higher than the 29% of congenital anomalies recorded in the literature for the general population of babies with UHL (3); this suggests that NICU-UHL is a red flag for anomalies that don't come to light until post-discharge. This population of babies with UHL and NICU admission were also more likely than their matched counterparts (normal hearing and NICU admission) to have multiple congenital anomalies (64% vs. 8%), further highlighting the importance of screening and detection for NICU-UHL babies.



Abnormal anatomical features

This study supports the already published literature that IEM and craniofacial anomalies are positively associated with UHL and also suggests that NICU admission doesn't increase the likelihood of having these conditions within the UHL cohort, as the prevalence is similar to the UHL well-baby population (3, 9, 10).

Yelverton et al. (2013) showed that 2.4% of babies with UHL (combined well and NICU cohort patients) also had a gastrointestinal problem detected at birth (3), which is 10× lower than the 28% of patients (UHL-NICU) who had a gastrointestinal problem recorded in this study. A NICU admission and diagnosis of UHL could be strongly associated with gastrointestinal problems, or it may be that gastrointestinal issues develop over time. It is possible that we had a lower detection threshold for documenting gastrointestinal problems than Yelverton. Patients with UHL were more likely to have a gastrointestinal problem than their matched counterparts (7/25 vs. 2/25), and most of the associated gastro-intestinal problems (5/7) were detected at birth. Further research needs to be conducted into this association.

In Table 2 it is apparent that one third, (32%) of the UHL cases were identified as having neurological and spinal issues and a quarter (24%) had vision and eye problems by the age of two. Again we detected a much larger prevalence than reported by Yelverton et al.'s birth population UHL study (4.3%) (3). These data indicate that admission to the NICU and having UHL presents a higher cumulative risk of neurological and/or eye issues. Furthermore, many of these problems may develop after birth; 38% (3/8) of those with spinal and neurological issues and 83% (5/6) of those with vision and eye problems in this cohort developed them in early childhood. This particularly high prevalence of vision and eye problems, 6 times greater than their matched counterparts, suggests a need for closer ophthalmic follow up in this population with UHL.

20% of patients with UHL and a NICU admission were found to have cardiac anomalies between 0 and 2 years, which lies between the two values for the general UHL population (41%) and 12% for babies who also have a co-existing JCIH – US risk factor (3) these are all higher than the 8% of matched controls. Many cardiac anomalies that were documented (for example, heart murmur, atrioventricular septal defect), were discounted as they are extremely common in the general NICU population as they are usually not significant, result from prematurity and often resolve with age. Methodological considerations (what is counted as a cardiac anomaly) may account for some of the differences between our data and the current literature.



Behavioural outcomes

This study identified a prevalence of 52% of UHL cases needing SLT, 13 times greater than their matched controls, but in keeping with the majority of the current literature for well babies with UHL and no NICU admission (6, 7). This suggests it is the UHL and not the other underlying health conditions associated with admission to the NICU which increases the likelihood of needing SLT for patients with UHL. This again highlights the need to target NICU graduates with UHL for referral and follow-up.

It was interesting that over a quarter of the UHL cases had a developmental impairment, which was significantly more than their matched controls (28% UHL vs. 0% controls). There is little literature surrounding the association between UHL and developmental impairments. One study found one fifth of children with UHL (both well and NICU populations) were diagnosed with developmental delay (23), which is similar to the findings of this study (28%). Specific developmental follow-up for patients with UHL could help to identify developmental impairment earlier and provide earlier interventions, which could lead to better outcomes and quality of life. Furthermore, all UHL cases in this study with developmental impairment had multiple congenital anomalies, suggesting that having multiple congenital anomalies could be an indicator for closer developmental monitoring in this population throughout early childhood.



Syndromic and genetic outcomes

In this study, nearly one quarter (6/25) of the UHL cases were diagnosed with a recognised syndrome, 4 of which were found to be associated with hearing loss. It is interesting that these were not the syndromes most associated with UHL (for example, Waardenburg Syndrome), suggesting that perhaps there is a different subset of syndromes yet to be identified, that are more likely to be associated with UHL and NICU admission. One study found that 1 in 110 patients (0.9%) with UHL had a syndrome that was associated with hearing loss, which is much lower than the 16% found in this study (3). This suggests that infants with a syndrome and UHL are more likely to also have a NICU admission.

Studies have revealed the percentage of UHL associate with a family history is approximately 3.7%–13% (9, 24, 25), which is similar to the number of UHL cases with genetic variants in this study (16%). There is little to no research on the specific genetic variants associated with UHL. Furthermore, three of the four patients with a genetic variant also had a diagnosed syndrome, suggesting that the syndromes may be linked to specific genetic variants. A national study investigating genetics and UHL cases would need to be conducted to confirm this. Currently genetic screening is not recommended or funded for infants diagnosed with UHL in the UK.



Hearing outcomes

In this study, 40% of patients with UHL were currently using a hearing device, which is similar to pre-existing literature (6). Patients with UHL that received SLT were significantly more likely to have trialled a hearing device than those that had not received SLT. A study into children with bilateral hearing loss (BHL) by Tomblin et al. (2015) identified that hearing aids can improve language outcomes over time in these children (26). There is sparse literature available to indicate that children with UHL that are struggling with their speech and language development may benefit more from a hearing device or a trial of a device in their early years. There is some evidence to suggest that wearing a hearing device can improve quality of life, especially in those suffering with speech and language or academic and behavioural issues, whereas other studies have found that hearing devices may not be beneficial for younger children with UHL and do not improve speech recognition (27–30). Cochlear implantation is not currently funded for children with UHL in the UK, recent preliminary studies have shown improvement in some areas for children with UHL following implantation (31). More research is needed in this area. Furthermore, the majority (6/7) of patients with UHL that had a developmental impairment had trialled a hearing device, which may be due to the positive association between developmental delay and SLT. Furthermore, as there are no current UK NHS guidelines for the management of UHL in children, audiologists may use SLT or diagnosis of a developmental impairment to guide them on management with a device, as well as use this information to suggest to parents that their child trial a device. However, by the time the child needs SLT this may be too late; earlier device trials could be important during the critical period for language acquisition. Parents may be more willing to trial a device if they see the developmental effects UHL has on their child. Out of the home, eg in nursery and playgroups it could be vital for children with UHL (particularly NICU graduates) to use a hearing device and employ a remote microphone system as it is known that deciphering speech in noise is particularly difficult for people with UHL. Currently there is not consistent funding for remote microphone systems and SLT for children with UHL.



Future work

Not all patients with UHL and a NICU admission go onto develop congenital anomalies or abnormal anatomical or behavioural outcomes; further research is required into why this is the case and are their neuroprotective factors which help pre or postnatally (eg maternal magnesium or prenatal steroids). It is possible that there is a subset of patients in this cohort that have certain risk factors that increase their chance of having adverse developmental outcomes. For example, further research into the association between multiple congenital anomalies and developmental outcomes could be conducted.




Conclusion

Research into the developmental outcomes of patients with UHL has mainly focused on the general population, not the cohort that has also been admitted to the NICU. This longitudinal study identified many adverse outcomes in this unique population, which is a step towards identifying a constellation of features associated with UHL in babies who have been admitted to the NICU. This study can contribute towards developing guidelines surrounding the screening, follow up and management of these patients, which would benefit both clinicians and patients.
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Children with hearing loss appear to experience greater fatigue than children with normal hearing (CNH). Listening-related fatigue is often associated with an increase in effortful listening or difficulty in listening situations. This has been observed in children with bilateral hearing loss (CBHL) and, more recently, in children with unilateral hearing loss (CUHL). Available tools for measuring fatigue in children include general fatigue questionnaires such as the child self-report and parent-proxy versions of the PedsQLTM-Multidimensional Fatigue Scale (MFS) and the PROMIS Fatigue Scale. Recently, the Vanderbilt Fatigue Scale (VFS-C: child self-report; VFS-P: parent-proxy report) was introduced with a specific focus on listening-related fatigue. The aims of this study were to compare fatigue levels experienced by CNH, CUHL and CBHL using both generic and listening-specific fatigue measures and compare outcomes from the child self-report and parent-proxy reports. Eighty children aged 6–16 years (32 CNH, 19 CUHL, 29 CBHL), and ninety-nine parents/guardians (39 parents to CNH, 23 parents to CUHL, 37 parents to CBHL), completed the above fatigue questionnaires online. Kruskal-Wallis H tests were performed to compare fatigue levels between the CNH, CUHL and CBHL. To determine the agreement between parent-proxy and child self-report measures, Bland-Altman 95% limits of agreement were performed. All child self-report fatigue measures indicated that CBHL experience greater fatigue than CNH. Only the listening-specific tool (VFS-C) was sufficiently able to show greater fatigue in CUHL than in CNH. Similarly, all parent-proxy measures of fatigue indicated that CBHL experience significantly greater fatigue than CNH. The VFS-P and the PROMIS Fatigue Parent-Proxy also showed greater fatigue in CUHL than in CNH. Agreement between the parent-proxy and child self-report measures were found within the PedsQL-MFS and the PROMIS Fatigue Scale. Our results suggest that CBHL experience greater levels of daily-life fatigue compared to CNH. CUHL also appear to experience more fatigue than CNH, and listening-specific measures of fatigue may be better able to detect this effect. Further research is needed to understand the bases of fatigue in these populations and to clarify whether fatigue experienced by CBHL and CUHL is comparable in nature and degree.
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1. Introduction

There is no universally accepted definition of fatigue, though it is generally described as an overall feeling of tiredness, lack of energy or vigour, or decreased motivation (1). Fatigue often presents after insufficient sleep or increased mental or physical exertion, but usually resolves after rest or mental stillness.

It has been widely reported that both adults (2, 3) and children (4–9) with hearing loss experience an increase in daily life fatigue, compared to their normal hearing peers. Individuals with a hearing impairment may have to allocate more cognitive resources to effortful listening than those with normal hearing (10), which can lead to fatigue. This fatigue, being a result of listening, is referred to as ‘listening-related fatigue’. Children with hearing loss (CHL) have to exert greater listening effort than children with normal hearing (CNH), potentially leading to poorer sentence recognition (11) and lower processing speed (12) in listening tasks.

Moreover, children are more affected by unfavourable noise conditions than adults (13) as classroom teaching often takes place in a reverberant and noisy environment (14, 15), requiring considerable listening effort (16). The available literature suggests that for CHL it can be mentally exhausting spending an entire day listening to their teacher's speech, against excessive classroom noise levels. It is also more difficult for children with unilateral hearing loss (CUHL) to localise sounds, compared to CNH (17).

Children with hearing loss have reported fatigue in qualitative studies. Davis et al. (18) found that fatigue in CHL is expressed in many ways, such as difficulty concentrating, lack of motivation, and physical tiredness. Parents of CHL and clinicians who manage CHL have also noted that children with varying degrees of hearing loss experience fatigue, especially following sustained listening demands at school Bess et al. (4). Although the consequences of fatigue have not yet been measured in children with hearing loss, it has been reported that children with fatigue due to a chronic health disorder have poor academic performance, decreased motivation, increased distractibility, poorer social functioning, and more depressive symptoms (19–21). If such negative consequences also are present in CHL, then there is a pressing need for further elucidation.

Currently, fatigue is most often measured via self-report. This is often in the form of questionnaires but can also be via qualitative interviews. Often, subjective measures of fatigue are multidimensional, which capture health or activities commonly associated with fatigue, such as sleep, cognition, and social functioning (22).

The well-known and widely used Pediatric Quality of Life Multidimensional Fatigue Scale (PedsQL-MFS 23, 24); has been used in many studies to quantify fatigue in CHL (7, 9, 25, 26). This questionnaire assesses three domains of fatigue, namely General Fatigue, Sleep/Rest Fatigue and Cognitive Fatigue. A Total Fatigue score is calculated by summing the above three domains.

Hornsby et al. (2014) were the first to measure fatigue in CHL using self-report questionnaires. The PedsQL-MFS was used to measure fatigue in ten school aged children with bilateral hearing loss (CBHL), and ten aged-matched CNH. They found higher levels of fatigue in CHL compared to their CNH peers in all domains. These findings were confirmed in a larger study by the same group (9) in which parent-proxy reports of fatigue were also collected. Here, they compared fatigue ratings between 60 CBHL and 43 CNH. In this study, CBHL rated higher levels of fatigue across all domains, which was significant in the Cognitive and Total domains. They showed that parent ratings of fatigue were significantly different to both ratings by CHL and CNH in Cognitive, Sleep/Rest and Total domains of fatigue (9). In the parent-proxy report, parents often report higher than their children's self-report (higher scores represent lower fatigue), especially in the Sleep/Rest domain, suggesting that parents often underestimate their child's fatigue. However, it is important to note that this standardised tool was designed to measure fatigue in children with chronic health disorders, such as rheumatoid arthritis. It was not designed to measure fatigue in children with hearing loss, and so may not be considered the best tool to measure listening-related fatigue. A new, recently validated, measure for fatigue in CHL is the pediatric version of the Vanderbilt Fatigue Scale (VFS-Peds 27);. This stands out from the PedsQL-MFS, as it is the only tool which has been specifically designed to measure listening-related fatigue in children.

Until recently, researchers measuring fatigue in CHL did not include CUHL. Unilateral hearing loss (UHL) has historically been regarded as being a minor inconvenience, and CUHL are generally offered less support when compared to CBHL (28). However, increasing evidence has shown that having UHL can affect many aspects of a child's development in ways that can be considerably impactful; socially, educationally, and behaviourally (29–32).

A recent qualitative study provided supporting narrative evidence for the incidence of fatigue in CUHL (4). Focus groups with parents of children with UHL included the observation that “My daughter is exhausted most days after school or when she has to listen for a long time”. One audiologist observed that “Our kids with UHL are similar to children with mild to moderate hearing losses – they require auditory breaks throughout the day and struggle more academically than one would expect given their hearing loss.” Hornsby et al. (27) utilised the Vanderbilt Fatigue Scale (VFS-C: child self-report; VFS-P: parent-proxy report) to measure fatigue in CNH, CUHL, and CBHL, with self-report from the children and proxy reports from their parents. As expected, CBHL rated significantly more fatigue than CNH. Though CUHL rated a greater level of fatigue than CNH, this was not significant. Parents of CNH, CUHL and CBHL (PNH, PUHL, PBHL, respectively) completed the parent-proxy report (VFS-P). Interestingly, both PUHL and PBHL had very similar fatigue ratings, which were both significantly higher than PNH. PBHL or PUHL were approximately four times more likely to report that their child experiences moderate-to-severe fatigue than PNH (4). This exploratory study was the first to include CUHL and quantitatively show that they experience similar levels of fatigue to CBHL.

Two more recent studies have measured fatigue in CUHL using the highly validated PedsQL-MFS. Sindhar et al. (26) compared fatigue levels between CUHL and CBHL aged 5–18 years (mean age 10.7 years), children with normal hearing (CNH) children (obtained from 23) using both child self-report and parent-proxy versions of the PedsQL-MFS. In the child self-report version, CBHL reported significantly greater fatigue than CNH in the Total, General and Cognitive fatigue domains, but not the Sleep/Rest domain. Children with UHL also reported greater levels of fatigue than CNH, though there were no significant differences throughout domains. Conversely, in the parent-proxy reported fatigue scores, both PUHL and PBHL rated significantly greater levels of fatigue than CNH across all domains and there were no significant differences in parent-proxy reports between CUHL and CBHL. Similarly to reports from the VFS in Bess et al. (2020), parents of children with hearing loss who completed the parent-proxy PedsQL-MFS (26) reported much higher levels of fatigue than their children's self-report ratings, with a much greater distinction from the CNH. This contrasts to Hornsby et al. (9), where parents underestimated their children's fatigue levels. Carpenter et al. (25) compared fatigue levels in children aged 5–18 years (mean age 10.44 years) with unilateral sensorineural hearing loss (USNHL) and unilateral conductive hearing loss (UCHL) to CNH (obtained from 23), again using child self-report and parent-proxy versions of the PedsQL-MFS. They found that children with USNHL reported significantly greater levels of fatigue than CNH children across all fatigue domains other than the Sleep/Rest domain. Children with UCHL reported similar levels of fatigue to CNH children. Conversely, in the parent-proxy reported outcomes, parents of children with both USNHL and UCHL rated their children's fatigue at similar levels (though parents of children with USNHL rated the highest fatigue levels), both of which were significantly greater than the CNH scores, across all four fatigue domains. Carpenter et al. (25) suggested that the lack of perceived fatigue reported by children with UCHL, compared to children with USNHL, was because the former have better habilitation options, such as bone conducting hearing aids. Carpenter et al. also noted that in this study, children with USNHL had a greater degree of hearing loss than those in the UCHL group.

In most current literature, both the non-hearing specific PedsQL-MFS and the hearing specific VFS have been used to measure fatigue in CUHL and CBHL. These questionnaires have not yet been directly compared to each other to determine if they are in fact measuring the same type of fatigue. In this study, we compared fatigue levels between CNH, CUHL and CBHL using the PedsQL-MFS and the newly validated VFS. We also introduced the PROMIS Fatigue Short Form (33), a highly standardised measure of fatigue in children, that has not previously been used to quantify fatigue in children with hearing loss.

This study aims to explore the fatigue levels in CNH, CUHL and CBHL using generic and listening-specific fatigue questionnaires. We also aim to explore whether parent-proxy reporting is a reliable measure of fatigue in children with hearing loss.



2. Methods

Children aged 6–16 years with unilateral hearing loss (UHL), bilateral hearing loss (BHL) or normal hearing (NH), and their parents/guardians were invited to take part in an online questionnaire. The online questionnaire was advertised via NHS audiology clinics, schools, and online via social media. Parents/guardians who were interested in taking part were first invited to a webpage, which contained the participant information sheet and parent consent form. Parents/guardians were encouraged to read through this page with their children before signing up to take part. Once signed up, parents/guardians were sent two password protected study links via email. One for the parent/guardian to complete and one for the child to complete. For children aged 6–7, parents were advised to assist in the completion of questionnaires by reading out each individual statement and recording responses if necessary. For children aged 16 years, the study link was sent directly to them.

The study was created and hosted using Online Surveys (https://www.onlinesurveys.ac.uk/) and distributed electronically with personalised links via email. Before launch, the study was piloted by pediatric audiologists, clinical hearing scientists and their children (one CUHL and three CNH). For children aged 6–15 years, the study link first opened up to the child participant information sheet and consent and assent page. Parents were asked to electronically sign the consent form, and children were asked to sign the assent form before they could move onto the series of questionnaires. Children aged 16 were also presented with a participant information sheet and asked to sign the consent form before accessing the questionnaires.


2.1. Inclusion criteria

Children were eligible if they were aged 6–16 years with a permanent unilateral or bilateral hearing loss or normal hearing. Hearing loss was confirmed via parental self-report of diagnosis from a clinical audiologist. The study was entirely virtual, so formal hearing assessments were not possible. The following eligibility criteria were applied:


2.1.1. Children


	•Aged 6–16

	•Has received a diagnosis of permanent unilateral hearing loss or permanent bilateral hearing loss

	•Has normal or corrected-to-normal vision confirmed via parental self-report

	•Uses English in home environment or at school

	•Able and willing to give informed consent (16 years or older), or to give assent together with consent from a parent/guardian

	•Has access to a computer/smart phone or tablet with internet.





2.1.2. Parents/guardians


	•A parent/guardian to a child who meets the above criteria

	•Able to speak fluent English

	•Has access to a computer with internet

	•Able and willing to give informed consent






2.2. Study format

The study format is outlined in Figure 1.


[image: Figure 1]
FIGURE 1
Flowchart of study format for parent/guardian and child participants. For child self-report section, parent consented for children aged 6-15 years old, and children assented. Children who were aged 16 provided their own consent. PIS = Patient Information Sheet. Shaded boxes are fatigue questionnaires.




2.3. Recruitment

Participants were recruited through advertisement on online forums, in schools, and in audiology clinics.



2.4. Ethics

This study was approved by the Health Research Authority (HRA), Wales Research Ethics Committee (20/WA/0233) and the Nottingham Research Committee (52–0720).



2.5. Questionnaires


2.5.1. PedsQL-MFS

The Pediatric Quality of Life Inventory Multidimensional Fatigue Scale (PedsQL-MFS; 23, 24) is a standardised self-report instrument designed to measure fatigue in paediatric patients. It consists of three separate fatigue domains: General Fatigue (6 items), Sleep/Rest Fatigue (6 items), and Cognitive Fatigue (6 items), and also gives a score of Total Fatigue. It includes both child and parent-proxy reports, allowing both perspectives. The PedsQL-MFS has been used by children with a wide variety of health conditions, including cancer (24) and rheumatoid arthritis, and has been shown to have good internal consistency, reliability and validity (23). For ease of use in younger children (aged 5–7), the PedsQL-MFS has simplified terminology, and answers are anchored to a happy/sad faces scale (23).



2.5.2. Vanderbilt fatigue scale

The Vanderbilt Fatigue Scale (VFS; 4, 27) is a self-report tool designed to measure listening-related fatigue in children. All items in the VFS are directly related to hearing or listening, for example “My brain gets tired after listening all day” (27). The VFS includes three versions: child self-report (VFS-C), parent-proxy (VFS-P) and teacher-proxy (VFS-T).



2.5.3. PROMIS paediatric fatigue short form

The Patient-Reported Outcomes Measurement Information System (PROMIS) paediatric self-report (33) and parent-proxy (34) fatigue short-forms (v10a) are validated questionnaires used to assess fatigue in multiple populations. An example item from this short form includes “I was too tired to enjoy the things I like to do”. Although these tools have not yet been used to measure fatigue in children with hearing loss, they have been shown to have a high content validity (35).




2.6. Scoring and statistics

The PedsQL-MFS responses were summed to produce a score for each domain (General Fatigue, Sleep/Rest Fatigue and Cognitive Fatigue). These scores were then combined to produce the Total Fatigue score. A lower score indicates a greater level of fatigue. The VFS was scored using Item Response Theory (IRT) using R Studio, as outlined by Hornsby et al. (27). Higher IRT scores indicated a greater level of fatigue. The PROMIS Fatigue Short Form raw scores were converted to T-Scores [https://www.assessmentcenter.net/]. T Scores are standard scores with a mean of 50 and a standard deviation of 10 in a reference population (36). Higher T Scores indicate a greater level of fatigue, and a score above 50 indicates greater fatigue than the population average.

Descriptive statistical analysis and normality tests were conducted using IBM SPSS Statistics for Windows, version 28.0 (IBM Corp., Armonk, NY). Data were not normally distributed. Normality of response measures was assessed visually with histograms and with the Shapiro-Wilk test. Kruskal-Wallis H tests, with Mann-Whitney post-hoc tests, were performed to compare fatigue levels between the CNH, CUHL and CBHL.

To determine the agreement between parent-proxy and child self-report measures of fatigue, Bland-Altman limits of agreement (37) were performed with exact 95% CI for the limits of agreement, and supplemented by Pearson correlation coefficients. Agreement calculations between the VFS-P and VFS-C were not possible due to different outcomes between parents and children (VFS-C gives one Total Fatigue score, whereas VFS-P gives separate scores of Mental Fatigue and Physical Fatigue).




3. Results

The study was open between August 2020 and September 2021. Ninety-nine parents/guardians completed the study, out of which 37 were parents to CBHL, 23 were parents to CUHL and 39 were parents to children with NH. Eighty children between the ages of 6 to 16 completed the questionnaires (mean age = 10.25; SD = 3.02), of which 29 children had BHL, 19 had UHL and 32 had NH. In 77 cases, both the parent and child completed the questionnaire (26 BHL, 19 UHL and 32 NH). Participant demographics can be found in Table 1.


TABLE 1 Demographics include 99 cases where the parent filled out the questionnaires. HA; hearing aids, CI; cochlear implants.
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3.1. PedsQL-MFS

In the PedsQL-MFS, lower scores indicate a greater level of fatigue. Median scores, interquartile ranges (IQR), and minimum and maximum values for the child self-reported and parent-proxy PedsQL-MFS are reported in Table 2. Figure 2 displays the child self-reported medians and IQRs for CNH, CUHL and CBHL and parent-proxy reported means for CNH, CUHL and CBHL. Lower scores on the PedsQL-MFS indicate a higher level of fatigue.


[image: Figure 2]
FIGURE 2
Median pediatric quality of life inventory multidimensional fatigue scale (pedsQL-MFS) scores for child self-report (left) and parent-proxy (right) respondents. Error bars shown represent medians ± IQRs. Lower values indicate greater fatigue. CNH; white bars, CUHL; oblique stripes, CBHL; black bars respectively. Asterisks show significant differences between groups (*p < 0.05, **p < 0.01, ***p < 0.001).



TABLE 2 Medians (interquartile range) and [min, max] of child self-report and parent-proxy report scores from the pedsQL-MFS.
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CUHL and CBHL reported greater levels of fatigue than CNH across all domains. CUHL reported similar levels of fatigue to CBHL. A Kruskal-Wallis test was conducted to determine if there were differences in fatigue scores between groups (NH, UHL and BHL). No significant differences in fatigue scores were found in the Total (H(2) = 5.235, p = 0.07) or Sleep/Rest (H(2) = 0.688, p = 0.709) domains. Significant differences in fatigue scores between groups were found within the General (H(2) = 7.591, p = 0.022) and Cognitive (H(2) = 8.141, p = 0.017) domains. Subsequently, Mann-Whitney pairwise comparisons were performed with Bonferroni correction for multiple comparisons in the General and Cognitive fatigue domains. This post hoc analysis revealed statistically significant differences between CBHL and CNH in the General and Cognitive domains. CBHL reported statistically significantly greater levels of fatigue than CNH in the General (p = 0.031), and borderline significance for Cognitive (p = 0.05), domains of fatigue. CUHL reported significantly greater levels of fatigue than CNH in the Cognitive domain only, and this difference was marginally significant (p = 0.047).

Both groups of parents (CUHL and CBHL) reported greater fatigue for their children (indicated by lower PedsQL-MFS scores) than parents of CNH across all domains of fatigue (Table 2; Figure 2).

In the parent-proxy PedsQL-MFS, significant differences between child groups were found in all domains (General: H(2) = 23.926, p < 0.001; Sleep/Rest: H(2) = 10.508, p = 0.005; Cognitive: H(2) = 23.008, p < 0.001; Total H(2) = 23.828, p < 0.001). Parents of CBHL reported significantly greater levels of fatigue than CNH in the Total (p < 0.001), General (p < 0.001), Sleep/Rest (p = 0.004) and Cognitive (p < 0.001) domains. Additionally, parents of CUHL also rated significantly greater levels of fatigue than CNH across the Total (p = 0.017), General (p = 0.012) and Cognitive (p = 0.025) domains. There were no significant differences in parent-proxy ratings of fatigue between CUHL and CBHL.


3.1.1. Parent-Proxy vs. Child self-report

For parent-proxy vs. child self-report comparisons, N = 77 for both groups. There were no significant differences in scores between child self-report and parent-proxy reports in the Total and General domains of the PedsQL-MFS. However, score differences between child self-report and parent-proxy reports of the Sleep/Rest and Cognitive domains were significant.


3.1.1.1. Total

Agreement by Bland-Altman plots are shown in Supplementary Figure S1A with a mean difference of PedsQL-MFS Total score of −5.63 to 2.13; the limits of agreement were −35.21 to 31.71. The interclass correlation coefficient was 0.847 (95% CI: 0.759–0.903, p < 0.01). Regression analysis between the score means and the difference between scores were not significant (-0.52, p = 0.596), meaning there is no proportional bias.



3.1.1.2. General

Agreement by Bland-Altman plots are shown in Supplementary Figure S1B with a mean difference of PedsQL-MFS General score of −4.61 to 5.26; the limits of agreement were −42.21 to 42.96. The interclass correlation coefficient was 0.785 (95% CI: 0.662–0.863, p < 0.001). Regression analysis between the score means and the difference between scores were not significant (-0.007, p = 0.949), meaning there is no proportional bias.



3.1.1.3. Sleep/rest

Parent-proxy and child self-report PedsQL-MFS Sleep/Rest scores were significantly different (t(76) = −4.394, p < 0.001), so no Bland-Altman plot could be created, and proportional bias cannot be assessed. The interclass correlation coefficient was 0.845 (95% CI: 0.756–0.902, p < 0.001).



3.1.1.4. Cognitive

Parent-proxy and child self-report PedsQL-MFS Cognitive scores were significantly different (t(76) = 6.858, p < 0.001), so therefore no Bland-Altman plot could be created, and proportional bias cannot be assessed. The interclass correlation coefficient was −0.389 (95% CI: −1.186 - −0.117, p = 0.923).





3.2. The VFS

Median item response theory (IRT) scale scores, IQRs and minimum-maximum scores are shown in Table 3. Figure 3 displays the median IRT scores with their respective IQRs for CNH, CUHL and CBHL for both child self-report and parent-proxy report from the VFS. A higher score indicates a greater level of fatigue.


[image: Figure 3]
FIGURE 3
Median item response theory (IRT) scale scores for the VFS-children (left) and VFS-parent (right). Greater values indicate a greater level of fatigue. Bars and error bars shown represent medians ± IQRs. CNH; white bars, CUHL; oblique stripes, CBHL; black bars respectively. Asterisks show significant differences between groups (*p < 0.05, **p < 0.01, ***p < 0.001).



TABLE 3 Medians (interquartile range) and [min, max] of child self-report and parent-proxy report scores from the VFS.
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In the VFS-C (child self-report), both hearing loss groups (CUHL and CBHL) reported greater levels of fatigue than CNH. Fatigue scores were statistically significantly different between CNH, CUHL and CBHL (H(2) = 13.892, p < 0.001). Pairwise comparisons with Bonferroni corrections found CBHL experience significantly greater fatigue than CNH (p = 0.001). CUHL also experienced significantly greater fatigue than CNH (p = 0.029). There were no significant differences in fatigue levels between CUHL and CBHL in the VFS-C, though CUHL reported a higher level of fatigue than CBHL.

The VFS-P (parent-proxy) splits fatigue into two subdomains, mental fatigue and physical fatigue. Fatigue scores were statistically significantly different between CNH, CUHL and CBHL in both the Mental fatigue (H(2) = 48.644, p < 0.001) and Physical fatigue (H(2) = 30.364, p < 0.001) subdomains. In the VFS-P, again both CUHL and CBHL reported significantly greater levels of fatigue than CNH in the Mental fatigue domain (CBHL-CNH, p < 0.001; CUHL-CNH, p < 0.001) and the Physical fatigue domain (CBHL-CNH, p < 0.001; CUHL-CNH, p = 0.011). Parents of CBHL reported the greatest level of fatigue (for their children) compared to parent ratings for CUHL and CNH in both the Mental and Physical fatigue domains, whilst fatigue levels rated by parents of CUHL fall between ratings by parents of CBHL and parents of CNH. There were, however, no statistically significant differences between fatigue levels for CUHL and CBHL as rated by parents.



3.3. PROMIS fatigue short form

T-scores for the child self-report and parent-proxy PROMIS Fatigue Short Form are shown in Table 4. Figure 4 displays the median T-scores with their respective IQRs for CNH, CUHL and CBHL for both child self-report and parent-proxy report from the PROMIS Fatigue Short Form. In the child self-report, there was a statistically significant difference between fatigue score and hearing loss groups (CNH, CUHL and CBHL; H(2) = 8.33, p = 0.016). Both CUHL and CBHL scored higher than CNH, though only CBHL scored a significantly greater level of fatigue than CNH (p = 0.017).
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FIGURE 4
Median PROMIS fatigue short form 10a T-scores for the child self-report (left) and parent-proxy (right) respondents. Higher values indicate greater fatigue. Bars and error bars shown represent medians ± IQRs. CNH; white bars, CUHL; oblique stripes, CBHL; black bars respectively. Asterisks show significant differences between groups (*p < 0.05, **p < 0.01, ***p < 0.001).



TABLE 4 Medians (interquartile range) and [min, max] of child self-report and parent-proxy report from the PROMIS fatigue short form.
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In the parent-proxy report, fatigue scores were statistically significantly different between groups (H(2) = 28.325, p < 0.001). Parents of CBHL and parents of CUHL scored significantly greater fatigue scores than parents of CNH (CBHL-CNH, p < 0.001; CUHL-CNH, p = 0.015).


3.3.1. Parent-Proxy vs. Child self-report

Agreement by Bland-Altman plots are shown in Supplementary Figure S1C with a mean difference of PROMIS Fatigue score of −1.72 (95% CI: −4.16 – 0.72); the limits of agreement were −22.78 (95% CI: −18.60 – −26.96) to 19.34 (95% CI: 15.15–23.53). The interclass correlation coefficient was 0.813 (95% CI: 0.705–0.881, p < 0.001). Regression analysis between the score means and the difference between scores was not significant (0.70, p = 0.482), meaning there is no proportional bias.





4. Discussion

In this study, we compared fatigue levels experienced by children with NH, UHL and BHL using three separate measures of fatigue to: a) understand which questionnaires were sufficiently able to discriminate levels of fatigue between children with different types of hearing loss; and b) help us to understand whether parent-proxy reports of fatigue using these measures were good alternative measures to child self-reports. We found that both the general (PedQL-MFS and PROMIS Fatigue) and listening-specific (VFS) fatigue measures were able to detect that CBHL experienced significantly greater levels of fatigue than CNH, in both child self-report and parent-proxy measures. Out of the three child self-report fatigue measures used, only the listening-specific VFS had the ability to discriminate between fatigue levels in CUHL and CNH. Further, parents of CUHL reported significantly greater fatigue compared to parents of CNH in both the VFS-P and the PROMIS Fatigue Parent-Proxy measures, as well as the Total, General and Cognitive domains of the PedsQL-MFS.

The PedsQL-MFS has been used the most extensively to measure fatigue in CHL (7, 9, 25, 26). In our data, both CUHL and CBHL and their parents rated significantly greater Cognitive fatigue than CNH and their parents. These data most closely relate to the data presented by the listening-related VFS, and are suggestive of an increase in cognitive load due to listening effort. Marsella et al. (38) demonstrated an increase in cognitive load in children with asymmetric hearing loss by measuring alpha power in the parietal cortex using EEG. They found significantly higher parietal alpha power levels in noisy conditions compared to quiet listening conditions. These increased cognitive demands in children with hearing loss led to an increase in cognitive fatigue. In a study by Brännström et al. (39), native and non-native language speaking children underwent listening comprehension tests whilst pupil dilation was measured using pupillometry. They found pupil dilation to be greater in poorer listening conditions, indicating an increased listening effort. They also found that baseline pupil size decreased over the listening comprehension trials, indicating listening-related fatigue. This study demonstrates the dynamics between listening effort and cognitive load during difficult listening situations. However, Alhanbali et al. (3) assessed fatigue and effort in hearing-impaired participants using the Fatigue Assessment Scale and Effort Assessment Scale. There were no significant differences between effort and fatigue scores, and the measures were only weakly correlated. These findings could suggest that listening effort is not the only predictor of fatigue and that there are potentially many other factors that could give rise to fatigue in hearing-impaired individuals. The development of fatigue may be produced by the lack of motivation to sustain effort within a particular task (40, 41). Throughout most domains of the PedsQL-MFS, parents of CUHL and CBHL rated lower levels of fatigue than their children. This is similar to the effect seen in Hornsby et al. (9), where parents rated their children as having significantly less fatigue than child self-report in the Sleep/Rest, Cognitive and Total domains. In our findings, though there was agreement between parent and child reports within the Total and General Fatigue domains, no agreement was found within the Cognitive and Sleep/Rest domains. This differs from Sindhar et al. (26) and Carpenter et al. (25) where no significant differences between parent proxy and child reports were found in any fatigue domains. There is little consistency in literature concerning the agreement between parent-proxy and child self-report outcomes. Ultimately, this is most likely due to individual relationships between parents and their children. It could also be due to different circumstances under which participants completed the questionnaires. The lack of consistency between parent-proxy and child self-report comparisons suggests that, if able to, children should complete their own fatigue self-report measures if required clinically.

This study is the first to compare fatigue levels in children with differing levels of hearing loss within the United Kingdom, the former studies were conducted within the United States. Parent child relationships across different cultures vary greatly (42) and understanding of fatigue may vary between nations. Furthermore, this study took place online as it took place during the Covid-19 pandemic, whilst Sindhar et al. (26), Carpenter et al. (25) and Hornsby et al. (9) administered the questionnaire in person. Online and in-person questionnaires both have their benefits and risks. Participants completing a survey online may feel more comfortable and free, as they are safe behind an extra layer of anonymity. However, completing a questionnaire online also gives the freedom to complete it at any time of the day, rather than a booked session that would usually be within working hours.

Although the PROMIS Fatigue Short form has not previously been used to measure fatigue in CHL, and was initially designed to measure fatigue in children with or without chronic pain (43), it was able to detect more fatigue in children with hearing loss compared to children with normal hearing in our sample. Though this questionnaire is unidimensional, results show similarity to scores within the PedsQL-MFS. The PROMIS showed more consistency between child self-report ratings and parent-proxy ratings than the multidimensional PedsQL-MFS.

Out of the three fatigue questionnaires, unsurprisingly the results show that the VFS was the most sensitive measure, as it was able to detect significantly greater fatigue in both CUHL and CBHL, compared to CNH, in both the child self-report and parent-proxy tools. This tool is an important step in helping us to understand fatigue in this population. This is a newly developed and newly validated tool, and is currently the only measure available that was designed to specifically assess listening-related fatigue in CHL (4, 27).

Until recently, the effects of UHL in children have been understudied, and assumed to be minimal (44). For example, children with UHL in the United Kingdom are not routinely funded to have a remote microphone system (RMS), a wireless microphone system that transmits sound from a talker to the receiver's ear (28), even though use of RMS has been shown to improve performance in sustained auditory attention ability (45). Unilateral hearing loss does, in fact, have many consequences (46); CUHL perform worse in localisation tasks compared to CNH (17, 47), and have poorer speech and language comprehension, reduced word recognition (17) and lower IQ scores (48, 49), to name a few. In this study, we found no significant differences in fatigue scores between CUHL and CBHL in child self-report questionnaires. Our data illustrate the need for continued research into the effects and impacts of unilateral hearing loss on children, to support the development of interventions to reduce this impact and the recognition of the needs of CUHL in policy and service provision.


4.1. Limitations

This study was open during national lockdowns due to the COVID-19 pandemic. Most children who took part in the study took part in school lessons from home, separated from their usual routines, whilst some children carried on going into school. Changes in their usual routines could have greatly affected responses in questionnaires. For example, children who still attended school may have been subjected to louder environments than usual due to mixing of age groups in classrooms, therefore exerting more listening effort. In classrooms, a predictor of fatigue, measured using the PedsQL-MFS, was found to be perceived listening difficulty (50). Children from single-child households may have had a quieter, more peaceful, work environment compared to children living in multiple-child households. As the study took place online, participants were not able to ask for clarifications from the researcher, as they would be able to do if they were completing questionnaires in person. It is also possible that children and parents completed the questionnaires together, causing the results to lack independence. Furthermore, the study was open for a year, and so fatigue levels may have differed depending on seasonal effects such as time spent outdoors.

Using a generic rather than a disease-specific outcome measure may be common in the clinical environment, but not always advisable for children with hearing loss. However, for CBHL the generic fatigue questionnaire measures were found to be acceptable and overall, produced quite similar findings to the outcomes from hearing specific questionnaires. Unfortunately, where CUHL measures are concerned then only the VFS-C was able to discriminate between the fatigue levels for CUHL and CNH.

Fatigue is complex and definitions and descriptions of fatigue can vary greatly, often depending on their source. For example, physical fatigue, defined as “the reduced desire to take part in physically demanding tasks, or reduced ability to maintain optimal performance” (51), is different from mental fatigue, described as a “reduced ability or desire to perform tasks that require concentration, attention, clear thinking and memory” (52). The broadness of fatigue as a construct renders measurement difficult, so it is therefore prudent to ascertain which aspects of fatigue demand most focus. Multidimensional fatigue scales, such as the 18-item PedsQL-MFS, can be advantageous as they capture a plurality of distinct domains in which fatigue may manifest, therefore providing a more nuanced description of impact than unidimensional scales. A negative consequence of this is that they are time-consuming and individual questions are not always relevant to the respondent. This is particularly prominent in questionnaires that are designed for the general population, rather than for specific cohorts. By contrast, the VFS-Peds is a 10-item questionnaire, which focuses on one source of fatigue (listening), but integrates several outcome domains in one score. For children with hearing loss, the VFS-Peds is more relevant and less time consuming than the PedsQL-MFS.




5. Conclusion

This study has measured fatigue in children with normal hearing (CNH), children with unilateral hearing loss (CUHL) and children with bilateral hearing loss (CBHL) using three separate tools for measuring fatigue. Our results suggest that both CUHL and CBHL experience more fatigue than their normal hearing peers, and that the listening-specific VFS may be better able to detect fatigue in CUHL. Research is needed to determine the potential differences or similarities in the experiences of CUHL, compared to CBHL, in order to understand the nature of fatigue in these populations so that we can ultimately find ways to improve their quality of life and reduce their fatigue.
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Introduction: The aim of this study was to quantify the amount of deterioration in hearing and to document the trajectory of hearing loss in early identified children with unilateral hearing loss (UHL). We also examined whether clinical characteristics were associated with the likelihood of having progressive hearing loss.



Methods: As part of the Mild and Unilateral Hearing Loss Study, we followed a population-based cohort of 177 children diagnosed with UHL from 2003 to 2018. We applied linear mixed models to examine hearing trends over time including the average amount of change in hearing. Logistic regression models were used to examine the relationship between age and severity at diagnosis, etiology, and the likelihood of progressive loss and amount of deterioration in hearing.



Results: The median age of the children at diagnosis was 4.1 months (IQR 2.1, 53.9) and follow-up time was 58.9 months (35.6, 92.0). Average hearing loss in the impaired ear was 58.8 dB HL (SD 28.5). Over the 16-year period, 47.5% (84/177) of children showed deterioration in hearing in one or both ears from their initial diagnostic assessment to most recent assessment including 21 (11.9%) who developed bilateral hearing loss. Average deterioration in the impaired ear ranged from 27 to 31 dB with little variation across frequencies. Deterioration resulted in a change in category of severity for 67.5% (52/77) of the children. Analysis for children who were followed for at least 8 years showed that most lost a significant amount of hearing rapidly in the first 4 years, with the decrease stabilizing and showing a plateau in the last 4 years. Age and severity at diagnosis were not significantly associated with progressive/stable loss after adjusting for time since diagnosis. Etiologic factors (ENT external/middle ear anomalies, inner ear anomalies, syndromic hearing loss, hereditary/genetic) were found to be positively associated with stable hearing loss.



Conclusion: Almost half of children with UHL are at risk for deterioration in hearing in one or both ears. Most deterioration occurs within the first 4 years following diagnosis. Most children did not experience sudden “large” drops in hearing but more gradual decrease over time. These results suggest that careful monitoring of UHL especially in the early years is important to ensure optimal benefit from early hearing loss detection.
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unilateral hearing loss, children, progressive loss, trajectory, etiology





Introduction

Unilateral hearing loss (UHL) in children has gained increasing attention as a clinically important hearing disorder. Permanent childhood hearing loss is relatively common affecting 3–4 per 1,000 children when all degrees of bilateral and unilateral loss are considered during childhood (1). An estimated 20%–30% of these children have unilateral hearing loss (1, 2). In contrast to historical practices, a substantial proportion of children with UHL are now diagnosed in infancy or early childhood due to widespread population level newborn hearing screening (NHS) (3, 4). Permanent UHL affects about 1 per 1,000 infants based on newborn screening cohorts (5, 6).

Historically, the clinical implications of UHL were not well understood. Unlike children with bilateral hearing loss, these children have access to speech and develop spoken language without intervention. However, there is a growing consensus that UHL affects typical development of auditory pathways and auditory function with implications for communication and academic development for at least some children (7–10). Difficulties in language and academic performance can persist at school age (11–13). However, some uncertainty remains about the consequences of UHL and who is most at risk for difficulties and the need for intervention and overall best practices continue to receive attention (14–17). Parental uncertainty about the effects of UHL has been reflected in parent-focused literature and studies suggest considerable indecision about intervention recommendations (18–20).

There is some variation in NHS programs worldwide in defining hearing disorders including whether mild bilateral and UHL, historically considered to be minimal losses, are specifically targeted (17, 21, 22). Arguably, one reason for including UHL is that as a public health intervention, screening aims not only to improve developmental outcomes but also to prevent delay through early audiologic management and intervention. Programs such as the Infant Hearing Program in Ontario, Canada (23), target the early detection of UHL on the basis that there may be negative consequences associated with any hearing loss and that children are at risk for deterioration in hearing in the other ear. Several studies have reported that children with hearing loss are at risk for further deterioration in hearing with wide variation in rates of progressive loss documented (24–28). Purcell et al. (29) reported that 32.8% of 128 children with sensorineural UHL who had their first audiologic assessment at age 7.7 years showed progressive hearing loss. Paul et al. (30) reported that 19% of 80 children showed progressive loss but 68% of children were initially identified with severe-profound hearing loss and further deterioration in hearing thresholds may not have been captured. Importantly, there has been little focus on the trajectory of hearing loss in children with UHL (31), particularly in early identified children. Datasets available prior to NHS included few children with early-detected UHL, limiting the possibility to document changes in hearing (3). Therefore, little is known about when and how much change in hearing occurs.

Relatively little is known about the relationship between the clinical characteristics (e.g., etiology, age at diagnosis, severity of hearing loss) of children with UHL and the risk of progression in hearing loss. Like bilateral hearing loss, etiology is related to both genetic and environmental factors. While genetics are the most common cause of bilateral hearing loss (1, 32, 33), structural and environmental causes make up a large part of the etiological distribution of UHL (33, 34). While several environmental factors including prematurity and ototoxicity have been associated with non-genetic hearing loss, congenital cytomegalovirus (cCMV) has emerged as the most common cause (32, 35). Congenital CMV accounts for 15%–20% of childhood hearing loss, including UHL, and has been associated with both late onset and progressive hearing loss (36–39). However, in an etiologic study, Dahl et al. (40) found no relationship between CMV or common genetic etiologic factors and progression of hearing loss. Structural anomalies such as enlarged vestibular aqueduct (EVA) and cochlear nerve deficiency (29, 33), common causes of UHL, have also been associated with progressive loss (29, 41). In an investigation of children with UHL, Purcell et al. (29) reported that children with bony cochlear nerve stenosis were at greater risk of progression in hearing. In the same study, risk of progression was not significantly different for children with and without EVA or for those with temporal bone anomalies versus normal imaging results. Overall, the research suggests that the relationship between etiologic factors and the risk of progressive hearing loss is rather inconclusive.

The Joint Committee on Infant Hearing (JCIH) has historically identified risk indicators for late onset and progressive permanent hearing loss, which have guided screening surveillance programs (22, 42). Our previous research on a cohort of children with bilateral/unilateral loss found no significant association between risk indicators and progressive loss except that children with craniofacial anomalies were more likely to have stable hearing loss (24). Permanent conductive (structural) loss, generally associated with craniofacial anomalies such as aural atresia has been reported in 25%–33% of children with UHL (2, 43). Onset of hearing loss, which can be related to etiology, and type and severity of hearing loss at diagnosis have also not been well-investigated in relation to progressive hearing loss.

Understanding the trajectory of hearing loss has implications for management practices including the need for surveillance and potential adjustments in intervention. Screening aims to improve developmental outcomes by detecting and managing hearing loss early and provides new opportunities to better understand the evolution of childhood hearing loss. Consistent with these goals, we have followed a population-based cohort of children with permanent hearing loss in one Canadian audiology center. The purpose of this study was to examine the clinical characteristics and the evolution of hearing loss in children with UHL. Specifically, the objectives were to: (1) determine the proportion of children with UHL, the amount of deterioration in hearing thresholds, and the trajectory of hearing loss; and (2) examine whether there was an association between clinical characteristics at diagnosis including etiology, age at diagnosis (related to onset), and severity of hearing loss and the likelihood of progressive hearing loss.



Methods


Design and setting

This longitudinal study was conducted as part of a research program examining development outcomes in children with mild bilateral or UHL. As part of this project, population-level data related to diagnosis and intervention were collected prospectively on all children with permanent hearing loss followed in the Eastern Ontario region of Canada and diagnosed from 2003 to 2018. For this study on progressive hearing loss, we also extracted all post-diagnostic audiometric data from the medical records.

The study was conducted at CHEO, a pediatric hospital which is the sole audiologic diagnostic center for infants in the area screened through a province-wide early hearing detection and intervention (EHDI) program. Screening targets include mild bilateral and UHL. The clinic also provides services for children who relocate to the area. Well-established clinical protocols for identification and follow-up of hearing loss are in place (44). Services are publicly funded through the provincial health system. The program was fully implemented in 2003 and data for this study are population-based, covering a birth cohort of approximately 240,000 infants during the 16-year study period. Services for all children confirmed with permanent hearing loss include audiologic follow-up at 3- and 6-month intervals respectively in the first and second year after identification and then annually up to age 6 years. Intervention services for communication development are also provided within the audiology service.



Participants

The study population included all children followed at CHEO who were identified with permanent UHL (2003–2018). UHL was determined based on the National Workshop on Mild and Unilateral Hearing Loss (45) definition as hearing loss in one ear only with a pure-tone average (PTA at 0.5, 1, 2 kHz) of 20 dB HL or >25 dB at two or more frequencies above 2 kHz. Research Ethics Committees at the CHEO Research Institute (file #09-64X), and the University of Ottawa (file #H10-09-11) approved the study protocol.



Procedures

Data collection for this study took place in two phases. In phase 1, as part of a longitudinal study on all children with hearing loss, clinical characteristics have been collected prospectively from medical records since full NHS implementation in 2003. Data were entered in a study-specific database and included child (e.g., sex, screening status) and hearing loss details (e.g., onset, age of diagnosis, type of loss, severity of hearing loss, middle ear status, etiology, risk indicators). In addition, medical records were re-examined for this study to update the child's profile with any new etiologic information from clinical areas such as genetics (e.g., family history and/or genetic testing), infectious diseases (e.g., cCMV infections) and ENT services (e.g., imaging results). A researcher with experience in medical chart data also entered risk indicators for hearing loss based on JCIH (42) descriptions and coding was verified with an audiologist or physician if needed.

In addition to the audiologic data entered at diagnosis, all follow-up audiologic and hearing-related medical assessment results were retrospectively extracted from paper or electronic (after 2013) medical charts and entered into an SPSS database including audiometric thresholds and middle ear status (e.g., immittance results and ENT clinical notes). Category of hearing loss (mild, moderate, moderately severe, severe, profound) was assigned based on 4-frequency 0.5, 1, 2, 4 kHz) pure-tone average (PTA) applying standard audiologic definitions (shown in Table 1). All clinical assessment data were available to the researchers.


TABLE 1 Baseline clinical characteristics of the study sample (n = 177).
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Determination of progressive hearing loss

A definition used in our previous research (24), adopted from Dahl et al. (40), was applied: (1) a decrease of 10 dB or greater at two or more adjacent frequencies between 0.5 and 4 kHz or a decrease in 15 dB at one octave frequency in the same frequency range. Children were categorized as having progressive hearing loss (vs. stable hearing) if there was worse hearing in the impaired ear or if the ear with normal hearing developed a loss. The presence of progressive hearing loss was determined based on a comparison of initial and most recent audiologic profiles. The initial confirmation of permanent hearing loss was based on the audiologic assessment conducted, either diagnostic auditory brainstem response (ABR) testing (using tone pip stimuli) or behavioral audiometry results. The relationship between behavioral and ABR thresholds has been well-documented and correction factors have been established to predict behavioral thresholds from ABR results (47–49). For the, ABR results, clinical audiologists had recorded the estimated behavioural thresholds (eHL) in the medical chart, applying correction factors used by the Ontario Infant Hearing Program (47) and these eHL thresholds were entered for all ABR tests. Most children, due to their age, were assessed using behavioral audiometry at their most recent assessment. Therefore, determination of progressive hearing loss for children who were initially diagnosed using ABR assessments, required a comparison of ABR (eHL thresholds) and behavioral thresholds.

Decision rules consistent with our previous research on progressive hearing loss (24) were applied. Inconclusive or incomplete results were not included for the analysis. If middle ear function was abnormal (based on tympanometry and/or ENT medical chart notes) at any assessment, audiograms with >10 dB changes in thresholds compared to previous/subsequent assessments were excluded. Assessments which included sound field results only were also excluded. Any unclear results were discussed between two researchers and reviewed with a clinical audiologist on the research team, as needed. For each audiological assessment entered, time from the confirmation of the hearing loss was calculated in months. For longitudinal analysis, the audiometric thresholds closest to and within 6 months of the year of follow-up (e.g., year 1, 2, 3, etc.) were selected (e.g., Year 2 encompassed thresholds obtained between 18 and 30 months).




Data analysis

Statistical analyses were conducted using SPSS (version 26). Participant characteristics were summarized using descriptive statistics including means and standard deviations, medians and interquartile ranges, and frequency counts as appropriate. One outcome of interest was the proportion of children with progressive hearing loss. Differences in clinical characteristics (e.g., onset, type, severity of hearing loss, etiology, risk indicators) were compared for children with progressive and stable hearing levels using t-tests or Mann-Whitney U tests (as appropriate) for continuous variables and chi-square tests for categorical variables.

The amount of change in hearing loss across frequencies was calculated from first to most recent audiometric assessment. For the longitudinal analysis, the trajectory of hearing loss (for the impaired ear at initial diagnosis) was analyzed using mixed linear models (with the identity correlation matrix) that were fit with maximum-likelihood estimation techniques to evaluate the trajectory across individual frequencies (0.5–4 kHz). To control for intra-subject variability of trajectories, a random effect was added on the linear term of the model. Another random effect on the intercept was added to control for the variability between individual baseline thresholds. The time effect was modeled as linear, quadratic, and cubic factors to be able to detect a loss in hearing (linear effect) and a change in the rate of decrease over time (quadratic and cubic effects). Analyses were conducted with all available data without imputation, as estimation of parameters using the maximum-likelihood method is considered adequate to address missing data (50, 51).

Using logistic regression, we also evaluated the relationship between clinical characteristics (age at diagnosis, severity of hearing loss at diagnosis, etiology) and status of hearing loss (stable versus progressive). Four multivariable models were also fit to evaluate the relationship between these covariates and the amount of deterioration in hearing at individual audiometric frequencies from 0.5–4 kHz. All models were adjusted for time since diagnosis. Two-tailed tests were applied for all analyses with statistical significance set at p < 0.05.




Results


Study population and characteristics

Figure 1 shows the selection of participants for the analysis. From 2003 to 2018, a total of 730 children were identified with permanent hearing loss in the clinic, of whom 197 (27.0%) had UHL at diagnosis. After removing children with limited follow-up and those with auditory neuropathy spectrum disorder due to the fluctuating nature of hearing loss, 177 children were available for detailed analysis. A total of 1,565 audiologic assessments were examined (median of 7.0 assessments per child; IQR 5.0, 11.0; range 3–31) to determine whether hearing loss was progressive or stable.
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FIGURE 1
Selection of study participants. ANSD, auditory neuropathy spectrum disorder; HL, hearing loss.




Description of participants

Table 1 shows the characteristics of the 177 children included in the analysis. Most children (134/177, 75.7%) were known to be exposed to newborn screening and UHL was diagnosed in infancy at a median age of 4.1 months (IQR 2.1, 53.9). Of the 43 (24.3%) children without screening, 17 (9.6%) were confirmed as not screened and 26 (14.7%) were born outside the province/country and were not screened or information was not available. Children had been followed for a median of 58.9 months (IQR 35.6, 92.0) and had a median age of 87.5 months (IQR 55.1, 139.0) at most recent assessment.

Hearing loss was determined to be congenital or early onset (<6 months) for 53.7% (95/177), late onset for 26.0% and acquired (e.g., meningitis or other known causes) for 4.0%. Onset was unknown for the remaining 16.4% of children due to unknown screening status and no early diagnostic assessment. Most (142/177, 80.2%) children presented with sensorineural (67.2%) or mixed (13.0%) hearing loss at diagnosis and the remaining 19.8% with permanent conductive (structural) loss. The mean hearing loss at diagnosis (4-frequency PTA in the impaired ear) was 58.8 dB (SD 28.5) with 74.0% (131/177) of children having <70 dB HL (mild to severe). One or more known risk indicators for hearing loss was documented for 38.4% (68/177) of the children. Etiology was known for 55.4% (98/177) of children with the most common etiologies being external/middle ear anomalies (15.8% of total), inner ear anomalies (7.9%), syndromes associated with hearing loss (11.9%) and hereditary/genetic causes (8.5%), together accounting for 88.7% of causes (details in Table 1).



Proportion and severity of progressive loss

Overall, 84 of 177 (47.5%) children showed deterioration in hearing in one or both ears from initial diagnosis to most recent assessment. For 63 (35.6%) children, hearing loss remained unilateral with further deterioration in the impaired ear only, and 21 (11.9%) children developed bilateral hearing loss including 14 (7.9%) who showed deterioration in both ears since initial diagnosis and another 7 (4.0%) who developed a loss in the normal hearing ear only. For these 21 (11.9%) children, the loss in the normal hearing ear was identified at a median of 22.1 months (IQR 10.4, 43.3). In summary, 27.7% (98/354) of all ears showed a drop in hearing since initial diagnosis (77 impaired ears plus 21 previously unaffected contralateral ears).

Since this was an early identified cohort, we verified whether there was a difference in progressive hearing loss in children who were identified using objective ABR versus behavioral audiometry at baseline. At the final assessment there were 198 ears with hearing loss (177 impaired ears and 21 ears originally within normal limits), 51.5% (102 of 198) were identified through ABR testing at baseline and 48.5% with behavioral audiometry. Chi-square analysis showed no significant difference in the percentage of ears with progressive hearing loss when the initial diagnostic assessment was conducted using ABR versus behavioral audiometry [X2 (1) = 0.866, p = 0.352].

The characteristics of the 84 children with progressive hearing loss and the 93 with stable hearing are shown in Table 1. While there was no significant difference in the length of follow-up time for children with progressive loss compared to those with stable loss (p = 0.072), the children with progressive loss had more audiologic assessments (p < 0.001). As shown, more children with progressive hearing loss had congenital/early onset hearing loss (p = 0.042). Children with progressive hearing loss were diagnosed at a median age of 3.7 months (2.2, 44.8) compared to 24.3 months (2.0, 58.9) for those with stable hearing thresholds. It is important to note that children with late onset hearing loss are not necessarily identified at the initial onset of the loss but rather when it becomes severe enough to be noticed, therefore changes in hearing prior to diagnosis are unknown. There was no significant difference in age of diagnosis for children diagnosed with late onset hearing loss in the later 5-year period (2014–2018) compared to those diagnosed in the previous 11 years (2003–2013) (p = 0.074). Compared to children with stable hearing, children with progression had more sensorineural/mixed loss (p = 0.015) and had less severe hearing loss at diagnosis (p = 0.013). The latter finding may reflect that there were more children in the stable group with profound hearing loss at diagnosis in the impaired ear (17 vs. 6), and further deterioration may not have been captured if hearing loss had reached the limits of measured hearing thresholds. When considering only the 154 children with better than profound hearing loss, 50.6% (78/154) showed deterioration in at least one ear.



Severity of hearing loss

Figure 2 shows the average drop in hearing by frequency (0.5–4 kHz) in the impaired ear for the 77 children with deterioration from first to last audiometric assessment. As shown, there was substantial deterioration in hearing across all frequencies. Average deterioration ranged from 27 to 31 dB with little variation across frequencies. For example, at diagnosis, average thresholds ranged from 53 dB HL at 1 kHz to 58 dB HL at 4 kHz and at last assessment from 80 to 86 dB HL. For the 21 children who developed bilateral loss (not shown in Figure 2), 16 (76.2%) children initially presented with high frequency only or mild hearing loss in the previously normal hearing ear; 14 showed further progression in that ear over time.
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FIGURE 2
Average change in hearing thresholds across frequencies from initial diagnosis to most recent assessment (n = 77). The boxes indicate the 25th, 50th, and 75th percentiles. The whiskers above and below the box boundaries show the largest and smallest observed values. x on graph refers to mean thresholds.


Figure 3 shows the changes in category of severity of hearing loss for individual ears, classified according to PTA across the four frequencies (0.5, 1, 2, 4 kHz). Changes are shown separately for the 77 impaired ears and for the 21 ears that started with normal hearing. For the 77 impaired ears, deterioration was sufficient to result in a change in category of hearing loss severity for 67.5% (52/77). For example, 22 ears with mild hearing loss in the impaired ear at diagnosis showed a moderate or worse loss at last assessment and 14 moved from a severe to a profound loss category. For the 21 normal hearing ears, 8 showed a moderate hearing loss or greater at most recent assessment.
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FIGURE 3
Category of hearing loss severity at diagnosis and at most recent assessment. The shaded boxes represent the degree of hearing loss in the impaired ear at diagnosis and the unshaded boxes the degree at final assessment. For the 21 ears that developed hearing loss (previously normal hearing), degree of hearing loss at final assessment is shown. UHL, unilateral hearing loss; HL, hearing loss.


By definition, children with progressive loss did not show improvement in hearing levels. Of the 100 impaired ears that were coded as not progressive (stable), 3 showed >10 dB improvement (in 4-frequency PTA) from baseline to most recent assessment (range: 11.4–20.0 dB change). Two of these children had structural conductive hearing loss and all three children continued to present with hearing loss. One normal hearing ear that later developed hearing loss also showed an improvement of 13.8 dB from diagnosis to final audiogram but continued to show a mild loss.



Trajectory of hearing loss

Using the series of audiometric assessments recorded over the first 8 years of follow-up for this cohort (n at baseline of 48, 34, 60, and 50, for 0.5 1, 2 and 4 kHz respectively), we examined the trajectory of hearing loss in the impaired ear to document patterns of changes in hearing over time. Figure 4 shows that most children lost a significant amount of hearing rapidly in the first 4 years of follow-up (p < 0.001 for all four frequencies). On average, the loss was estimated at 27.1 dB, 23.1 dB, 24.1 dB, and 22.5 dB at 0.5 1, 2, and 4 kHz respectively. Subsequently, the decrease in thresholds showed a statistically significant stabilization in deterioration for all frequencies (p < 0.001) followed by a plateau in the last 4 years of observation.
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FIGURE 4
Trajectory of hearing loss across four frequencies (n = 77). Error bars represent one standard deviation.




Relationship between child characteristics and progressive hearing loss

Logistic regression was carried out to assess the association between known clinical characteristics and progressive hearing loss in the 77 impaired ears that showed deterioration. Age at diagnosis and severity of hearing loss (4-frequency PTA) were not significantly associated with progressive/stable hearing loss (Table 2) after adjusting for time since diagnosis. However, the etiologic factors (ENT anomaly-external/middle ear, ENT anomaly-inner ear, syndrome, hereditary/genetic) entered in the model were found to be positively associated with stable hearing loss (i.e., protected against progressive hearing loss). For example, children with hereditary/genetic etiology have a 95% chance of stable hearing loss. However, given the relatively small number of children in some etiologic categories, the results should be interpreted with caution. After applying a Bonferroni correction [adjusted alpha level of 0.001—(.05/35)], only the factor ENT anomaly-external/middle ear remained statistically significant.


TABLE 2 Factors associated with progressive hearing loss (n = 77).
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Using the same variables and adjusting for time since diagnosis, linear regression models were fit to examine the association between clinical characteristics and the total amount of deterioration in hearing at individual frequencies 0.5–4 kHz (Table 3). Age at diagnosis was not a significant predictor of change in hearing except at 0.5 kHz, where younger age at diagnosis was associated with more deterioration in hearing. This difference was small, translating to 2.2 dB more deterioration in the threshold at 0.5 kHz threshold when a child was diagnosed at age 12 months compared to 24 months. Applying a Bonferroni correction, (adjusted alpha level of 0.001) the result would no longer be statistically significant. There was no significant association between any etiology and amount of deterioration in hearing at any frequency.


TABLE 3 Factors associated with amount of deterioration in hearing across frequencies (n = 77).
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Discussion

This population-based study showed that about 1 in 4 children with permanent hearing loss present with UHL at initial diagnosis. Based on a large dataset of longitudinal audiometric data, we found that almost half (47.5%, n = 84 of 177) of children first diagnosed with UHL experienced deterioration in hearing in the impaired ear or developed a hearing loss in the normal hearing ear. While deterioration for most children was limited to the impaired ear (43.5% of all children) 11.9% also developed bilateral hearing loss. We observed a trend towards a greater drop in hearing in the first 4 years after diagnosis with the decrease slowing over time and a plateau effect noted in the next 4 years.

Our overall findings related to the proportion of children who experience changes in hearing are consistent with our previous report on 330 children across the spectrum of hearing loss, both unilateral and bilateral loss (24). In that study 48% showed some amount of deterioration in hearing over time, including 37% of the 73 children with UHL. Almost half of all children had more than 20 dB drop in average hearing levels. In a subsequent study, we found that 42% of children with UHL showed deterioration, including 17% who developed bilateral loss (2). However, in both these studies we limited our analyses to a comparison of initial diagnostic and most recent audiologic results to determine progression. A study from another Canadian center reported that about one-third of 128 children with UHL showed progression (29). The current study adds another contribution to our understanding in detailing the trajectory of hearing loss. Through our analysis of multiple audiograms, we mapped out trends for children with UHL across a span of 8 years.


Severity

The amount of change in hearing loss is important in planning optimal audiologic management of these children. During the study period, children lost an average of about 30 decibels across the individual speech frequencies (impaired ear) and more than two thirds of the deterioration happened over the first 4 years post-diagnosis (average of over 20 dB decrease in thresholds). These are clinically important changes. For example, for the 77 children with impaired ears that showed progressive hearing loss, the drop in average hearing levels was sufficient to result in two-thirds (67.4%) of them being reclassified to a more severe category of hearing loss at last audiometric assessment. This resulted in an almost doubling of the number of children with severe or profound hearing loss, in at least one ear (39 ears vs. 18 at diagnosis). Furthermore, 11.9% of children developed bilateral hearing loss placing them at greater risk for delays in auditory and communication development. Of the 21 normal hearing ears that developed a loss, 5 showed severe or profound hearing loss by study end.

The increase in severity of hearing loss in one or both ears is an important finding for two reasons. First, severity of hearing loss has important implications for the type of technology that these children are likely to require. Current guidelines generally support the use of conventional hearing aids for children with UHL who present with less than severe hearing loss (14, 16). For children with hearing aids, recommendations and counseling related to use may change with greater hearing loss severity. In addition, management options for children with severe to profound hearing loss, commonly referred to as single-sided deafness, have evolved in recent years with more children now considered for cochlear implants (15, 52–54). Changes in hearing might lead to different hearing technology (e.g., cochlear implant) and management options being considered for about one-quarter of the children (24.9%, n = 44) in our study compared to 10.2% at initial diagnosis. A recent review primarily based on adult UHL studies suggests that early cochlear implantation can prevent or reduce auditory deprivation in individuals with UHL (55). Secondly, there is some evidence from a systematic review to indicate that children with severe and profound UHL have more difficulty than those with less severe loss in at least some aspects of speech and language development (11). Earlier awareness of the presence of more severe loss may result in the fitting of optimal technology and provision of speech-language intervention in a timely manner, therefore, careful monitoring of these children would seem to be warranted.



Trajectory

Knowing about the trajectory of hearing loss and any change in audiometric profiles over time can provide useful information for parents and can underscore the importance of monitoring their child's hearing. It can also be useful for clinicians and decision-makers in establishing appropriate clinical follow-up protocols. Our longitudinal analysis showed that the most important changes in hearing levels were observed in the first 4 years. Hearing continued to decrease over time but at a slower rate and the drop was much less pronounced 5–8 years after diagnosis. It is of clinical importance that most children did not experience sudden “large” drops in hearing but a more progressive, gradual decrease over time. These small changes in hearing thresholds are likely not noticeable by parents or therapists who see the children in everyday environments, especially since most continue to have one ear with normal hearing. When hearing loss drops suddenly, services may be initiated quickly. In contrast, our findings of more gradual progression indicate the need for close surveillance of hearing in these children in the first few years after diagnosis. Greater awareness about the possibility of worse hearing in one ear or the development of hearing loss in the contralateral ear can be valuable in guiding the families of these young children. For example, our previous research has shown that hearing aid use in the preschool years tends to be lower in these children, even when compared with mild bilateral loss (56). Timely information about a change in hearing may help parents decide to move forward with recommendations for amplification or motivate them to increase their child's hearing aid use. It is possible that concrete information about the evolution of UHL may influence parents’ decisions early in their child's life and potentially prevent or reduce delays in later childhood.



Factors

Predicting who is most likely to lose further hearing would also be helpful in guiding families and in establishing clinical protocols. However, our examination of factors showed no clear relationship with age or severity of hearing loss at diagnosis. Our analysis of the available etiologic factors showed only that all were associated with stable hearing loss. In a previous study investigating risk factors (24), we also found a positive association between structural conductive conditions (e.g., atresia) and stable hearing loss. In that research, there was no relationship between any other risk factors and progressive/stable hearing loss. Dahl et al. (40) also did not find a relationship between severity of hearing loss or etiology and progressive loss over the first 3 years of life. It is important to note that our study was conducted prior to the implementation of cCMV or systematic genetic screening in the hearing program, resulting in almost half of the sample having unknown etiology. With further expansion of molecular screening in population-based NHS to detect infants at risk for late onset or progressive loss, more comprehensive analyses in sub-populations of children may eventually shed further light on progressive hearing loss (32, 57). In our study, we also could not show any relationship between age at diagnosis and the magnitude of deterioration in hearing levels across the speech frequencies except a small difference at 0.5 Hz, where a diagnosis 12 months earlier resulted in a loss of 2.2 dB more hearing per year. The etiologies examined also had no significant impact on the amount of deterioration in hearing.



Limitations

A strength of this study is access to a population-based cohort in a publicly funded, health care system with comprehensive medical chart data available. Well-established diagnostic and follow-up protocols were in place in the clinic. Clinical characteristics and initial audiometric information were collected prospectively as children were diagnosed. However, our study has some limitations. A comparison of early audiologic (ABR and behavioral thresholds) and later behavioral assessments can introduce some error. Although we used estimated behavioral thresholds (eHL) to document ABR results, the agreement with behavioral thresholds is not perfect and there is some evidence that predicted behavioral thresholds may be underestimated in children with moderate and greater degrees of hearing loss (49, 58). In addition, behavioral threshold responses obtained for infants and young children, with normal hearing, particularly for VRA, are likely to be in the 20 dB HL range and become lower as their age increases (59, 60). This could lead to some underestimation of the number of children who experienced deterioration in hearing.

Our study depended on clinical audiologic data and despite clear follow-up protocols, the nature of clinical management is that assessments do not always follow the planned schedule. For young children, assessment results may be incomplete or require several test sessions. Furthermore, compared to children with bilateral hearing loss, audiologic follow-up for these children may be less consistent due to less concern on the part of parents about communication development, less frequent intervention sessions, and higher levels of amplification non-use. It is possible that children are less likely to present for follow-up visits if there is no concern. In addition, children in this study were diagnosed over a 16-year period and had variable lengths of follow-up. While we controlled for time since diagnosis in the regression analyses, this resulted in a smaller sample size for the longitudinal analysis of trajectory of hearing loss and requires that these results be interpreted with caution. Finally, the lack of specific etiologic data (e.g., based on radiologic findings or cCMV screening) and the relatively small number of children in some etiology groups precluded more extensive analyses of conditions (e.g., cCMV, enlarged vestibular aqueduct) previously reported to be associated with progressive hearing loss (37, 39, 41).




Conclusion

Early identified children with UHL represent a new clinical population in the last 20–30 years since the widespread implementation of NHS. An important goal of screening is to improve developmental outcomes for children with hearing loss of any degree. Using population-level data to track the evolution of hearing loss, this study provides evidence that almost half of the children with UHL are at risk for further deterioration in hearing in the impaired ear or for bilateral loss especially in the first 4 years after diagnosis. The extent of the problem and the magnitude of the hearing deterioration, coupled with the potential impact on intervention decisions seem to justify efforts to regularly monitor these children to identify additional needs as early as possible.
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Background: Children with permanent unilateral hearing loss (UHL) are an understudied population, with limited data to inform the guidelines on clinical management. There is a funding gap in healthcare provision for the children with UHL in the United Kingdom, where genetic screening, support services, and devices are not consistently provided or fully funded in all areas. They are a disparate population with regard to aetiology and their degree of hearing loss, and hence their device choice and use. Despite having one “good ear”, some children with UHL can have similar outcomes, socially, behaviourally, and academically, to children with bilateral hearing loss, highlighting the importance of understanding this population. In this longitudinal cohort study, we aimed to characterise the management of the children with UHL and the gaps in the support services that are provided for the children in Nottingham, United Kingdom.



Methods: A cohort study was conducted collecting longitudinal data over 17 years (2002–2019) for 63 children with permanent congenital confirmed UHL in a large tertiary regional referral centre for hearing loss in Nottingham, United Kingdom. The cases of UHL include permanent congenital, conductive, mixed, or sensorineural hearing loss, and the degree of hearing loss ranges from mild to profound. The data were taken from their diagnostic auditory brainstem responses and their two most recent hearing assessments. Descriptors were recorded of the devices trialled and used and the diagnoses including aetiology of UHL, age of first fit, degree of hearing loss, when and which type of device was used, why a device was not used, the support services provided, concerns raised, and who raised them.



Results: Most children (45/63; 71%) trialled a device, and the remaining 18 children had no device trial on record. Most children (20/45; 44%) trialled a bone-conduction device, followed by contralateral routing of signal aid (15/45; 33%) and conventional hearing aids (9/45; 20%). Most children (36/45; 80%) who had a device indicated that they wore their device “all day” or every day in school. Few children (8/45; 18%) reported that they wore their device rarely, and the reasons for this included bullying (3/8), feedback from the device (2/8), and discomfort from the device (2/8). Only one child reported that the device was not helping with their hearing. The age that the children were first fitted with their hearing device varied a median of 2.5 years for hearing aids and bone-conduction devices and 7 years for a contralateral routing of signal aid. The length of time that the children had the device also varied widely (median of 26 months, range 3–135 months); the children had their bone-conduction hearing aid for the longest period of time (median of 32.5 months). There was a significant trend where more recent device fittings were happening for children at a younger age. Fifty-one children were referred by the paediatric audiologist to a support service, 72.5% (37/51) were subsequently followed up by the referred service with no issue, whilst the remaining 27.5% (14/51) encountered an issue leading to an unsuccessful provision of support. Overall, most children (65%, 41/63) had no reported concerns, and 28.5% (18/63) of the children went on to have a documented concern at some point during their audiological care: five with hearing aid difficulties, five with speech issues, four with no improvement in hearing, three facing self-image or bullying issues, and one case of a child struggling to interact socially with friends. Three of these children had not trialled a device. We documented every concern reported from the parents, clinicians, teachers of the deaf, and from the children themselves. Where concerns were raised, more than half (58.6%, 10/18) were by schools and teachers, the remaining four concerns were raised by the family, and further four concerns were raised by the children themselves.



Conclusion: To discover what management will most benefit which children with permanent UHL, we first must characterise their treatment, their concerns, and the support services available for them. Despite the children with UHL being a highly disparate population—in terms of their aetiology, their device use, the degree of hearing loss, and the age at which they trial a device—the majority report they use their device mostly in school. In lieu of available data and in consideration of the devices that are available to them, it could be useful to support families and clinicians in understanding the devices which are most used and where they are used. Considering the reasons for cessation of regular device use counselling and support services would be vital to support the children with UHL.
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Introduction

Within the United Kingdom (England, Northern Ireland, Wales, and Scotland), there is a current lack of national management guidelines for clinicians looking after children with unilateral hearing loss (UHL), and treatment is widely debated (1–3). Numerous organisations have established candidacy guidelines for paediatric amplification for the children with UHL (see Supplementary Material) and there is considerable variation in the guidelines with candidacy criteria ranging from 15 to 30 dB HL (4). Air or bone-conduction devices (BCDs) or cochlear implants (CIs) may be recommended at the upper limit of candidacy, for example, in single-sided deafness (SSD) where amplification is not possible, and for the children with UHL, many recommend a case-by-case decision approach (1, 46–48).

Uptake of devices for UHL can be variable with as few as 31% of children (9–18 years) with UHL using a hearing device (6). Low device uptake and current lack of guidelines most likely reflect the disparate nature of the degree of UHL, its aetiology, and the variety of treatment options available. The lack of guidelines poses a major problem for clinicians to advise the families of the children affected by UHL, since the impact of UHL can be highly variable across individual children as are their needs, desired outcomes, and personal preferences (7–9).

In 50% of the cases, the aetiology of UHL is unknown (10). There are several risk factors that have been associated with UHL (11) including premature birth, trauma, craniofacial anomalies, genetic causes, and bacterial or viral infections (12, 13). Children who have a family history of hearing loss are more likely to have bilateral hearing loss (BHL) whilst UHL is more likely to be present in those with craniofacial anomalies (8).

The listening difficulties that the children with UHL experience can mainly be explained by their loss of bilateral input. The range of loss of input can range from a child having no available hearing in their affected ear, often called SSD (weak or absent nerve for example), to very mild losses where they have some, albeit asymmetrical bilateral input. Their degree of hearing loss and aetiology will impact their device choice. The choice for a child to use a device and their device choice are also likely to be indicative of having an ear that works well and the ability of the child to use that monaural input to good effect. It can also reflect their listening environment, for example, if their device helps them in background noise or whether they are predominately in a quiet home and are able to position themselves for optimal listening. Counselling by a multidisciplinary team is advocated to avoid treatment bias for children with conductive UHL (14), and this can benefit children with either sensorineural UHL or aural atresia. However, it is critical to monitor speech and language development since they are at risk when listening with one ear and device trial should be implemented early (15). Furthermore, it is important to note that hearing is still limited with a BCD especially for children with SSD and/or in a noisy listening setting, possibly because the BCD does not restore the binaural hearing for children with conductive UHL (15, 16).

In a small study of children with Trisomy 13 and conductive UHL (mostly moderate hearing loss), the conservative approach of watchful waiting was often adopted, and when hearing aids were implemented, they were on the whole successful (14).

Where there is a lack of auditory input, this will impede binaural summation of loudness, the head shadow effect, and binaural release from masking which affects their ability to decode speech in noise and localise sound in space (15–19). In a recent study with children who have no access to sound in one ear (SSD) and who had a cochlear implant (CI), the implanted group exhibited an improved speech perception in noise and better sound localisation skills, compared with their non-implanted peers (20).

The morbidity of UHL can be similar to bilateral hearing loss (BHL), and there is a wealth of evidence that UHL can affect preverbal vocalisation, speech and language development, and cognition (8, 9, 21–25). The children with UHL can also struggle with listening fatigue particularly in noisy environments, and their degree of fatigue is very variable but can be very similar to the level of fatigue experience by children with BHL (26, 27).

There are a number of hearing devices that will not restore bilateral input but can be used to help the children with UHL—contralateral routing of signal (CROS) aids and bone-conduction devices help alleviate the head shadow effect as they re-route the sound via air or bone-conduction, respectively. BCDs and CROS-aids are commonly used for severe losses, fluctuating hearing loss, profound conductive losses or where the auditory nerve is absent or weak, whereas mild to moderate losses are often treated with conventional hearing aids.

The data from adult studies often imply that BCDs are better than CROS-aids but both devices impair speech perception when the noise emanates from the impaired ear side. Also, it has been shown that a BCD does not improve sound localisation abilities (30), but it is believed that they do improve speech perception when noise is on the side of the better ear (30–33).

A study assessing orienting head-movement responses in people with SSD investigated whether a BCD would jeopardise their directional hearing based on monaural spectral and/or level cues. They found that 5 out of 19 participants could localise certain sounds (broad-band and high-pass but not low-pass filtered noises) in the horizontal plane in the unaided condition and that a BCD did not deteriorate their localisation abilities (28).

The outcomes for the children with UHL can be as disparate as the aetiology and their type of hearing loss. For example, evidence of the impact of unilateral conductive hearing loss in children can be varied and sometimes mild, and there is limited evidence to indicate that hearing devices benefit every child in relation to their speech and language development. Aetiology is important since listeners with conductive UHL can activate the auditory pathways of their impaired ear through their own voice, and through bone and tissue conduction (29). If the UHL is conductive, BCDs can provide a form of binaural input where the cochlea is stimulated on the side of the loss as well as re-routing the sound to the better-hearing ear (when an inner ear hearing apparatus is functional). With the BCD, the cochleae can receive stimulation with negligible interaural attenuation so that a cross-hearing is experienced. The concomitant stimulation of the contralateral cochlea could impair the ability to process interaural differences in level and timing, which could limit improvements in the binaural hearing (30, 31). Prior studies indicate that BCDs provide speech recognition-related benefits; however, it is not agreed whether more accurate sound localisation occurs with BCDs (32, 33). With congenital conductive UHL, the data are contentious. There has been reported improvement in horizontal spatial hearing with a BCD for some listeners with conductive UHL despite the inherent problems of time delay and cross-hearing (32, 34), and one study shows that this can improve predominantly on the aided side with a BCD (35).

It was postulated that some listeners with congenital conductive UHL have adapted to their UHL and learned to rely on the spectral shape cues and monaural head shadow effect cues (36). In summary, how BCD stimulation affects spatial hearing abilities and the predictive factors that may affect the degree of the benefit provided by BCDs remains unknown.

Collation and comparison of data sets for paediatric UHL studies in the current literature can be difficult; a systematic review and consensus paper noted no firm evidence for the efficacy of current available devices nor evidence to inform decisions as to which devices are most suitable (5, 37). The limited data available suggest a trend towards improvement in speech perception with hearing devices, particularly with listening attention (35). Frequency modulation (FM) systems were shown to have the most benefit for speech recognition in noise, and studies evaluating CROS hearing aids demonstrated variable outcomes (38).

Several adult studies have demonstrated the long-term implications of uncorrected hearing loss; with an increased likelihood of experiencing social isolation and emotional distress as well as an increased risk of developing dementia in later life (39–41). Whilst the above implications are yet to be investigated in cases of early-onset UHL, other factors, for example, maternal education and earlier aiding, have been shown to ameliorate poorer outcomes (42). Watchful waiting should also be a possible option, particularly for milder hearing losses (14) as we have yet to show that treatment of UHL is associated with improved academic performance.

Future research may highlight the importance of early detection and appropriate treatment for some children with UHL.

To promote consistent and effective care for the children with UHL, it is important to both identify the current standard of care and support provided, as well as characterise the affected cohort of patients. It is also important to identify gaps in the funding and support for the children with UHL.

Moreover, an understanding of the respective thoughts of patients, parents, and clinicians on the care provided is essential to ensure a unified approach to UHL management.

In this current longitudinal cohort study, we describe all aspects, we can reliably ascertain from their data over 17 years in a large tertiary centre, on the management of children with confirmed permanent UHL. Consequently, there is a potential for further research into the future development of evidence-based management guidelines and promoting informed treatment decisions for clinicians, parents, and children.

The objectives of this study are the following:


	1.Establish a database from the advent of NHSP (2002) to document the demography and aetiology of UHL in children in a tertiary referral centre.

	2.Characterise management of UHL—e.g., type of device trialled, the age of the child when they first trial a device, when and how long they use their current device, and why they do not use their device.

	3.Additional support services for the children with UHL and the documentation of any concern related to the impact of their hearing loss.





Methods

The routinely recorded and collected data in this study formed part of a service evaluation 2002–2019 at Nottingham University Hospitals. The data was also used from the Nottingham research database (NEAT) under ethical approval to analyse routinely collected data (REC project ID: 292263), South Central Berkshire Research Ethics Committee.


Inclusion and exclusion criteria

The criteria for inclusion included the patient referred on the NHSP and having a diagnosis of permanent UHL (hearing loss in one ear lasting for greater than 6 months). Children who did not speak English as a first language were also included.

The criteria for exclusion included children with acquired, fluctuating, or bilateral hearing losses as well as any child who did not have their new-born hearing screening (NHS) conducted in Nottingham.

Of the 89 cases identified as having UHL from the new-born hearing screening or referred from the UHL clinic, 26 (29.2%) cases were excluded as they were acquired or progressive, leaving a total of 63 cases of permanent congenital confirmed UHL. Of the 26 excluded, 13 cases were excluded for the reason that the hearing loss was progressive and developed to a bilateral hearing loss, 11 were acquired UHL, 1 case was both acquired and bilateral, and 1 case was excluded as the child did not have their new-born hearing screening in Nottingham.



Classification of UHL

The cases of UHL include permanent congenital, conductive, mixed, or sensorineural hearing loss, and the degree of hearing loss range from mild to profound. The aetiology and severity of hearing loss could be identified in many cases, but we could not reliably determine the number of cases with conductive UHL since the tympanometry data were viewed to be not of high enough quality. The guidelines of the British Society of Audiology (BSA) were used to classify the severity of UHL in the poorer hearing ear (British Society of Audiology, 2018). Hearing loss in each ear was recorded and averaged over four frequencies (0.5, 1, 2, and 4 kHz). Occasionally, only the hearing level at two frequencies was recorded (most often 1 and 4 kHz) usually due to the attention or ability of the child to remain engaged in the testing (depending on their age or degree of development). Hearing loss in the affected ear was classified as Mild: between 20 and 40 dBHL; Moderate: 41–70 dBHL; Severe: 71–95 dBHL; or Profound: over 95 dBHL.



Data extraction and analyses

The data were entered into an Excel spreadsheet from 89 patient paper notes (2002–2019) and electronic hospital databases (Practice Navigator, MedWay and NoTis) in a regional referral centre, Children's Audiology at Ropewalk House in Nottingham. The patient demographics included date of birth, sex, age at diagnosis of hearing loss, formal diagnosis of hearing loss, aetiology of UHL, and birth history. The results from the NHSP hearing test of the child and their diagnostic auditory brainstem response (ABR) as well as the two most recent hearing test results were recorded for frequencies 0.25, 0.5, 1, 2, 4, and 8 kHz, if present. When the data permitted, this was recorded for both ears. The age of the child at the hearing tests was recorded as was the method of testing—pure tone audiometry (PTA), visual reinforcement audiometry (VRA), and play audiometry. If the child had a hearing device, the device type, ear fitted, make and model, and date of first fit were recorded. For the patients who stopped using a device, the reasons for this were documented, and for those who had no device, the reasons why no trial was undertaken were noted. For device use, we catalogued when the device was worn and for how long, for example, none of the time, some of the time, at school, at home, or all the time, alongside any relevant quantification if present. The data-logging information from the hearing devices was not available. The support service data was also documented and included the teachers of the deaf (ToD), speech and language therapy (SLT), missed appointments, and comments made by the relevant parties relating to the management of the child and their respective outcomes.

We documented every concern reported from parents, clinicians, ToD, or the children themselves. Where data were of poor quality, verbatim quotes were lifted from patient notes.



Missing data

The cases of UHL may have been missed if the NHSP of the child took place out of the area, or if the child was not referred for diagnostic follow-up following a UHL found on the new-born hearing screening. The data were not available if the parents did not engage with audiology services after the initial appointment and diagnosis of UHL for their child.

The onset of hearing loss was categorised as congenital or acquired. Those with an acquired hearing loss were defined as developing hearing loss after having passed their new-born hearing screening. Congenital hearing loss was defined as children who were referred on the NHS as a neonate and then went on to have a confirmed permanent hearing loss by ABR and then later VRA or play audiometry (depending on the age or developmental ability of the child at the time of testing). The average of the hearing loss of the child (across frequencies, recorded in dB SPL) was recorded for both ears, and the data were used from the most recent hearing test (most often PTA). Where this information was not available, then the data from the second latest hearing test were used. In a number of cases, the most recent hearing tests only documented the data from the better-hearing ear (usually when the poorer ear was described as congenitally “dead”), in which cases the current severity of hearing loss remained unknown and these cases are documented as severe-profound*. These are listed separately in Tables 2, 3.


TABLE 2 A hearing loss in relation to device trial.

[image: Table 2]


TABLE 3 The severity of hearing loss is for the poorer ear only and is categorised according to BSA guidelines. *Severe-Profound group: the poorer ears for children in this group have not currently been tested. The most recent hearing tests only documented data from the better hearing ear (usually when the poorer ear was described as congenitally ‘dead’), in which cases the current severity of hearing loss remained unknown and these cases are documented as severe-profound* and listed separately in the table.
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The software used included Microsoft Excel (Internet) version 2302 to record the data. The Kruskal–Wallis (K–W) non-parametric ANOVA for multiple comparisons and Pearson correlation (r) were performed using SPSS version 28.0. The GraphPad Prism version 8.0 was used to graph the data.




Results

Of the total 89 cases of children with hearing loss identified between February 2002 and March 2019 analysed in this study, 77 children had permanent congenital hearing loss, 12 had an acquired hearing loss, and 63 children were identified with permanent congenital UHL.


	1.Demography and aetiology: Of the 63 children with permanent congenital UHL, 50.7% (32/63) were male and 49.2% (31/63) female. Birth complications were recorded in 34.9% (22/63) of the cases where the most common were C-sections (36.3%; 8/22) and NICU involvement 31.8% (7/22). The aetiology of the hearing loss and the number of birth complications reported are shown in Table 1.




TABLE 1 Aetiology of UHL: craniofacial abnormalities including atresia, microtia, maldevelopment of labyrinthine structures.

[image: Table 1]

The known aetiologies for UHL in the children were documented in 50.7% (32/63) of the cases. The aetiologies were broadly classed into categories and described in the notes as follows: craniofacial—structural malformation 56.3% (18/32) including atresia, microtia, and poor development of labyrinthine structures; malformation or absence of auditory nerve 21.9% (7/32); post-infection 12.5% (4/32); and genetic 9.38% (4/32).

The genetic testing revealed four pathogenic variants, and two had variants of unknown significance. The genetics data have previously been cited in a recent study (44).

With regard to the hearing severity of the poorer ear of the child, 1.6% (1/63) was mild, 31.7% (20/63) moderate, 15.9% (10/63) severe, and 15.9% (10/63) profound. In the remaining 34.9% (22/63), the degree of severity of their hearing loss was not documented in their most recent two hearing tests. In these 22 cases, the poorer ear remained untested for a prolonged period, sometimes since the diagnostic ABR as in the majority of the cases, it was recognised that the ear was effectively “dead” due to a number of reasons. We do not have the current degree of hearing loss recorded for this group, so we have labelled this group separately in Tables 2, 3 as severe-profound*.

Most children with UHL who trialled a device had either a moderate hearing loss 36% (16/45) or were in the severe-profound category of hearing loss (19/45; 42%). Most of those not trialling a device had severe hearing losses 44.4% (8/18) (Table 2A). There were five children who would have had an aidable mild (n = 1) or moderate (n = 4) loss in their poorer ear but who never trialled a device. Only the children who owned and reported that they wore a hearing aid (HA) had a moderate degree of hearing loss (n = 9); however, there were children with moderate losses who also used a BCD (n = 5) or a CROS-aid (n = 2) (Table 2B). Of the two children with severe losses, one used a CROS-aid and the other used a BCD. Three children with profound hearing losses used a BCD, whereas five children used a CROS-aid. More than half of the children who had severe-profound losses* were currently using a BCD (n = 11), and eight children used a CROS-aid (Table 2B).


Management of UHL

Forty-five children (45/63; 71%) with UHL trialled a device with the remaining 18 (18/63; 28.5%) children having had no device trial (Figure 1). Twenty (20/45; 44%) children trialled a BCD, 16 (16/45, 36%) a CROS-aid, and 9 (9/45, 20%) conventional hearing aids.


[image: Figure 1]
FIGURE 1
The number of children who trial a device and the device type trialled.


The range of ages at first device fit was wide with a mean age of 56 months or 4.7 years (n = 41). The ages of the child when they are first fit with their first device are plotted individually in Figure 2, and the overlain boxplots illustrate the median and interquartile ranges (IQR) for age at first fit by device type. A significant difference between the groups was found (K–W ANOVA, K = 8.4; P = 0.015). The medians and minimum–maximum ranges (in months) for age of first fit within device types were the following: HA (median, 32 months; 11–137 months), BCD (median, 28 months; 7–120 months), and CROS-aid (median, 84 months; 24–141 months).


[image: Figure 2]
FIGURE 2
When a child is first fitted with their hearing device. The age of first fitting of the device (in months) for each child is represented by an open symbol for children who have a HA, hearing aid; a BCD, bone-conduction device; or a CROS-aid, contralateral routing of signal aid.



When a device is worn and who leads the device choice

A device was reported to be predominately worn “at school” or “all day” (Figure 3A). A parent-led decision for the device trial was documented in half, 51% (23/45) of all the cases, followed by child-led decision 13.3% (6/45) and clinician-led decision 8.9% (4/45). In six cases (13.3%, 6/45), “other” represents cases where the overall lead for the decision in these cases was unclear and likely to be a joint decision between the clinician, parent, and child (Figure 3B). In six cases (13.3%, 6/45), no reason was documented for device trial.
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FIGURE 3
(A) When a child with UHL wears their device; (B) device trial lead, n = 63.


In the 36 children with UHL who wore their device all day, 13 had moderate hearing loss, 1 had severe, 7 had profound, and 15 had an unknown degree of hearing loss, likely to be severe-profound* (Table 3). BCDs were most used by children who wore their device all day, including at school (16/36, 44%), followed by CROS-aids (14/36, 39%). Six (6/36, 8%) children wore their hearing aids all day, including at school.

The children kept their BCDs for longer periods of time (median 32.5 months), but this was not statistically significantly longer than for HAs (median 24 months) or length of time they kept their CROS-aids (median 22 months) (n = 44; Kruskal–Wallis ANOVA P = 0.91). Across device types, the length of time a device is used is widely varying (Figure 4A); however, these data give no indication of whether the device was worn or not. Nevertheless, the child would return to Paediatric Audiology to have their hearing device serviced and updated, and if it was stated that the device was not being worn, it would be returned to the service. Unsurprisingly, there is a positive correlation between the age of first device fit and the current age of the child (r = 0.52; P = 0.0004) (Figure 4B)—useful to note as it shows that there is a trend where children who are born more recently are more likely to be fitted at a younger age. Also, younger children were more likely to be fitted with a BCD or a HA than a CROS-aid.
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FIGURE 4
(A) Length of time was approximated to the child's last hearing test minus the date of their first trial of their device. Medians and interquartile ranges plotted in (B). In (B) age when the child was first fitted with their device (in months) is plotted against their current age in months. Filled symbols represent children with a hearing aid, letter B for children with a BCD and C for children fitted with a CROS aid. HA, hearing aid; BCD, bone-conduction device; CROS-aid, contralateral routing of signal aid.





Children who have a device but rarely wear their device

There were eight children who have had device trials and currently wear their device but only infrequently. For the three children, it was documented that infrequent wearing was because they experienced bullying wearing their hearing devices (and/or appearance of their ear), two children experienced feedback from their device, two found them uncomfortable to wear (one also found the sound robotic and stopped wearing because of appearance), and one found their HA not helpful with their hearing.


Not trialling a device

In terms of their aetiology, the majority who have not trialled a device in this group have external or inner ear abnormalities (n = 5), two have auditory neuropathy spectrum disorder (ANSD), three have sensorineural hearing loss, one had CMV, and one had a skull fracture as an infant. In the six cases, the aetiology was unknown or not documented.

Of the 18 children who did not trial a device, it was discussed between the child and the parent in 12 cases. In 50% (9/18) of the cases, the parent decided for the child not to trial a device, and it was an ENT clinician-led decision (mild UHL) in one case (5.6%, 1/18). A further two cases were joint clinician and parent-led decisions, and six cases had no documented reason. However, despite there being no documented reason for “no trial of a device,” it was reported in three cases of the child doing well, having a good understanding of speech and no developmental concerns. One child was lost to follow-up.




Follow-up during audiological care


Support services

The percentage of children who had a documented referral to a support service was 81.6% (51/63); the remainder had no documented support referral.

Of the 51 children who were referred, 72.5% (37/51) received their intended support with no issue, whilst the remaining 27.5% (14/51) encountered an issue leading to an unsuccessful provision of support. The documented obstructions to this support were 86% (12/14) due to the child not meeting referral criteria and 14% (2/14) due to parental refusal of support. Overall, 93 support referrals were made: 74% (69/93) for a teacher of the deaf and 20.4% (19/93) for speech and language therapy. A further 5.38% (5/93) to “other” services. Within these 51 children with referrals, most, 37/51 (72.5%), had combined referrals to several support services and 14/51 (27.5%) had a single referral to a specific service.




Documented concerns surrounding UHL

A total of 65% (41/63) of the children with UHL had no reported concerns, and 28.5% (18/63) of the children had a documented concern: 5 children reported difficulties with their hearing devices, 5 had problems with their speech, 4 had no improvement in their hearing, 3 faced self-image or bullying issues, and 1 case of a child struggling to interact socially with friends. In three cases, the reason for the concern was not documented.

Where a concern was raised during audiological care, the hearing level severity included 0% (0/18) mild, 17% (3/18) moderate, 17% (3/18) severe, 17% (3/18) profound, and 50% (9/18) of the cases had an unknown degree of hearing loss—likely to be severe-profound*. Furthermore, in the 18 children where a concern was reported most trialled a device, 8 children had trialled a BCD, 4 an HA, 3 a CROS-aid, and 3 children had no device trial on record. Within these 3 cases with no documented device trial, 2 cases received documented support service input. Only in one case did a child with raised concerns has no device trial and no support.

Half, 56% (10/18), of the concerns were raised by schools and teachers, 22% (4/18) of the concerns were raised by the family, and a further 22% (4/18) of the concerns were raised by the children themselves.




Discussion

A number of organisations have established candidacy guidelines for paediatric amplification, but the guidelines for the children with UHL remain more ambiguous, and recommendations vary (4). Currently, there are no national clinical practice hearing guidelines surrounding the treatment and management of the children with UHL in the United Kingdom. Most guidelines specify criteria for amplification as audiometric threshold levels and considering the disparate nature of the condition, the treatments, and its aetiology, and it has been postulated that individually treating each child is optimal (45).

Most children with permanent congenital UHL in our cohort wore a device, most often a BCD or a CROS-aid; they wore it at school or all day indicating that, at least for school age children, a trial of a device should be prioritised. In our cohort, it was the parents who usually made the decision for their child to trial a device. Many children with UHL are at high risk of certain adverse developmental outcomes (9, 23), thus funding should be made available for all the children with UHL who need a referral to the support services that they require and for their preferred device.

The prevalence of hearing loss in one ear is estimated at 0.3–1 per 1,000 births (46); our estimation for this cohort is 0.4 per 1,000 births. The prevalence may be higher as UHL cases (particularly mild UHL) go undetected or under-reported; NHSP guidance in the United Kingdom does not aim to identify milder hearing losses, but as in the United States and Canada, milder losses may be identified as a by-product of the screening procedures. Furthermore, the parents who did not engage with the audiological service following identification of UHL on the NHSP are not included in this study.

To improve the current standard of care, it is first important to identify the cohort of patients affected and to understand the treatment provided. This study provides much needed information about current practice and the reasons behind the interventions and choices made by the care team of the children and their families in this central tertiary regional referral centre over a 17-year period.


Demography and aetiology

Similar to previous studies, we found that the aetiology of UHL was documented in half of the cases and over half of these were structure abnormalities related to the ear, 22% had absent or malformed auditory nerve, 12% post-infection, and 9% genetic causes. The aetiology and degree of hearing loss are very important to ascertain as they can impact device choice for the child with UHL. It is established in the literature that congenital anomalies, for example, craniofacial abnormalities and ear malformations, are common in this population (12, 47), and the prevalence of malformations in the inner ear and/or internal auditory canal are higher in infants with congenital UHL than in infants with bilateral hearing loss (48), with two-thirds of the children with UHL having inner ear and/or internal auditory canal malformations (49). The structural abnormalities of the inner ear structures can mean that the conductive losses are sufficient to warrant the fitting of CROS-aids or BCDs. Aetiology is an important consideration since more than half of the children in this study who had never trialled a device had ANSD or abnormalities of the external or inner ear. Furthermore, where a concern was raised during audiological care, 50% of the cases had an unknown degree of hearing loss—likely to be severe-profound*—and these are the cases where the hearing was non-functioning from birth.

Previous studies have revealed that the percentage of UHL associated with a family history is approximately 3.7%–13% (48, 50, 51), which is similar to the number of UHL cases with genetic variants in this study (9%). Currently, genetic screening is not recommended or funded for all infants diagnosed with UHL in the United Kingdom, only for those where a syndrome is suspected. There is little to no research on the specific genetic variants associated with UHL. Three of the four patients with a genetic variant also had a diagnosed syndrome, suggesting that the syndromes may be linked to specific genetic variants (52). UHL and a NICU admission can be a red flag for additional congenital anomalies and developmental delay (44).



Characterisation of the management of treatment for UHL

In this study, most (71%) children with UHL trialled a device, which in some cases is higher than pre-existing literature. In Purcell's study of 50 children, aged 5–19 years, a similar number to our study (n = 34 children; 68%) had trialled a hearing device. Fewer, however, (n = 20, 40%) continued to use their device. In a study of 31 children with congenital, acquired, or unknown onset UHL (age range: 1–10 years), it was reported that 81% of the children with moderately severe or better UHL accepted the use of a hearing aid. However, when the UHL was severe or profound, the parents reported very poor or no use of the hearing aid (53). One reason could be that the data we report are more recent compared with the previous studies. Also, we include all types of devices and a wider age range (0–18 years), and we did not include the children whose parents did not engage with audiological services after the initial diagnosis of UHL.

Appachi et al. evaluated auditory outcomes from various modalities of hearing rehabilitation, including FM systems, hearing aids, CROS-aids, and BCDs, where the use of FM system was beneficial for speech recognition in noise, and hearing aid use showed a trend of improvement in speech perception. CROS-aid use was associated with mixed auditory outcomes. BCD use was associated with consistent gain in speech reception thresholds (SRTs) and speech discrimination, and an improved hearing in noise, but findings for sound localisation were inconsistent. Similarly, Liu et al. systematically reviewed the role of BCDs and found consistent gain in SRT and speech discrimination, but inconsistent results with sound localisation. The measurement of the quality of life showed a high rate of usage and benefit in the learning domain.

The age of the first device trial was disparate and depended on the device type. It also depended on the age of the child where the children who have been seen more recently (younger) were fitted earlier, most likely due to change in management over time. The average age of fitting of a device was around school age (4.7 years); BCD and HA can be fitted earlier and were fitted around preschool age. This age of fit was later in comparison with other studies for children with BHL, for example, Walker et al. reported an average age of fitting at 10.99 months (range: 5 months to 7 years, 3 months) within a cohort of 211 children identified with BHL (54). However, it should be noted that the ages of their participants were skewed to the younger age group than that of the current study. There is a disagreement in the literature concerning the best age to fit a child who has UHL, and a case-by-case approach is optimal (1, 46–48).

One interpretation of the wide range of the ages of first fit in this study indicates that the children with UHL are followed up, and when they have trouble, they have no problem returning to audiology services and requesting a trial even into their teenage years.

Current NICE guidelines indicate those babies who are confirmed deaf by the NHSP should receive a hearing aid within 2 months. Meanwhile, the British Academy of Audiology provide no fixed time over which amplifications should be provided, stating “amplification be provided in accordance with family centred care guidelines” (45). Whilst there is little evidence to suggest early aiding is beneficial to all the children with UHL, there is some evidence to suggest that wearing a hearing device can improve the quality of life, especially in those suffering with speech and language or academic and behavioural issues. A few studies have shown that early intervention may be crucial particularly for speech reception thresholds and speech discrimination, especially in noisy environments (33, 55, 56); however, the data measuring improvement in sound localisation with aids are inconsistent. A study that examined the quality of life measures reported a high usage rate of BCDs among children (33) whereas another study found low usage (1.3 h/day) but with an improvement in CHILD scores and speech in noise testing following amplification with a BCD (52).

Other studies have found that hearing devices may not be beneficial for younger children with UHL and do not improve speech recognition (33). Such contrasting evidence is also mirrored in our anecdotal data, with one parent stating that their child is “happier and much more responsive” with hearing aid use (case 59) and another reporting they are “unsure of the hearing aid and are unable to notice a difference” (case 89). As such, more research is needed for the best age to trial a device for the individual child with UHL.

The uncertainty about age at which to fit a hearing device is complex and is dependent not only on the importance of stimulating the binaural neural pathway during development but also the degree and aetiology of hearing loss. For some children, bilateral stimulation can only be achieved with a CI (not yet commissioned in the United Kingdom for UHL/SSD, and no CI use is reported in this study). CROS-aids have a very different role, and evidence for the benefit of the early fitting of CROS-aids for children is not available (in the United Kingdom, they are not fit before 6–7 years of age). CROS-aids do not stimulate the unaided ear and only provide access to the acoustically blind area, so there is no binaural access to sound. It is thought that CIs for severe-profound losses and hearing aids for mild–moderate losses are vital to stimulate the auditory pathway during the crucial periods of neural development for the acquisition of speech and language (4, 56, 57).

With regard to the devices used by the children in this study, nearly half wore BCDs, a third wore CROS-aids, and a fifth wore conventional hearing aids often reflecting the age of the child, aetiology, and type of hearing loss experienced. No children in this cohort had a cochlear implant despite their associated benefits seen in children and adults with severe-profound UHL (60, 61). This is likely due to current lack of funding for cochlear implantation for UHL in the United Kingdom and may also reflect limited evidence. For the children who trialled devices, very few did not wear their device, and of these cases, the degree of severity was spread across moderate, severe, and profound groups with no clear majority, similar to a prior study (24). Most children with moderate losses used a hearing aid. There were no children with mild, severe, or profound losses currently using a hearing aid. Unsurprisingly, all children with severe, profound, or severe-profound* losses currently used a BCD or a CROS-aid. The children who have profound losses were more likely to have a CROS-aid (63% CROS; 37% BCD), and the children with severe-profound* losses were more likely to have a BCD (58% BCD; 42% CROS). We do not know why most children who did not trial a device in our cohort had a severe level of hearing loss. One possibility is that mild and moderate losses are easily treated with hearing aids and profound losses with BCD or CROS-aid whereas severe losses fall between the two and thus there could be indecision about the best device to trial.

Most children who wore a device reported that they wore it all day or at school. A parent-led decision for device trial was most often documented (51%), followed by child-led decision (13%) and clinician-led decision (9%). For the children who did not trial a device, half were documented as a parent-led decision, very few were clinician- or child-led decisions. With regard to “decision to trial a device,” specific decision making and counselling were often poorly documented and unclear. It is likely that the decision to trial a device is complex and child-specific; further investigation would be useful into how we could better understand both parental and child concerns. This may be particularly important in cases where device was not trialled or parents were not engaged with audiological services. Funding is also a point of concern as with limited resources, a CROS-aid or hearing aid is much more economical than a BCD. There are no official recommendations in the United Kingdom for CROS-aids, but there is a practical consideration when fitting them to young children. CROS-aids are best fitted on open fit slim tubes so that the sound to the better ear is not attenuated. Young children do not have the appropriate size of ear canal to enable fitting of open slim tubes, and hearing aid manufacturers do not make domes/slim tubes small enough for the ear canals of children. Furthermore, due to the small removable components (e.g., domes), there are choking hazards for small children. If CROS-aids were fit to a small child, an occluding ear mould would be required to aid retention (rather than the ideal open fit slim tube), and the occlusion effect would need to be overcome in the hearing aid programming. For these reasons, CROS-aids are not fit for children under 6 years old in Nottingham, United Kingdom. The children with severe and profound losses are not usually fitted with conventional hearing aids because of interaural attenuation due to the high levels of gain required, resulting in a cross-hearing into the better ear and therefore likely distortion of the sound perceived in the normal hearing ear.

Our data illustrate the importance of BCD and CROS-aids and are in contrast to an early study where 27 children with UHL who were fitted with an HA but usually did not wear it, 26% reported wearing it all of the time, 4% reported wearing it only in school, and 50% reported never wearing it (62).

The data that predate commissioning of the BCD use for UHL found that hearing aid use was high (n = 31; 81%) but only for users with moderately severe or better levels of hearing loss, whereas children with severe or profound UHL had poor or no use of hearing aids (53).

This is likely because those for whom a BCD or CROS-aid would be particularly beneficial did not have access to those devices at that time.

Whilst it can be beneficial for children to be wearing their devices throughout the day, self-reported use of hearing aid frequency can be inaccurate. It has been shown that although the estimates and data-logging of the parents were significantly correlated, the results indicated that the parents overestimate the amount of time their children wear their hearing aids by about 2.5 h (47). In a recent study of babies and carers, no correlation was found between hours of daily hearing aid use and self-reported hearing aid management skills or factors having a negative impact on hearing aid use (63).

It is possible in this current study that both child and parental reports of device use could be misleading. However, the children with UHL in this study were overall older than the children reported in prior studies, and it has been shown that longer hearing aid use relates to older age, poorer hearing, and higher maternal education (42, 54). Future recording of data-logging and environmental assessments from technology and hearing devices would enable greater insight into the device use for the children with UHL.

Where it was reported that the children only rarely wore their devices, in this current study, the predominant reasons were because of bullying at school, feedback from the device, and discomfort. A prior study of 15 children with UHL found that the most common reason for the cessation of device use was discomfort, followed by lack of benefit (64). The children with UHL may also be particularly vulnerable if they have had surgery for craniofacial anomalies. In a recent study, hearing impairment among adolescents was associated with increased reported rates of bullying victimisation: 34% of children with hearing loss were bullied, and children who do not use hearing aids had even greater odds of being bullied (OR = 2.40, 95% confidence interval: 1.18–4.86, P = 0.015) (65). It is difficult to know if the non-hearing aid users were not using their devices because of the bullying or if their speech and other developmental problems were the cause of them being targeted. Further research is needed to investigate how anti-bully interventions can support this vulnerable group. A 2019 meta-analysis and systematic review found that school-based anti-bullying programmes significantly reduced bullying perpetration and victimisation; this could be vital for all children with hearing loss (66).



Follow-up during audiological care, support services

More than half of all children in our cohort had a referral to a support service; this is in keeping with most of the current literature. A previous study indicated that 39% of the children with permanent UHL received speech therapy, 54% had received an individualised education programme (IEP), and 36% had received additional educational assistance (n = 46, ages 6–12 years) (67). In a later study, the need for further academic support was identified in this population—more children with UHL received IEPs (45%) and speech therapy (41%) than the children with normal hearing (5% for both IEPs and speech therapy) (68). Three quarters of these children received their intended support with no issue, whilst the remaining quarter of the children with UHL (n = 14) encountered an issue leading to an unsuccessful provision of support. The majority (86%) of documented obstructions to this support were due to the child not meeting referral criteria, defined by local support teams, only two cases were due to parental refusal of support. The criteria for referral are defined by the support service rather than audiologists—this is an area of inconsistency that needs further evaluation.



Documented concerns surrounding the UHL of the child

A fifth of the children with UHL went on to have documented concerns; these included speech and language problems, self-image or bullying issues, hearing aid difficulties, and/or poor social interactions with friends. The majority (40/51) of the children with UHL that had a referral to a support service had trialled a hearing device. Whilst the struggles faced by each child differ, thematic analysis (69), using a focus group comprising of a mix of children with permanent hearing losses, their parents, and audiologists, suggests that there are six main domains in which hearing loss can affect children. These include behaviour, feelings, environments, social/activities, family, and hearing equipment. The anecdotal data from our own study are in line with these findings highlighting the universal impact of hearing loss on children as well as the consequent importance of ensuring their adequate support. Within adults with UHL, core rehabilitation outcomes include the following: (1) spatial orientation, (2) group conversations in noisy social situations, and (3) impact on social situations (70). Consequently, it would be beneficial to identify the core outcomes for the children with UHL; in doing so, management plans can be better tailored and the outcomes of the child more easily monitored and assessed.



Guidelines and funding for the children with UHL

Given the lack of UK National Health Service and NICE guidelines for the management of paediatric UHL, audiologists often use SLT or a diagnosis of developmental impairment to guide them on their treatment plan, and to suggest to the parents that their child should trial a device. Unfortunately, by the time the child requires SLT, this may be too late, especially when early device trials may impact speech and language acquisition, as has been noted by the LOCHI study (42). Most device trials in our cohort were parent-led, and without counselling, it may be the case that the parents are more willing to trial a device if they see the adverse developmental effects of UHL. Deciphering speech in noise is particularly tricky for the children with UHL, and therefore in a noisy home or at preschool, it would be strategic for the children with UHL to use a hearing device. Also, certainly in school/preschool, a sound-field system would benefit all children regardless of device use. Currently, there is consistent funding neither in the National Health Service nor in education authorities for FM/remote microphone systems, sound-field systems, and support, including SLT for the children with UHL.

More than half of the concerns about a child with UHL were raised by teachers, and a fifth were raised by the family, and a further fifth were raised by the children themselves. This is likely due to teachers spending most of the day with the child in an environment wherein auditory cues are paramount, and they may also be highlighting the developmental delay of the child and paucity of support in school. The parents/families/clinicians may also seek their advice from specialist interest groups, social media, and charitable web sources such as the National Deaf Children's Society.

The recognition of hearing impairments within schools and the consequent supporting facilities they can provide is also likely to affect the response of the child. Prior to the NHSP, the school hearing screening programme (SHSP) was used throughout the United Kingdom to recognise the children with undiagnosed hearing impairments (42). School age screening continues in many, but not all, parts of the country. Within the United Kingdom, Fortnum et al. have found the diagnostic accuracy of school hearing tests not to be cost effective (71) and that the distinct lack of quality data numbers is one of the reasons that funding for the SHSP has since ceased. Unfortunately, the late identification of hearing loss is likely to be of detriment to the children with acquired forms of hearing loss (72–74). However, screening and early diagnosis is only the start. The availability of high-quality early years support for hearing loss remains a major barrier to the progress of the children. Failure to provide this high-quality support means that the potential benefits of new-born hearing screening are not being realised consistently across the United Kingdom. Almost a third of families did not feel they got the support they needed to make sure their child made good progress and developed well after diagnosis through new-born hearing screening (75). This is perhaps why, in comparison, the siblings of the children with UHL have been shown to perform better in a number of domains (behaviourally, socially, and academically). One-fifth of the children with UHL were diagnosed with developmental delay (76).



Strength and limitations

This study has a number of strengths and limitations.

It is important to note that for the children and families in this study, although there are no national guidelines for treatment of UHL, there are some guidelines about device candidacy (see the Supplementary Material). Thus, device choice for a child may not only depend on parental/child choice. In the United Kingdom, the National Health Service provides free hearing devices for all children at the point of service. Device type is not impacted by a plan under the health insurer of the family, and audiologists working for the National Health Service endeavour to provide an equal service for all children with hearing loss. There are no care guidelines for individuals with UHL; however, under current guidelines, the recommended care pathway for individuals with SSD in the National Health Service involves initially trialling a conventional hearing aid, followed by a CROS-aid, and then a BCD (see Supplementary Material for details). Bone-conduction implantations are funded by the National Health Service, but CIs for UHL/SSD are not. The current guidance for eligibility of individuals for consideration of a CI within the NHS includes a requirement for bilateral severe-profound hearing loss; children and adults with UHL/SSD in the United Kingdom following National Health Service care pathways are currently ineligible for this intervention.

A further limitation to this study is potential sampling bias since many children with mild losses can be missed; they may either not be picked up on UNHS or the parent may not follow up with audiological services following diagnosis.

Another limitation of the study is that we are not able to make inferences about device benefits since one cannot extrapolate from the reporting of wearing a particular device to the device being beneficial for the child in all environments.

A strength of this study is that there are advantages to following the same children over time in a single large centre, and the continuity of care for these children are reflected in consistently documented follow-up notes over a prolonged period. There was a consistency to record keeping, which contrasts to the data that are amalgamated from multiple sites and have different local policies and different record keeping regimens.



Future work

We do not know why some children with UHL go on to require speech and language services and struggle to develop academically and behaviourally whilst others do not. The fitting of the hearing device, degree of hearing loss, and maternal education are key (42), but research is required investigating the contributing genetic and environmental factors.

Future research into how the brains processing of monaural cues are impacted by late identification of hearing loss or later aiding is needed, as these could impact the outcomes of the children (77). This is particularly important since some studies have shown that asymmetric hearing loss causes a reweighting of cues that are used and postulate that adapted monaural cues may be utilised for sound localisation (78, 79). A recent study in children with congenital conductive UHL showed that they may rely on monaural spectral cues for horizontal sound localisation (35). Context of listening cues can also be important for sound localisation and would be interesting to investigate (80).

Long-term follow-up into adulthood would be beneficial for this cohort to examine which and when are the best devices to trial for a child and the most favourable support services. It will also be important to understand the reasons the families do not engage with hearing services and to quantify the outcomes of their children. Setting up anti-bullying campaigns within schools could be vital for children with hearing loss as they are particularly vulnerable, and their device use is likely most useful in school. A core-outcome set of what is important for the children with UHL and their families is important to define.

It will be important to determine why particular children with UHL struggle in school, and whether instructional training for the parents and teachers improves the likelihood of a positive outcome for the child. This may be particularly important for the parents of the children with UHL who in a recent study underestimated the fatigue of their child (27).

Future research should concern the items that enable the children with UHL to succeed and discover biomarkers that can accurately quantify stress and the quality of life. These factors are likely to be complex, multi-faceted, and relate to their frustration, attention, anxiety, fatigue, peer relations, social confidence, independence in the classroom, and emotional maturity, which are the important variables in educational success for children. Researching these aspects of a child's education could be key to understanding their struggles and thus providing specific support they need to help them succeed.



Conclusion

In our study, most children with UHL wore a BCD or a CROS-aid and reported they wore it for the duration of their school day. There was a very wide-ranging age of first device fit, but on average, it happened at school age (4.7 years). The children who trialled a BCD or hearing aid were fitted earlier at around 2.5 years. Additional support with speech and language via support services were available for three quarters of this cohort, but for those who were unable to access this support, it was primarily because the child did not meet the referral criteria. Several areas of provision of support services provided for the children with UHL are currently under resourced. Individualised treatment plans are essential for this distinct cohort but where devices are not trialled or worn then sound-field amplification systems in the nursery and school would improve all the outcomes of the children regardless of their hearing status.

The funding for genetic testing and consistent provision of support services, counselling, and anti-bullying campaigns within schools for this understudied group is vital.
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Introduction: Early identification of mild hearing loss has resulted in early hearing amplification without adequate evidence of effectiveness. This paper describes learnings from a pilot trial, combined with a qualitative study, to highlight the importance of community engagement in designing research studies to determine whether early amplification benefits young children with bilateral mild hearing loss.



Methods: PART 1 of the study is a proof-of-concept non-blinded multi-centre randomised controlled trial (RCT) of hearing device fitting vs. no fitting aimed to gather preliminary data and determine its acceptability/feasibility in children <2 years old with bilateral mild hearing loss.



Results: PART 2 is a qualitative study to understand the barriers/enablers to RCT participation. Of 40 potentially eligible families, nine (23%) declined, three were uncontactable (7%), 26 (65%) ineligible: of these, nine (35%) did not meet hearing threshold inclusion criteria, 11 (42%) were already fitted or had made decisions on fitting hearing device, two (7%) had conductive loss and four (16%) were ineligible for other reasons. Two of 11 (18%) eligible families were randomised. With the limited sample size, outcome measures were not compared between groups. Both participants completed the trial, reported the RCT to be acceptable, and neither changed group post-enrolment.



Discussion: Whilst recruitment uptake could potentially be increased by altering the eligibility criteria, better communication with and reimbursement of clinicians as recruiters, and improving awareness of the study amongst external stakeholders, the RCT methodology does not conform to family-centred practice, and potentially raises ethical concerns regarding potential adverse consequences of not offering early amplification. Parental perception of losing control over choice of management due to randomisation is not an easily modifiable factor. Alternative methodological approaches without randomisation are required to determine whether hearing amplification benefits infants with mild hearing loss.

Clinical Trial Registration: identifier [ACTRN12618001608257].
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1. Introduction

Congenital hearing loss affects 1–3 in every 1,000 children, and can have adverse impacts on communication, social and emotional development, and academic outcomes in children with flow-on effects on employment and quality of life in adulthood (1). In Australia, universal newborn hearing screening (UNHS) has led to detection of any degree of hearing loss, from mild to profound, very soon after birth so that infants can receive intervention (hearing devices, cochlear implants, speech/sign intervention) early in the pre-lingual years (2). While UNHS in Australia does not aim to detect hearing loss of less than moderate degree, mild losses are being detected as a by-product. The National Workshop on Mild and Unilateral Hearing Loss defined permanent mild bilateral hearing loss as “when the diagnosis indicates there is, in both ears, a calculated or predicted average pure tone air conduction threshold at 0.5, 1, 2 kHz between 20 and 40 decibels hearing level (dB HL) or pure tone air conduction thresholds greater than 25 dB HL at two or more frequencies above 2 kHz (i.e., 3, 4, 6, 8 kHz)”(3).

Earlier detection has led to improvements in outcomes for children with moderate or greater degrees of hearing loss (2, 4–7); however, this may not be the case for children with mild hearing loss (5, 8). The studies that have examined outcomes of mild hearing loss mainly reported on school-aged children and have mixed results. Some studies reported school-aged children with mild hearing loss to have higher grade-retention rates and more dysfunction in the domains of stress, social support and self-esteem than children with normal hearing (9, 10), while other studies have not demonstrated the same (8, 11, 12). Differences in study methodology may account for some of this outcome variability. Some report outcomes only for children with slight/mild bilateral loss (11), vs. minimal (mild bilateral and unilateral combined) losses. Others recruited from populations of children known to have hearing loss (12), vs. those who reported outcomes of children with hearing loss detected via large population screenings.

A recent study of 5–7-year-olds with mild hearing loss found that full time hearing device users performed significantly better on grammar and vocabulary measures than non-users, but found no difference in articulation or speech perception (13). Other reports of school aged children, including those with mild hearing loss, have shown aided hearing can support listening comprehension (14) and oral language outcomes (15). A few studies of younger children with mild hearing loss, who received newborn hearing screening and were majority engaged with early intervention services, suggested they did as well as their normally hearing peers (16, 17). Fitzpatrick et al. assessed the outcomes at four years of a group of infants identified with unilateral and bilateral mild hearing loss; the majority (80%) of infants were recommended for amplification (17). Many parents of young children with mild hearing loss do not perceive clear benefits of early hearing amplification while others feel more positive (18, 19). There have been no randomised controlled trials (RCTs) examining the effectiveness of early hearing devices on pre-lingual children with mild hearing loss.

In the past, clinical management of mild hearing loss has relied on auditory considerations about deprivation and assessment of developmental progress in post-lingual children (20). More recently however, increasing numbers of pre-lingual infants/children with mild hearing loss are being fitted with hearing devices due to increasing detection of mild losses within weeks of birth. In 2020, Hearing Australia [the national government-subsidised hearing service provider for all children and youth aged 26 years and under in Australia (21)] recorded that 56.7% of hearing device fittings in Australian children less than 2 years old had mild hearing loss in the better ear of ≤40 dB HL (22). Two recent studies examined the parental and audiologist perceptions of early management of mild bilateral hearing loss. Parents reported significant stress around the diagnostic processes, guilt about the potential future negative effects of not fitting hearing devices for their infants, and a multitude of challenges around hearing device compliance and maintenance (18). Many parents felt the decision for hearing device fitting was often left up to them to make (18). This was reflected in audiologists reporting that they considered multiple child and family-related factors and the perspectives of parents and families in making decisions about fitting in this population (23). Indeed, audiologists perceived the clinical management of these children to be challenging, mainly due to the lack of evidence to guide management (23).

Evidence on the effectiveness of early hearing device fitting in infants and pre-lingual children with mild hearing loss is therefore needed to guide management of these children, especially in the face of healthcare costs and potentially significant burdens for these families and society. We attempted to answer this research question through a proof-of-concept RCT aimed to gather preliminary data, to be used towards planning for a possible future more definitive RCT, to compare, in children less than 2 years old with bilateral mild hearing loss, language outcomes of those fitted with hearing devices vs. those without hearing device fitting, 6 months post-randomisation. The secondary aims were to collect 6 months post-randomisation data on child social abilities, functional performance and listening effort, parental morale, parent-child relationship and quality of life, as well as determine the acceptability and feasibility of the RCT. However, as our trial failed to recruit sufficient participants, we engaged clinical audiologists and families of young children with mild bilateral hearing loss to conduct a qualitative study to understand the barriers/enablers to RCT participation (PART 2). This paper overall aims to describe our learnings from both the RCT and the qualitative study to highlight the importance of community engagement to help develop the impetus, design and implementation of future research studies to determine whether early amplification benefit young children with bilateral mild hearing loss.



2. Materials and methods


2.1. PART 1: randomised controlled trial

Here, we describe the essential details of our trial's recruitment methodology in the context of an unsuccessful trial from which key lessons were learnt. The RCT is registered with the Australian and New Zealand Clinical Trials Registry (ACTRN12618001608257); the full protocol is available on the ANZCTR website. The study has ethics approval from the Royal Children's Hospital Human Research and Ethics Committee HREC 38112 (HREC/45275/RCHM-2018-151266).

We set out to conduct a proof-of-concept non-blinded multi-centre RCT comparing hearing devices (intervention) with no hearing devices (control) in children less than 2 years old with bilateral mild hearing loss (21 to 40 dB HL) across at least 3 octave frequencies between 250 and 4000 Hz by objective or behavioural testing. Recruitment occurred in three states in Australia: Victoria (VIC), New South Wales (NSW) and Queensland (QLD). Children must have met all of the following criteria to be enrolled in the study: (a) born in VIC, NSW, or QLD and eligible for services of Hearing Australia (Australian resident/citizenship status), (b) less than 2 years old, (c) had parents/carers who spoke English adequately to give consent, (d) had, within the last 3 months, been confirmed to have bilateral mild hearing loss (21 to 40 dB HL) across at least 3 octave frequencies between 250 and 4,000 Hz by objective or behavioural testing, and (d) had pure sensorineural hearing loss. Children with any of the following criteria were excluded from the study: (a) families who had already made a decision of fitting/not fitting hearing devices for their children, or children who were already fitted with hearing devices, (b) complex medical problems/major disabilities (e.g., recurrent seizures, major cardiac problems requiring multiple operations), (c) any conductive hearing loss, (d) hearing threshold of <21 dB or >40 dB HL at any frequency, (e) medical contraindication to hearing device fitting, and (f) families who definitively planned to move, during the following 6 months, to a location where follow-up assessment was not possible or practical.

Six months after the study started, in response to the poor recruitment rate, inclusion criteria for hearing thresholds were broadened to the following: had, within the last 3 months, been confirmed to have bilateral mild hearing loss [at least three frequency average ≤40 dB eHL (estimated hearing level) between 250 and 4,000 Hz] by objective or behavioural testing. That is, children with three- or four-frequency average threshold of <21 dB or >40 dB HL were excluded.

The study was conducted at Hearing Australia clinics in the three states from 1st February 2019 to 31st January 2020. At enrolment, the participant child was randomised to either intervention or control. Children in the intervention group received hearing devices as per standard Hearing Australia protocol, and were followed up for hearing device compliance (monthly parent-report via a five-question survey sent to the parent's mobile phone or email, and hearing device data logging) over 6 months. They also received normal audiological care and parental support as clinically required following Hearing Australia protocol over 6 months, including assessments and clinical counselling by a Hearing Australia audiologist regarding hearing devices fitting, fitting adjustment and follow up appointments at the Hearing Australia centre (21). Timing of fitting, model of hearing devices and clinical care were determined by the Hearing Australia audiologist. Children in the control group were not fitted with hearing devices and received normal audiological care and parental support as clinically required following Hearing Australia protocol over 6 months, including assessments and clinical counselling by a Hearing Australia audiologist.

The randomization methodology, primary and secondary outcome measures are available from the ANZCTR website and are not reported here as they are not the focus of our learnings in this paper. The feasibility of the RCT was measured by the: (a) number of children enrolled as a proportion of eligible children; (b) number of children who dropped out as a proportion of enrolled children; (c) number of children who changed treatment group from original treatment allocation, as a proportion of enrolled children; and (d) device use—measured by automated data logging in hearing devices over 3 months, and monthly parent report on proportion of device use during waking hours over the last week, during the 6 months after fitting. The acceptability of the RCT was measured by parent-report at the 6 month follow-up through survey with the following questions: (a) “How do you feel about your child being allocated to the hearing aids group vs. the no hearing aids group?”, (b) “Overall, do you feel your child has been advantaged or disadvantaged by being assigned to a fitting or no fitting group?”, and by free text responses.

We had estimated our expected sample size according to the known incidence of mild bilateral hearing loss [0.4/1,000 newborns (24)]; approximately 100 infants would be eligible from all 3 states over one year. Anticipating a consent rate of 60% and a drop-out rate of 20%, approximately 48 children with mild bilateral hearing loss would be enrolled in the RCT over the study period of one year, with approximately 24 in each intervention arm. The expected recruitment numbers per site were ∼15 from VIC, ∼18 from NSW and ∼15 from QLD. Data collection was via REDCap.



2.2. PART 2: qualitative study

Subsequent to determining the feasibility of the RCT, a qualitative study was undertaken to explore the factors that influenced parental uptake of the RCT. This qualitative study received ethics approval (as above). Over a four-month period from June 2020 to September 2020, we invited caregivers who met the same eligibility criteria for the RCT, but without excluding those who had already made a decision of fitting/not fitting hearing devices for their child, to participate in a semi-structured phone interview and complete a basic demographic child and parent questionnaire via REDCap (see Supplementary Material Interview Guide). Due to COVID-19 restrictions in place at the time of data collection, face-to-face interviews could not be offered. During the 4-month period, we also invited by email diagnostic and rehabilitation audiologists to participate in semi-structured phone or videoconference interviews to explore their perceptions of factors that influenced parental uptake of an RCT. Audiologists also filled in a brief demographic questionnaire via REDCap about their audiological experience and frequency of managing children with mild hearing loss. For both caregiver and audiologist groups, data collection continued until no new themes emerged (saturation of themes). This was verified during data collection through reflective discussion after each interview between the researcher conducting the interview and project team members. Two researchers conducted the interviews, one completing the caregiver group and the other completing the audiologist group. Interviews were transcribed using a third party transcription service, and transcriptions were reviewed by the researchers who conducted each interview for accuracy and to allow reflexive thought to identify any assumptions the researcher may bring to the research purpose (25).

We theorised that factors influencing parental uptake in a RCT worked together to influence the decision-making process, therefore Grounded Theory methodology was applied for analysis of all interviews together. Grounded Theory is an iterative, inductive methodology that results in the generation of a theoretical explanatory process relating to a phenomenon, in this case the parental decision making process (26). In a similar approach to other qualitative analysis methods such as thematic analysis, interview transcripts were coded to categorise and assign meaning to data to allow the identification of similarities, differences, and patterns. Through iterative processes the coding was organised within a framework that denoted interactions between concepts (27).

The same researchers who completed the interviews independently completed initial coding of each interview transcript, and the two researchers discussed areas of discrepancy until consensus was reached on how to complete initial coding of all transcripts. A further six transcripts underwent initial coding and discussion held with the wider research team (VS, TC, VM, LM, MS, RB) to ensure consensus on initial codes before all transcripts were coded. After initial coding was completed, a small group of researchers met (VM, MS, LM) to undergo intermediate coding. Intermediate coding is the process of identifying categories and concepts from the initial codes and beginning to identify relationships between the concepts for a theory to merge from the data. The initial theory on parental decision making to participate in a RCT was discussed with a wider research team (VS, TC, LS, VM, LM, MS, RB) and then refined in the final stage of advanced coding, where the final framework was derived and interrelated concepts were established.




3. Results


3.1. PART 1: RCT

Here we report only on the outcomes of recruitment for the RCT in view of the aims of this paper. Forty infants were referred to the study. Fifteen referrals were from VIC, 16 from NSW, and 9 from Queensland. All referrals were from audiologists or the Victorian Infant Hearing Screening Program. No referrals were from ENT specialists or paediatricians. Of the 40 potentially eligible families, 3 could not be contacted, 26 were ineligible and 11 were eligible. Of those eligible, 2 participated and 9 declined (Figure 1).
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FIGURE 1
Participant flowchart.


Table 1 shows the reasons for ineligibility. The main reason for ineligibility was not meeting the audiometric threshold criteria (35%). The study team identified this as an issue halfway through the recruitment period and relaxed the inclusion criteria. Six families (23%) had already made the decision to fit hearing aids or had decided that they did not want hearing aids. Five infants were already fitted with hearing aids (19%). Other infants were excluded because the family had insufficient English to consent, were moving away, or the infant had conductive hearing loss, or had complex medical issues contraindicating hearing aid fitting.


TABLE 1 Reasons for ineligibility (total n = 26).
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Two infants participated. One was randomised to the intervention “hearing devices” group and the other to the control “no hearing devices” group. Both participants were followed up at 6 months. Follow-up of outcomes concluded by 16th April 2020. The participant characteristics, and the primary and secondary outcomes for each participant, are reported in the Supplementary Tables. We did not compare primary and secondary outcomes between the two groups due to the limited sample size.

The following describes the outcomes of the feasibility measures:


	•2 out of 11 (18%) eligible participants consented to take part.

	•Neither of the two participants dropped out of the study.

	•Neither of the participants changed treatment group from the original treatment allocation.

	•Device use: The participant parent from the intervention group completed 5 out of 6 monthly surveys on device use. The child was ill during two of the reporting weeks and the parent indicated they were not typical weeks for device use, so these two weeks were excluded from analysis. By parent report, devices were worn on average by the participant for 47% of waking hours on weekdays (3.5 h), and 21% of waking hours on weekend days (1.7 h). This is compared to data logging indicating the participant wore the devices on average 4.6 h (right) and 4.5 h (left) per day over 3 months of the study period.



Both participant families filled in surveys about the acceptability of the study. They reported positive or neutral feelings about participating in the study. The intervention family reported feeling positive about their child being allocated to that group and felt their child was “highly advantaged”, commenting that being assigned to the fitting group was “good for his learning development”. The control family felt “neutral” about being allocated to that group and did not feel advantaged or disadvantaged. They commented that they were glad their child “didn’t have the trouble of a hearing aid” but were also “worried that it might have been good for her”. They also indicated they understood the purpose of the study well with the comment “I suppose that's the whole point of the study—we just don't know what's best!”.



3.2. PART 2: qualitative study


3.2.1. Recruitment

Ten caregivers and 11 audiologists completed interviews. Tables 2, 3 outline the demographic characteristics of both groups.


TABLE 2 Demographic characteristics of child and caregiver for interviews.
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TABLE 3 Demographic characteristics of audiologist completing interviews.
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3.2.2. Interview outcomes

The decision that a parent would ultimately make was the result of a complex interplay of: (1) individual circumstances and beliefs, (2) study design factors, (3) perceived benefits of participation, and (4) perceived costs of participation. These four themes and their corresponding subthemes generated a decision-making framework that was underpinned by a major theme of “parent altruism” that was common across interviews and represented in Figure 2.


[image: Figure 2]
FIGURE 2
Overview of decision making (figure adapted from McCann et al. (2010) (28)).



3.2.2.1. Overarching theme: parent altruism

Overwhelmingly, parents spoke of the challenges they faced when making decisions about hearing amplification for their child. Perhaps unlike parents of children with more severe hearing loss, parents of children with mild hearing loss experienced “overwhelming indecision around whether to get hearing aids” [P401]. Parents felt the need to do the right thing by their child:


Family say, “Well just do what”s best for her”, and I was like, yeah, well I'm gunna, but I didn't know what that is [P312].



Many parents had experienced high levels of stress making decisions around hearing aid fitting due to the lack of evidence surrounding the effectiveness of fitting hearing aids for this population. As such, a common theme was feeling inclined to participate in the trial for altruistic reasons, or “the general good of everyone” [P201]:


When we were trying to make the decision about whether to get aids or not, basically it felt really hard to make the decision because there was no information and there was no studies that were really conclusive. I'd want to participate so that future people could make the decision easier. [P401]



Similarly, audiologists with experience attempting to recruit parents into the trial described how the uncertainty surrounding whether to fit hearing aids would lead parents to act altruistically. Parents would “jump on anything they can do to help” [A405]:


I found that sometimes they're a little bit easier to recruit only because there's that ‘Do we fit? Do we not fit?’ Some families are like ‘Oh, I’d really love to know. I'd love to be part of this, if it makes that decision easier for somebody else down the track.' [A201]



The desire to help future parents was often the first factor mentioned when discussing trial participation. When probed further on their decision-making process, parents would relate their reasoning to this anchoring argument, either reinforcing or weakening the initial desire to participate. This is illustrated in the decision-making overview in Figure 2 and explained further through the remaining themes and subthemes.



3.2.2.2. Individual circumstances and preferences

During the interviews, parents and audiologists described how a family's circumstances and preferences would influence their willingness or capacity to participate in the trial. Two subthemes were identified: timing of study presentation, and hearing aid preferences.


3.2.2.2.1. Study timing: during coping with the diagnosis

Recruitment into the hypothetical trial and subsequent randomisation (fitted or not fitted with hearing aids) would have occurred when the child was very young, soon after the diagnosis of hearing loss was made. Consideration of the context surrounding families and their emotional state at this point in time demonstrates how the time at which recruitment is conducted can affect uptake. Parents described how receiving their child's diagnosis was an overwhelming experience. In the early stages post-diagnosis, parents felt bombarded by information, needed to attend multiple appointments, and some struggled to come to terms with the diagnosis:


As soon as the diagnostic came through, I received numerous emails with attachments that I can read through the hearing loss. But then like those things to me are—I know it's factual but, still, it doesn't really feel very real to me. [P201]



Some parents found the invitation to participate in a study brought the emotions surrounding diagnosis and the decision about providing amplification to the forefront. The timing of study presentation is a factor that likely influenced uptake of the trial:


So, I guess there's so many decisions, like so many different appointments and things we go through just to get to this stage and you just had a baby. There's just so much going on. It [participating in research] feels like an extra thing without even starting to think about making that decision, and I guess like we're right now in the decision process of whether to get hearing aids or not and we're trying to get as much information as we can to make that decision. I feel like we're half agonising over the decision… Maybe in like another month I would maybe think about it [participating]. [P401]





3.2.2.2.2. Preferences for fitting or not fitting

Another factor that influenced parent willingness to partake in the trial was attitudes towards fitting of hearing aids. Preferences for fitting or not fitting varied among the interviewees; some had strong preferences either way, and some had no preference or had not yet made up their mind. One parent described how participating in the trial would make her feel anxious about her child's development:


I think my major thought process would be I'm someone who's very for hearing aids. So, my thought process would be—if he was chosen not to have hearing aids, would that impact his language or development in the future and things like that? I've always put it as if there was a gap or a little stone missing in your steppingstones, if I can replace that for my son I will. So, yeah, it would probably be quite anxious for me. I don't think I would actually join something like that, just in case we were picked to not have them, because I wouldn't want any negative effects on his development or hearing or language. [P405]



Somewhat unexpected was that even when parents had strong preferences for fitting or not fitting, this did not necessarily mean they would decline participation in the trial. One parent (who had decided against hearing aids for her child) described how her personal experience of hearing loss had influenced her preferences for her daughter:


Well for me being hearing impaired, like it's a little bit confronting to see your daughter with hearing aids and knowing that the stigma around wearing hearing aids at times with other kids and other people that don't really understand. [P203]



However, this parent suggested that she would not decline to participate and would not be disappointed being randomly selected for the fitted group as she understood “that it's for the purpose of the study” [P203]. This highlights the importance of ensuring that parents have a good understanding of the purpose and benefits of a study and its design.




3.2.2.3. Study design factors

This theme speaks to the challenges faced by researchers when attempting to strike a balance between ensuring that a study design can answer a research question using the highest possible level of evidence, whilst simultaneously maximising participation rates. The responses from parents and audiologists demonstrate that researchers should have clear reasons for the choice of study design, and this reasoning should be made available to recruiters as well as to participants. The researcher conducting the interviews noted that for parents without a background in research or experience participating in trials, the nature of a randomised control trial was understandably foreign. This theme has four subthemes, (1) being a “guinea pig”, (2) randomisation aspect and removal of choice, (3) age of child and study time frame, and (4) clinicians as recruiters.


3.2.2.3.1. Being a “guinea pig”

A common concern voiced by parents was that their child would be participating in something where the outcome or long-term effect was unknown:


I do think people usually have a tendency of being scared of trying to do things like this. Like, they feel a bit like they're guinea pigs, I would say. Like, why should I partake in an experimental study, or why should I kind of put my information, all that, out there? [P311]




Thinking about it from a child's perspective, realistically they're like a guinea pig, using them—will this work, will that not work, how is this going to affect them, will it not affect them at all? [P405]



Parents stated that the complex nature of the study design and the uncertainty could have an impact on parental uptake:


Clearly a lack of knowing… the lack of knowledge, like, of knowing what the study is and what the whole process is, would probably make other people around parents suggest not to, not to do it. [P311]



When parents had a good understanding of the importance of the research, and indeed the benefits that a randomised control trial design can give, they were more supportive:


My husband and I, we're both scientists and we kind of know that research and studies like this are needed to find out things that are going to help people and the greater good. [P203]





3.2.2.3.2. Randomisation aspect and removal of choice

Perhaps the most pertinent study design factor that parents and audiologists commented on was the randomisation into the fitted and non-fitted group. Hearing aid preferences varied across interviewees, and it seemed as though some parents were not comfortable having the decision regarding devices taken away. In addition, it raises a potential ethical concern with not providing amplification for these children when failure to do so could potentially negatively impact communication development:


You're basically signing up to get the decision taken off you. It feels a bit scary. Like you might be doing the wrong thing by your kid if you got allocated not and your child might be six months behind if they don't have them, but they actually needed them… I guess if I had to commit to a decision for six months, I wouldn't want it to be random, so I probably wouldn't take part in it [P401].



Audiologists also noted that some parents were not comfortable with randomisation:


When you're doing these random assignments I know that some parents don’t like that because it's taking the control away from them [A202].



One audiologist suggested that for parents who were undecided or struggling with the decision surrounding hearing aids, the removal of choice can be positive:


I found it especially helpful offering a research project or trial like that, offering it to the families that were very undecided, those that were really in two minds. They had absolutely no idea which way they were going to go. This [participating in trial] meant that they didn't have to decide. It was kind of decided for them [A400].





3.2.2.3.3. Age of child and study time frame

Another factor influencing participation in an RCT was the relatively short time frame of the study, and the age requirement. Parents generally felt comforted that their participation would be “only six months” and they could go back to their original decision about hearing aids or change their mind after this period [P203]. Similarly, a number of parents thought the impact of participation would be minimal due to their child's young age:


Because I still think at his early months—he's only not even three months—to have without the hearing aids for a period of up to six months, it probably won't hurt him that much as compared to when he is two years old, three years old or at school age. [P201]



One parent suggested six months was a long period of time, and that the commitment could “become a bit of a burden” (401). However, the opportunity for closer monitoring of the child's development was a strong benefit to participation for this parent, and it would factor in to whether she would agree to participate:


I guess if you're involved your child's got more touch points and getting more monitoring that could help identify if there was an issue because I'm assuming if it was identified that he really was not hitting milestones, it'd be easier… I guess people checking in on him and seeing how he's progressing. [P401]



As will be discussed in the following theme, the support of audiologists for the study design would be important in this context since clinicians were recruiting families. Some audiologists voiced their concern over the study design:


It's good in that it's not a huge length of time to commit to. I don't know how much difference six months would show given they are quite young and they are still so close to the parents and all that kind of stuff. So I don't actually know if it would be long enough to show any significant differences or not [A201].





3.2.2.3.4. Clinicians as recruiters

Due to the relationship with the hearing service provider, audiologists working clinically were tasked with recruiting participants into the study. This could be more effective or beneficial than researchers as researchers are unfamiliar to families, and would not attain as high level of trust as clinicians for facilitating the informed consent process. However, having someone outside the research team responsible for recruitment adds further complexity to the factors that can influence parental uptake of a trial. Like parents, audiologists were generally supportive of the research because they had experienced the challenges of providing recommendations without definitive evidence:


I think it would give clinicians more confidence in knowing which way to advise parents about the benefits of amplification vs. non-amplification, or any kind of intervention, I guess because right now it's really hard. I find it very difficult to sort of know what to say to parents [A300].



Nevertheless, audiologists have a relatively short time with families and were justifiably focused on their main responsibility of providing family-centred clinical care. As one audiologist put it: “there's a lot to fit into that appointment time” [A403]. Some would simply forget to recruit, “because in the middle of a diagnosis that's the last thing on your mind” [A300], and others spoke of recruitment potentially undermining the recommendations they were making:


So if I'm having difficulty convincing them to go through with various recommendations, I would probably not add ‘And would you like to participate in a study?’ into the mix either, and because I think it undermines the recommendation. It's like ‘I’m recommending that you go and get some hearing aids, and by the way, we don't really know yet whether it's going to make a difference.' It's like, yeah, maybe not. [A310].



Audiologists had the best interests of the family in mind, and wanted to make sure that participating in the trial would benefit the family:


I think either way just being involved with the study, I'd be happy with that because I know that even the children that were randomly allocated into the unaided group, they still received ongoing reviews and speech assessment at certain periods. So, they weren't necessarily just left with nothing. [A400]



It was clear that utilising clinicians as recruiters meant that audiologists had to balance their clinical role with their recruitment responsibility. Clinicians have the benefit of knowing how the family is coping with the diagnosis and other priorities in their life, and some stated they would select which families they would attempt to recruit based on how they were “managing the news and the diagnosis” [A310]. Most, however, were of the view that they generally “wouldn’t deny anyone the knowledge of the research” [A309]. Unlike a member of the research team, clinicians may not always prioritise recruitment, particularly if they had less understanding of, or experience with, research:


I think that because I have worked in research before I have an appreciation of the benefits of research as well as the challenges of recruitment. So I feel like most other audiologists wouldn't probably give as much energy to this sort of thing as I would. I would probably be more pro supporting research than the general audiologist, and I would find the time, but I don't think that a lot of other audiologists would [A403].









Discussion

Our paper highlights the importance of community engagement in designing and conducting research to determine whether early amplification benefits infants and young children with bilateral mild hearing loss. Important lessons have been learnt from the failure of recruitment for our proof-of-concept RCT. Our subsequent qualitative study explored the barriers and enablers of participation in a RCT, and identified useful concepts that could be applied to future research studies that attempt to address the research question.

Over one year from 1st February 2019 to 31st January 2020, 40 infants were referred to the RCT, which was much fewer than expected. During this period, according to data from hearing screening programs and diagnostic audiology services, approximately 146 children were diagnosed with bilateral mild hearing loss in the three states; therefore, only approximately 27% (40/146) were referred to the study team. There were a few possible reasons for why 106 infants were not referred to the study. First, and anecdotally the most common reason, diagnostic and rehabilitation audiologists indicated that they did not refer families to the study if they did not meet the audiology threshold criteria (e.g., infants originally diagnosed with mild bilateral hearing loss may subsequently have normal hearing or moderate hearing loss). Second, a database error in Victoria accounted for 9 potentially eligible families missed from being referred. Third, audiologists indicated that they did not refer families if families had insufficient English to give consent.

Of the potentially eligible participants referred, the majority were ineligible (26/40, 65%). The main reason was infants not meeting the hearing threshold criteria. Our inclusion criteria depended upon the infant meeting particular thresholds of hearing loss over three or four frequencies in two ears. Infants may be diagnosed with bilateral mild loss, but even if a single hearing threshold in one (or both) ears changed on subsequent testing, they may have been assigned a different degree of loss. These infants would then have become ineligible for the study. This reflects the fact that diagnosis of mild hearing loss can be uncertain and challenging, and often requires multiple diagnostic audiology appointments to confirm the hearing status (16). Conversely, infants initially diagnosed with a different degree of loss may subsequently become eligible, but we may have missed the window to recruit them.

The other main reason for ineligibility was the infant having already been fitted with hearing aids (4/26, 19%), or the family having already made the decision to fit or not fit hearing aids (6/26, 23%), at the time when they were approached by the researcher. Nine out of 11 eligible families declined to take part (9/11, 82%). Parents did not want their child's treatment decision to be randomised, or did not want to be involved in research. The high ratio of families who declined compared to those who participated indicates that there may have been considerable barriers to participation, and could possibly reflect parents' preference to make their own choice in hearing device fitting. There are many possible reasons for this: parents may feel empowered to take action for their child's hearing loss by fitting hearing aids; parents may perceive benefits to hearing device fitting; and parents may feel potential guilt of denying the child the opportunity to access a full range of sounds, especially if the child has subsequent language delays (16). These factors were evident from our subsequent qualitative study (see below).

There may also be other reasons why we received a lower than expected number of referrals for the study. Some of the families may not have been referred because they did not speak sufficient English to provide consent. In Victoria, around 24% of families of children with congenital hearing loss are culturally and linguistically diverse; the exact proportion of families who do not speak sufficient English is not known (Z. Poulakis, Victorian Infant Hearing Screening Program, personal communication, 29th Nov 2021). It is also possible some children with complex medical needs were not referred. In an audit of a Victorian clinical service for children with hearing loss, nine out of 129 (7%) of children with mild hearing loss had complex medical needs (29). As this was a clinical service for children with medical needs, we would expect this proportion to be lower at a population level.

Our use of threshold averages for determining hearing loss degree was consistent with other studies that included children with mild losses (30). The design of our trial where we excluded children who were already fitted or had already decided about fitting hearing devices meant that most referrals for recruitment were for young infants, where it was necessary to rely on objective evoked potential threshold estimates. Our strict exclusion of children who had hearing thresholds outside the desired range at any frequencies aimed to maximise the rigor of the RCT. However, a more pragmatic approach to accommodate potential uncertainties around diagnostic thresholds, particularly for evoked potential threshold estimates, may have allowed for more referrals for consideration for recruitment in a real-life setting. Since the completion of our RCT, others have demonstrated the utility of unaided audibility to identify those children who, without amplification, may be at risk of language delays (31).

Two families participated in the RCT. Both families completed baseline and follow up data collection. The family randomised to the intervention group completed five out of six of the compliance questionnaires. Even though there was only one participant in the intervention group, monitoring device use by a short monthly parent report in REDCap may be an acceptable compliance monitoring method. The two participant families indicated that the experience of taking part was either positive or neutral, and completed the study protocols without issue. Although it was not possible to draw conclusions from two participants, there was no indication that the families found participating difficult or onerous. The low number of participants meant we could not address our primary aims.

To further understand the barriers and enablers to participation in an RCT, we subsequently conducted a qualitative study to understand perceptions of participation, by interviewing parents of children <2 years old with newly diagnosed bilateral mild hearing loss, and audiologists. We demonstrated the overarching facilitator to participation of parental and audiologists' desire to contribute to research to help determine whether hearing devices should be offered to newborns with mild hearing loss. This was in the setting of most parents and audiologists experiencing the stresses and challenges of uncertainty in the early management of mild hearing loss, congruent to previous research (18, 23). Individual circumstances, including how the family was coping with the new diagnosis, and their hearing aid preferences, could strongly influence their preferences for participation. Past studies on paediatric cancer trials have indicated that when consent for a child's participation in a trial is sought from parents soon after diagnosis, parents are likely to make decisions when they are distressed and vulnerable (32).

The strongest barrier, and perhaps the least modifiable factor, to participating in an RCT of hearing device fitting, was parents' reluctance for their child to be randomised to a treatment group, due to parental perception of losing control over choice of hearing device fitting. This was also against audiologists' values of family-centred practice. The perception of guilt of potentially causing harm to their child by not fitting hearing devices early was a notable barrier to participation. This has been shown in previous research, where anticipation of possible regret often accompanies a parent's sense of responsibility to protect their child in their decision-making while considering participating in trials (33). These may be challenges that cannot be easily overcome. In addition, there may be potential ethical concerns with not providing amplification for these children when failure to do so could potentially negatively impact communication development.

Nevertheless, we have learnt there are some potentially modifiable factors to improve uptake in research studies involving families of infants and young children with mild hearing loss. Parental perceptions of their child being a “guinea pig” in research could be addressed by increasing general awareness of research and better or clearer information about the study methodology and what was involved. Involving parents as study recruiters could also be a way to breakdown misconceptions and improve uptake rate. Potentially modifiable factors to study design to improve study uptake could include relaxation of eligibility criteria and increasing awareness amongst other child hearing health stakeholders (e.g., early intervention services, maternal child health nurses) of the study. The benefits of utilising clinicians as recruiters are many; however, it is important that researchers consider the burden they may be placing on busy professionals. In particular, we note that no ENT specialist or paediatrician made a referral for study recruitment. Many RCTs rely on clinicians as recruiters, with up to 50% failing to recruit target numbers (34). A 2013 systematic review identified 11 qualitative studies that centre around 8 themes relating to clinician's involvement and recruiting to RCTs; these would be of salience for any future trials in this population (34). A strong relationship and open communication between clinicians and the research team, and remunerating clinicians as recruiters (including protected time added to appointments to discuss the study) are paramount. Identifying clinicians with a passion for the study (such as participant A403), and further supporting their role in recruitment may also be a strategy that could improve parental uptake of the trial. It is possible that stronger engagement with diagnostic audiologists may have improved referral rates. In the state of VIC, we bypassed the need for diagnostic audiologists to refer to the study team by identifying potentially eligible participants through the state's newborn hearing screening program; extending this method to the other states may have helped. Nevertheless, even if referrals to the study were increased, the 82% parental decline rate means that unless we could address the reasons for parental decline, we would unlikely have been successful with recruiting enough participants.

Our study's greatest limitation was the inability to recruit sufficient participants for the RCT. Its strength was to use qualitative methodology to identify factors influencing participation in a RCT on hearing device fitting in infants with mild bilateral hearing loss, and in so, engaging the community in future study design. This research question is not answerable through a RCT design as the removal of parental choice through randomisation may not align with family centred practice. Therefore, alternative methodologies must be considered. These may involve novel methods of measuring infants’ ability to hear [e.g., objective assessments which measure speech discrimination in infants (35, 36)], and analysing outcomes data of aided and unaided infants with mild hearing loss from large observational studies, such as the proposed National Health and Medical Research Council (NHMRC) funded Australian National Child Hearing Health Outcomes Registry (ANCHOR), which aims to link data from child hearing health services in Australia to track child hearing outcomes.1

In conclusion, our attempted trial highlighted many barriers and challenges around trial recruitment involving randomisation for families at a very vulnerable and stressful time of their children's lives, shortly after their hearing loss diagnosis. Community engagement is paramount in designing and conducting research to determine whether early amplification benefits infants and young children with bilateral mild hearing loss. Important lessons have been learnt from the failure of recruitment for our proof-of-concept RCT. Better engagement of audiologists as recruiters, and additional supports for parents, may be necessary to improve recruitment rate in designing future studies. However, the RCT methodology takes away caregiver choice and control, may not align with family centred practice and may present a potential ethical concern for future adverse consequences if early amplification is not offered. Alternative research methodological approaches without randomisation are ultimately required to answer the important question of whether early hearing amplification benefits infants with mild bilateral hearing loss.
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Despite normal hearing in one ear, individuals with congenital unilateral aural atresia may perceive difficulties in everyday listening conditions typically containing multiple sound sources. While previous work shows that intervention with bone conduction devices may aid spatial hearing for some children, testing conditions are often arranged to maximize any benefit and are not very similar to daily life. The benefit from amplification on spatial tasks has been found to vary between individuals, for reasons not entirely clear. This study has sought to expand on the limited knowledge on how children with unilateral aural atresia recognize speech masked by competing speech, and how horizontal sound localization accuracy is affected by the degree of unilateral hearing loss and by amplification using unilateral bone conduction devices when fitted before 3 years of age. In a within-subject, repeated measures design, including 11 children (mean age = 7.9 years), bone conduction hearing device (BCD) amplification did not negatively affect horizontal sound localization accuracy. The effect on speech recognition scores showed greater inter-individual variability. No benefit from amplification on a group level was found. There was no association between age at fitting and the benefit of the BCD. For children with poor unaided sound localization accuracy, there was a greater BCD benefit. Unaided localization accuracy increased as a function of decreasing hearing thresholds in the atretic ear. While it is possible that low sound levels in the atretic ear provided access to interaural localization cues for the children with the lowest hearing thresholds, the association has to be further investigated in a larger sample of children.
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1. Introduction

Individuals with unilateral conductive hearing loss due to unilateral aural atresia (UAA) report a high degree of difficulties in tasks related to binaural hearing, such as sound localization and recognition of speech in noise (1). Treatment using bone conduction hearing devices (BCDs) aim to restore hearing in the atretic ear and aid in binaural hearing. From infancy, children might be offered a passive transcutaneous BCD fitted on a softband. The standard percutaneous skin-penetrating BCD attached to a titanium screw osseointegrated in the cortical bone superior and posterior to the pinna provide the user with higher amplification compared to the softband (2). It has been the first hand choice for treating hearing loss in UAA at our clinic for several years as surgery is minimally invasive and serious adverse events are rare. However, in a study from 2015, authors found that 47% of children implanted with a percutaneous BCD had discontinued using the implant 5 years after surgery (3). Insufficient benefit from amplification was one of the most commonly stated reasons for non-usage (3). Pure-tone thresholds improve from amplification (4, 5) but the effect on binaural hearing needs to be investigated further. There seem to be a large inter-individual variability on the effect from amplification on speech recognition thresholds (SRTs) (6, 7) as well as on sound localization accuracy (SLA) (6, 8). It is known that some individuals localize fairly good in the monaural unaided setting and thus will not benefit as much from BCD (6, 8, 9). A possible explanation for the high inter-individual variability in benefit from a BCD is that some individuals with congenital UAA learn to use monaural spectral cues for localization in the horizontal plane (10). The age at which the child is fitted with the BCD has also been suggested as a factor influencing the benefit from amplification (11, 12). In children with unilateral sensorineural hearing loss, sound localization accuracy seems to improve for children fitted with a hearing aid by 5 years of age, whereas not for children fitted by 9 years of age (13). In most studies regarding children implanted with a BCD, the study participants have started using their BCD at 4–6 years of age at the earliest (9). Studies presenting results from surgically implanted percutaneous or transcutaneous devices rarely disclose whether the participants in the studies have previously been using a different system for bone conduction and for how long. As binaural hearing and the central auditory pathways develop during the first 5–6 years of life (14–16), early treatment might be beneficial on binaural tasks such as horizontal sound localization and speech recognition in acoustically challenging conditions (11, 12).



2. Aim

The aim of the present study was to quantify the effect of early access to unilateral bone conduction amplification on sound localization accuracy and recognition of speech in symmetrically separate competing speech in a cohort of children with UAA fitted with a BCD before 3 years of age.



3. Materials and methods


3.1. Study participants

Children with congenital UAA were recruited from a list of patients that had attended the atresia clinic at the Hearing Habilitation Unit at Rosenlund’s Hospital from 2015 to 2017. Forty-one individuals were eligible based on the following inclusion criteria: 5–10 years of age, unilateral congenital atresia, fitted with a BCD, and fluent in the Swedish language. Ten subjects were excluded based on the following exclusion criteria: syndrome-associated atresia (n = 4); sensorineural hearing loss (n = 1); contralateral air conduction pure-tone average across 500, 1,000, 2,000, and 4,000 Hz (PTA4) >20 dB hearing level (HL) (n = 4); and surgical ear canal repair (n = 1). Investigations took place during January 2018, November 2020, and spring 2021. Four individuals that were not able to come in for testing in 2018 had grown too old for inclusion in 2020. One subject had moved abroad and could not be contacted. Thirteen individuals declined or could not attend any of the visits for different reasons. One subject repeatedly did not show up for measurements. One subject did not fulfill any aided measurements due to lack of time and was excluded from analysis (Figure 1).


[image: Figure 1]
FIGURE 1
Flow chart for inclusion in the study. Thirteen eligible participants declined participation due to different reasons. Four patients were between 5 and 10 years old in 2018 but could not make it to any of the appointments available at that time and had grown too old to include in the study when more opportunities opened in 2021. *One participant did not perform any aided measurements due to lack of time and was therefore excluded from analysis.




3.2. Study design

In a 3 h visit, recognition of speech in spatially separate competing speech and horizontal sound localization accuracy were tested in a within-subject repeated measures design (aided and unaided, test order was pseudo-randomized based on the last digit of the subject's national ID number). Aided and unaided pure-tone hearing thresholds were also measured. The children used their own BCD, either a Cochlear or an Oticon processor (Table 1), for all aided measurements. The devices had been previously programmed using the fitting software provided by the manufacturer and had been fine-tuned according to the preferences of the child. Background data were retrieved from the caregiver of the study participants and from patient charts. Data on mean usage per day were retrieved from the device using the fitting software. The study participants had been provided with a copy of Parents Evaluation of Aural/Oral Performance of Children (PEACH) to fill out before the visit. Ethical approval was obtained from the regional ethics committee in Stockholm, 2012/1661-31/3. Written consent was acquired from all study participants.


TABLE 1 Background data including type of device, age, gender, and degree of usage from the computer log of the BCD.
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3.3. Unaided and aided hearing thresholds

Unaided air- and bone conduction hearing thresholds were measured according to ISO 8253-1 (2010) using TDH39 supra-aural headphones and the Radioear B71 bone transducer. Masking of the non-test ear was applied as appropriate. To estimate the degree of amplification provided by the BCD, aided hearing thresholds were quantified by measuring frequency-modulated tone thresholds in sound field using a fixed-frequency Békèsy technique. While the reliability of this technique is not quantified in children, it is characterized by high reliability and reproducibility in adults (17, 18). During the measurements, the contralateral normal ear was plugged by an earplug (EAR Classic foam earplug; 3M, Minneapolis, MN, USA) and a circum-aural hearing protector (Bilsom 847 NST II, Honeywell Safety Products, RI, USA) was placed over the ear plug. The combination of the plug and the circum-aural hearing protector was previously estimated to provide an average of 39 dB attenuation of the PTA4, based on recordings in adults (n = 8) with normal hearing according to ISO 4869-1 (1990) (19, 20). Mean (SD) attenuation values as recorded in those adults (n = 8) were 34.7 dB (6.3 dB) at 0.5 kHz, 35.1 dB (6.0 dB) at 1 kHz, 40.5 dB (2.9 dB) at 2 kHz, 47.2 dB (5.6 dB) at 3 kHz, 49.4 dB (4.4 dB) at 4 kHz, and 46.2 dB (6.4 dB) at 6 kHz.



3.4. Horizontal sound localization ability

An eye-tracking technique was used to determine the perceived sound location. The setup, stimuli, and quantification of sound localization responses have been previously described in detail (21). The rationale for using this test was that it allows for rapid determination of horizontal localization accuracy (approximately 3 min recording time) and has previously been used for measuring sound localization accuracy in children with unilateral hearing loss (22) as well as in measuring the difference in performance between bilateral and unilateral sound stimulation (23).


3.4.1. Setup

Measurements were conducted in a double-walled sound booth [ambient sound level = 25 dBA, reverberation time T30 = 0.11 s at 500 Hz, as recorded with a B & K 2238 Mediator and a B & K 2260 Investigator (Brüel & Kjær), respectively]. Twelve active loudspeakers each coupled to a 7-inch video display (LD pairs) were placed equidistantly in a 110° arc in the frontal horizontal plane, resulting in loudspeaker positions at ±55°, ±45°, ±35°, ±25°, ±15°, and ±5° relative to the subject who was seated facing the loudspeaker array. The distance from the LD pairs to the head of the study participant was approximately 1.2 (loudspeaker) and 1.1 m (screen). The LD pairs were vertically adjusted to the height of the study participant using a motorized stand, situating the loudspeakers at ear level (Figure 2).
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FIGURE 2
Setup for testing of SLA. Twelve loudspeakers each coupled to a 7-inch video display (LD pairs) were placed in a 110° arc in the frontal horizontal plane relative to the subject who was seated facing the loudspeaker array. The distance from the LD pairs to the head of the study participant was approximately 1.2 (loudspeaker) and 1.1 m (screen). The LD pairs were adjusted to be at ear level of the study participant.


To record the gaze of the study participants in relation to the LD pairs, an eye-tracking system was used (Smart Eye Pro, Smart Eye AB, Gothenburg, Sweden). The coordinates of the LD pairs were defined in three dimensions in the eye-tracking system, resulting in areas of interest [AOIs (21, 24)]. Twelve AOIs (width = 0.17 m; height 0.55 m) constituted a continuous array of AOIs in a 3D model, corresponding to the physical LD pairs.



3.4.2. Stimulus

The visual stimulus was a colorful children's cartoon. The auditory part of the stimulus consisted of a broadband musical melody with a long-term frequency spectrum similar to that of a female voice and naturally occurring amplitude modulations. The stimulus was presented at 63 dB sound pressure level (SPL) (A). The rationale for using this stimulus was that it allows comparison with previous findings in children and adults with normal hearing (21), with children with congenital unilateral sensorineural hearing losses (22), and with adults with congenital unilateral atresia (25).



3.4.3. Test procedure and quantification of localization responses

Study participants were familiarized with the auditory–visual stimulus during a gaze-calibration procedure in which the stimulus was presented from different azimuths. The test started by presenting the stimulus from the LD pair at −5°. After approximately 7 s, the visual stimulus was stopped, and the sound immediately shifted to a randomized loudspeaker. After 1.6 s, the visual stimulus was reintroduced at the azimuth of the sounding loudspeaker. Azimuthal shifts were repeated 24 times following a beforehand generated order of randomized shifts.

Children were allowed to move their head freely. They were instructed to look where they perceived the sound was coming from and informed that they would be guided by audition only during sound-only presentation and that the visual part of the stimulus would reappear at the same azimuth as the sound.

The position of the study participant's pupil relative to the LD pairs was sampled at 20 Hz during the 1.6 s sound-only periods. The median pupil position from the last 500 ms of the sound-only period was defined as the perceived sound source location. SLA was quantified as an error index (EI) [for calculations, see Asp et al. (21)] ranging from 0 to 1, where 0 represents a perfect performance and 1 a random performance. Based on test–retest analyses in infants and young children, also from Asp et al. (21), a within-subject difference in the EI of ±0.12 was considered statistically significant at the 95% confidence level.




3.5. Speech recognition thresholds in competing speech

Measurements of SRT were performed in a setup resembling a challenging everyday listening situation (19, 22, 26) using a matrix test (22, 26). Participants were seated in the middle of a double-walled sound booth facing a loudspeaker presenting target speech at 0° azimuth. Interfering speech was presented from four spatially and symmetrically separated loudspeakers at ±30° and ±150° azimuth at a fixed overall level of 63 dB SPL measured at the position of the subject's head (Figure 3). The interferers comprised four non-correlated recordings of a single male talker reading a novel. The target speech (the Hagerman sentences) was a female voice (27). Each sentence consisted of five words that formed a grammatically correct sentence with low semantic predictability in a fixed syntax (e.g., “Peter höll nio nya lådor,” in translation: “Peter held nine new boxes”).
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FIGURE 3
Setup for testing of SRT. Participants were seated facing a loudspeaker presenting target speech at 0° azimuth. Interfering speech was presented from four spatially symmetrically separated loudspeakers at ±30° and ±150° azimuth at a fixed overall level of 63 dB SPL measured at the position of the subject's head.


Study participants were instructed to face the loudspeaker presenting target speech and asked to repeat the sentences from three lists (one training list), each containing 10 sentences. This resulted in the presentation of 30 sentences per listening condition (aided and unaided). No sentence was repeated. Oral responses were recorded and scored by an audiologist outside the test room. Both the aided and unaided assessments started by presenting the first sentence of the training list at a signal-to-noise ratio (SNR) of +10 dB. For the following training sentences, the target speech level decreased up to three times in 5 dB steps, then up to three times in 3 dB steps, and then in 2 dB steps until the number of correct words in a sentence was ≤2. When the number of correct words in a sentence was ≤2, or the training list ended, the training was terminated. Subsequently, two lists (i.e., 20 sentences) were presented. The level adjustment of the target speech aimed at a threshold of 40% words correctly repeated according to the following scheme: the target speech level was changed +2 dB for zero correctly identified words, +1 dB for one correctly identified word, 0 dB for two correctly identified words, −1 dB for three correctly identified words, −2 dB for four correctly identified words, and −3 dB for five correctly identified words. The 40% threshold and the adaptive scheme for level adjustment were based on computer simulations and analysis of the maximum steepness of the psychometric function (27–29). The SRT was defined as the mean of the SNRs for the last 10 of the totally 20 presented sentences (29, 30). The mean (SD) test–retest difference for this task was previously estimated in adults to 1.1 dB (1.4 dB) (26).



3.6. Subjective assessment

The PEACH score is a questionnaire consisting of 13 questions assessing auditory behaviors of the child in different situations and is to be filled in by the caregiver. It is divided into two domains, quiet and noise. The questionnaire was developed from the more extensive PEACH diary (31) and is validated in Swedish (32). It is also used in the national pediatric hearing register in Sweden. The questionnaire was sent home to the study participants in advance along with written instructions on how to fill out the form. If the caregiver had not filled out the form at home, the caregiver was allowed to fill out the questionnaire on the day of testing.



3.7. Statistical calculations

PTA4 were calculated as the mean of hearing thresholds at 500, 1,000, 2,000, and 4,000 Hz. Statistical calculations were conducted using GraphPad Prism 9.3.1 (350). Correlations with age, age at first fitting of the BCD, mean time of usage per day, duration of device use, and unaided PTA4 as predictor variables and SLA and SRT as dependent variables were performed using non-parametric tests (Spearman correlation) due to skewed distribution of the data. Paired comparisons (unaided vs. aided listening) were also performed using non-parametric tests (Wilcoxon signed rank).




4. Results

The final sample comprised 11 children aged 5.3–10.8 years (mean 7.9 years, SD 1.9). All study participants had a normal eardrum on the non-atretic side. Background data are presented in Table 1. For all participants, age of first fitting was decided as when they first started using a BCD on softband mean (SD) of 1.5 (1.8) years. At the time of testing, three individuals used a conventional BCD on softband, one participant used a passive transcutaneous BAHA Attract, and seven individuals used active percutaneous devices. Historical data on device use were not available to the authors. Data on mean time of usage per day since their last control were retrieved from the fitting software. The study participants used their BCD for a mean (SD) of 4.8 (2.6) h per day (Table 1).


4.1. Hearing thresholds

The mean (SD) PTA4 of the atretic ear was 64.3 (4.9) dB HL (Table 2). All study participants improved their PTA of the atretic ear when using their BCD, resulting in a mean (SD) PTA4 of 24.9 (8.8) dB HL. Six of the study participants (subjects 1, 2, 4, 6, 10, and 11) reached aided hearing thresholds <25 dB HL.


TABLE 2 Individual hearing thresholds of the impaired ear.
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Individual results from the sound localization test and speech recognition are summarized in Table 3 and Figure 4.


TABLE 3 Individual results on SLA and SRT, aided and unaided.
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FIGURE 4
(A) Individual values of unaided and aided SLA performance. A lower EI indicates a better performance. There was no significant benefit from amplification on a group level (Spearman correlation, p > 0.05). In the aided setting, the three individuals with the highest unaided EI had intra-individual statistically significant benefit compared to the unaided measurements (p < 0.05). (B) There was a high degree of inter-individual variability on SRT both aided and unaided. A more negative SRT (dB) value indicates a better performance.




4.2. Sound localization accuracy

SLA data from two study participants could not be interpreted and were excluded from further analysis (one participant did not cooperate to testing, possibly due to tiredness; one participant had a congenital eye anomaly that made eye tracking not possible). The mean (SD) of unaided EI was 0.48 ± 0.17, whereas the mean (SD) of aided EI was 0.37 ± 0.05; individual results are plotted in Figure 4A and presented in Table 3. There was no statistically significant difference between the unaided and aided results (p = 0.078, n = 9, Wilcoxon matched pairs).

Based on previous calculations on test–retest reliability for the localization task, and an estimate of the 95% confidence interval for a single error index value based on this reliability (95% CI = ±0.054 for adults; 95% CI = ±0.12 for infants), we analyzed intra-individual performance differences (unaided vs. aided) in localization accuracy. The three study participants who showed the poorest unaided SLA (participant 2, 6, and 9) showed intra-individual statistically significant improvements when tested with the BCD (±0.12) (p < 0.05).

Age at testing did not have a statistically significant effect on SLA performance on a group level (unaided ρ = −0.44, p = 0.239; aided ρ = 0.29, p = 0.45, Spearman correlation) (Figure 5A), or on the benefit from amplification on the task (i.e., the difference between unaided and aided SLA, ρ = 0.62, p = 0.08, Spearman correlation). The two youngest participants had the worst unaided SLA performance, as well as the most benefit from amplification. Age at first fitting did not correlate with SLA performance in listening condition (aided ρ = −0.28, p > 0.05; unaided ρ = 0.02, p > 0.05, Spearman correlation), time of usage per day (unaided ρ = 0.05, p = 0.92; aided ρ = −0.41, p > 0.05, Spearman correlation), or duration of device use (aided ρ = 0.18, p > 0.05; unaided ρ = −0.34, p > 0.05, Spearman correlation). The participant with the lowest time of usage performed worse in the aided compared to the unaided setting. Unaided SLA was found to be correlated to unaided PTA4 of the atretic ear (ρ = 0.93, p = 0.007, Spearman correlation) (Figure 6A), indicating increased localization accuracy with increasing unaided hearing sensitivity. There was no such correlation for aided hearing thresholds and aided SLA (Figure 6B) (ρ = 0.24, p = 0.525, Spearman correlation).
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FIGURE 5
(A) SLA performance unaided and aided correlated to age. An EI value of 0 indicates a perfect performance and a value of 1 a random performance. Two of the youngest participants (6 and 9) had the worst unaided SLA performance, but there was no significant correlation between SLA and age. The youngest individuals had the most benefit from amplification. (B) SRT correlated with age. A more negative value indicates better speech discrimination. Both aided and unaided SRTs were correlated to age (p < 0.05), where the older study participants had lower (better) SRTs.



[image: Figure 6]
FIGURE 6
(A) Unaided SLA was correlated to unaided PTA4 (p < 0.05). (B) There was no correlation between aided PTA4 and aided SLA performance. (C) Unaided SRT related to unaided PTA4. There was no significant correlation between unaided audibility in the atretic ear and unaided speech recognition thresholds (p > 0.05, Spearman correlation). (D) No significant correlation was found between aided SRTs and aided PTA4 (p > 0.05, Spearman correlation).




4.3. SRT in competing speech

One subject did not finish the speech recognition test due to tiredness and was not included in the analysis, i.e., 10 children provided data for this test. Data are presented in Table 3. The mean (SD) SRT was comparable for aided [−7.9 (3.5) dB] and unaided [−7.7 (3.4) dB] listening conditions (p > 0.05, Wilcoxon matched pairs) (Table 3 and Figure 4B). SRTs improved with increasing age (unaided ρ = −0.88, p = 0.002; aided ρ = −0.69, p = 0.033, Spearman correlation) (Figure 5B) but was not found to be affected by age at first fitting of the BCD (unaided ρ = −0.22, p = 0.505; aided ρ = 0.02, p = 0.755, Spearman correlation) or time of usage per day (unaided ρ = 0.17, p = 0.703; aided ρ = 0.12, p = 0.793, Spearman correlation). Aided SRTs were found to improve with increased duration of use in years (ρ = −0.67, p = 0.04, Spearman correlation); however, duration of use in years also correlate with the age of the study participants. Correlation of duration of use was not found in the unaided performance (ρ = −0.40, p = 0.25). There was a trend toward a correlation between unaided PTA4 of the atretic ear to unaided performance (Figure 6C); this was however not significant (p = 0.061, Spearman correlation). No correlation was found between aided hearing thresholds and aided SRT (Figure 6D) (ρ = −0.10, p = 0.785, Spearman correlation).



4.4. PEACH questionnaire

Caregivers of all participating subjects filled out the PEACH questionnaire (n = 11). The caregiver of one child could not fill in the unaided part of the questionnaire as the study participant used its BCD “during all waking hours.” One subject had not been well during the last week, and one had not been using the BCD during the last week. These questionnaires were excluded from analysis. The total score and the scores for the quiet and noise domains are presented in Table 4. Parents reported significantly higher scores in quiet than in noise for both unaided (p < 0.05, Wilcoxon matched pairs) and aided (p < 0.05, Wilcoxon matched pairs) conditions, indicating that the study participants might have greater difficulties listening in noisy than in quiet environments. There was no significant difference between unaided and aided scores in any of the domains [Total score p = 0.945, quiet domain p = 0.375, noise domain p = 0.125 (Wilcoxon matched pairs)].


TABLE 4 PEACH scores aided and unaided separated by domain.
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5. Discussion

The aim for this study was to investigate the impact of unilateral bone conduction amplification before 3 years of age on horizontal sound localization and recognition of speech in spatially separate competing speech in children with UAA. Although all study participants improved their hearing thresholds in the aided condition, the intra-individual variability in the benefit for SLA and SRTs was large. Results from this pilot study indicate that fitting with a BCD before the age of 3 does not seem to negatively affect horizontal sound localization accuracy in children with UAA and might be beneficial to some individuals. Results on speech recognition were more diverse, where four individuals showed a worse performance in the aided setting. In a review by Vogt et al. (33), they found that aided hearing thresholds did not approach normal levels in six out of nine included studies and also suggested that an insufficient degree of amplification might be a part explanation for poorer aided speech recognition scores. Several of the study participants in the present study did not reach normal hearing levels of the atretic ear in the aided setting. However, aided hearing thresholds did not significantly affect SRT on a group level.

Age at fitting was not related to SLA or SRT, suggesting that early treatment with a BCD for congenital UAA will not negatively affect these abilities on a group level. Amplification benefits for SLA and SRT were more evident in the younger individuals, who were also fitted at an earlier age (before 1 year of age, subjects 5, 6, and 9). Two of these individuals (6 and 9; no SLA data were collected for subject 5) improved their SLA performance and all three improved their SRTs in the aided condition. Subjects 6 and 9 also had the worst unaided PTA4 as well as the worst unaided SLA performance. Agterberg et al. (34) suggested that individuals with worse unaided SLA might benefit more from amplification, consistent with the above stated findings.

Both aided and unaided SRTs increased with increasing age, which might be expected since development of speech recognition is known to continue into adolescence (35). For individuals with congenital UAA, an age effect on SRT is further confirmed by a comparison with data from the current study and adults with UAA [n = 12, mean (SD) −10.9 dB (1.4 dB), p = 0.008, unpaired t-test] (25).

The time of usage of the BCD in this study was quite low and varied between 0.3 to 7.5 h per day but did not seem to influence the results on SLA or SRT. The duration of device use was found to affect aided SRTs but correlates also with the age of the study participants making it hard to draw conclusions from this finding. All study participants had been initially fitted with a BCD on softband before receiving a percutaneous or transcutaneous device, but eight out of 11 subjects had changed to a different system when the study took place. Information on at what age these individuals had received their surgically implanted solutions and audiological data from the previously used BCD on softband with correlated data on time of usage per day was unavailable to the authors. It is possible that children who use their BCD more frequently as toddlers might have greater benefit from the device. Compared to percutaneous devices, passive transcutaneous devices and conventional devices have approximately 10–15 dB lower amplification due to the attenuation of the skin and soft tissues of the scull (36, 37). Even though we found no correlation between aided hearing thresholds and the effect on SLA or SRT from amplification, an effect on the results from the study participants using different BCD systems cannot be ruled out. Due to the small sample size, we were unable to analyze whether the use of different systems might have influenced the results.

Binaural cues, such as interaural time differences (ITDs) and interaural level differences (ILDs) are known to be important for localizing sound in the horizontal plane (38). For individuals with UAA, detection and processing of ITDs and ILDs may be compromised because of reduced audibility in one ear. For horizontal SLA in normal binaural hearing, ITDs have been shown to be dominant, overthrowing ILD and spectral cues for low frequency sounds (39). Monaural spectral cues, resulting from acoustic reflections in the pinna, shoulders, and body are used for localization in the vertical plane in normal hearing listeners (40) and might be of importance for unaided horizontal sound localization in individuals with UAA (8, 11, 33, 34). Here, monaural cues were likely available to the children, but not very prominent given the naturally occurring amplitude modulations of the sound. As such, processing of interaural cues should be important to reach good performance in the task used in the present study. The statistically significant correlation between unaided PTA4 and unaided SLA observed needs to be evaluated in a larger sample due to co-variating factors such as the age at first fitting and the duration of time during which amplification had been available. Also, PTA4 values of the children tested here were clustered around 65 dB HL (Figure 6A) and the correlation observed depended heavily on two outliers. Notwithstanding that this correlation may not be present in a larger study group, a discussion on the possible influence of the audibility of the atretic ear on localization accuracy is warranted. First, it might be that individuals with less severe hearing loss secondary to UAA might be able to utilize interaural differences for localizing sound in the horizontal plane, since even very low sound levels in the ear with poorer thresholds provide access to interaural localization cues (39). Second, also giving some support to our finding that the PTA4 of the atretic ear may be an important predictor of localization accuracy, a similar relationship has been observed in adults with UAA (25) using the same localization technique as in the present study. Third, previous studies in individuals with UAA have demonstrated an increase in localization accuracy at high presentation levels (41, 42). An interpretation of this localization improvement is that both cochleae are stimulated (because of the increased presentation level) and interaural differences may be utilized for sound source localization despite the unilateral hearing loss. This may also be what occurred in the present study in the children with the lowest hearing thresholds.

When comparing the localization results of the present study to those of adults with UAA (25), the adults had a tendency toward a lower EI (i.e., better localization) compared to the children in the present study (Figure 7). This is noteworthy, since localization accuracy for normal binaural hearing seems mature at approximately 5–6 years of age (15, 16). The younger participants in the present study showed the worst unaided SLA; however, the effect on amplification was more evident in these individuals as they approached the EI of the older study participants in the aided setting. This could indicate that maturation of SLA is not delayed in these children compared to normal hearing individuals.


[image: Figure 7]
FIGURE 7
Comparison of unaided PTA4 (A) and SLA (B) between children from the present study and adults from the study by Siegbahn et al. (25). The adults had a tendency toward a higher PTA4 and lower EI compared to the children in the present study where the spread tends to approach lower PTA4 and a higher EI.


Similar to scores from children with moderate unilateral sensorineural hearing loss, results from the overall PEACH scores were lower in the aided and unaided condition than those for normal hearing children in the same age group (22, 31). Parental ratings of aural/oral performance were comparable for unaided and aided listening, suggesting that parents are not able to discriminate whether the BCD is beneficial to the child in the situations described in the questionnaire.



6. Study limitations

The statistical power of this study is limited. The authors were only able to present a small sample as only 11 out of 31 individuals that met inclusion criteria decided to take part in the study. Several of the predictor variables co-varied making it difficult to draw conclusions from the results. Aided hearing thresholds also varied in the studied cohort, where five study participants had aided hearing thresholds within the range of mild-to-moderate hearing loss. However, the studied cohort was homogenous regarding hearing thresholds of the non-atretic ear and all study participants had normal BC thresholds in the atretic ear. There was no formal procedure to ensure that the device was fully functioning prior to testing, but since all participants of the study improved their hearing thresholds in the aided setting, we assumed that the BCD was functional. Information on longitudinal device use was not available to the authors.



7. Conclusion

Collectively, the results from the current pilot study indicate that the introduction of BCD amplification before 3 years of age in children with UAA does not seem to affect horizontal sound localization accuracy and might result in benefit for horizontal sound localization for some individuals. The effect of early access to amplification on recognition of speech in spatially and symmetrically separated competing speech is more diverse. While there is no significant effect on a group level, some individuals might perform worse in the aided setting. In the future, it would desirable to be able to predict which individuals might benefit more from amplification. The effects of early fitting of a BCD in UAA on spatial hearing needs to be evaluated in a larger sample.
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Introduction: We aimed to describe the language and health-related quality of life (HRQoL) outcomes of children early-identified with unilateral or mild bilateral permanent hearing loss. This was a cross-sectional community-based study of children with mild bilateral or unilateral permanent hearing loss (including unilateral auditory neuropathy spectrum disorder (ANSD)), drawn from a population-based databank in Victoria, Australia.



Methods: Enrolment in this databank is independent of early intervention and amplification approaches. Language and caregiver-reported HRQoL outcomes are described by type and degree of loss at three timepoints across child development: at age 2 years (n = 255), 5–7 years (n = 173) and 9–12 years (n = 45).



Results: Across all age groups, average language outcomes were poorer than population normative scores by between a half to two thirds of a standard deviation. Children with mild bilateral hearing loss demonstrated poorer average language outcomes than children with unilateral hearing loss, particularly at younger ages. Children with unilateral ANSD showed language outcomes comparable to their peers with unilateral profound hearing loss. Children had poorer HRQoL psychosocial scores compared to physical scores, without obvious patterns of outcomes linked to degree or type of hearing loss.



Discussion: This study demonstrates children with early-identified unilateral or mild bilateral hearing loss have average language and HRQoL outcomes poorer than population normative expectations from an early age. These outcomes are observed at later ages across childhood. These findings provide a contemporary description of language and quality of life outcomes for children identified but not targeted by universal newborn hearing screening and raise questions of how to provide better support for these populations of children and their families.
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1. Introduction

Universal newborn hearing screening (UNHS) has had a transformational effect on the development pathways and early life outcomes for children born with congenital hearing loss. It is now common for identification of hearing loss to occur in the first weeks of life (1), facilitating interventions such as amplification and enrolment into early intervention programs earlier than previously routinely possible (2). Earlier identification of hearing loss has led to improved language outcomes, although many children still have language development below expected for their age and cognitive potential (3, 4). The impact of early hearing loss identification on health-related quality of life (HRQoL) is less clear, with some studies documenting improved HRQoL in children whose hearing loss was identified through UNHS compared to without UNHS (5), whilst other studies showed no difference (4).

Many UNHS programs (e.g., in Australia and the United Kingdom) target screening for bilateral hearing losses of moderate or greater degree (6), a cut-point chosen because of evidence that earlier detection of these degrees of losses led to improved language outcomes (7). However, UNHS can and does also identify children with mild degrees of hearing loss and unilateral hearing losses—whether planned (8) or as a “by-product” of targeting bilateral moderate or greater degrees (9). Whether early or later detected, there is growing evidence of harmful effects of mild and unilateral hearing loss on several developmental domains including speech and language (10, 11). Recent amplification data from population-wide government hearing services indicate that children with mild and unilateral hearing loss represent a substantial proportion of the paediatric population presenting for amplification services. Hearing Australia, the national provider of hearing amplification for children in Australia, reports the highest proportion of children first fitted with amplification under 12 months of age have an average hearing loss in the better hearing ear in the range of 0–40 decibels (i.e., a mild bilateral or unilateral loss) (12). Historical age at detection for these children was commonly reported to occur (prior to UNHS) around 4–5 years of age (13), or up to 8 years of age for children with unilateral loss (14). Therefore, UNHS could be viewed to have unintentionally supported the creation of a new group of children with hearing loss—those early detected with mild bilateral or unilateral hearing loss.

This “new” population (15) comes with new challenges from the time that they do not pass their newborn screen. It is recognized that diagnosis—both the duration of time to reach a diagnosis and the certainty of diagnosis—is a different process from significant bilateral losses. The number of appointments required to reach a diagnosis can be much more than for children with larger degrees of loss (16). It is likely that this leads to some stress for those involved, particularly families but also professionals (16, 17). With limited evidence for the outcomes of early-detected children with these types of loss, clinical management of these children is challenging (16, 17). Clinical practice guidelines reflect the uncertainty in outcomes for children with mild and unilateral hearing loss, with references to individual observations, watchful waiting, behavioral verification of hearing levels and needs-based approaches to the decision of if and when to provide amplification (e.g., King (18), Fitzpatrick et al. (19)).

Uncertainty, both in outcomes and management approaches, also exists for children with unilateral auditory neuropathy spectrum disorder (ANSD). This is a rare hearing profile, with estimates suggesting individuals with unilateral ANSD comprise 1%–7% of all ANSD cases (20). However, these children are also detected early and the parental uncertainty regarding appropriate approaches to supporting development of language and communication reported for children with bilateral ANSD (21) may also be a factor for their unilateral ANSD peers. Outside of case reports, published studies including individuals with unilateral ANSD have focused on describing the clinical characteristics of impacted individuals (20, 22) or detail electrophysiological traits and characteristics (23) rather than their developmental outcomes.

This study addresses the gap in literature on the outcomes of children with early-detected mild and unilateral hearing loss. We describe the language and HRQoL outcomes of a contemporary population of children with different degrees of non-target hearing loss (i.e., hearing loss that was not the target for UNHS in Australia) including unilateral ANSD at different ages across child development.



2. Methods


2.1. Study design and participants

This was a cross-sectional study of Australian children whose degree of permanent hearing loss at diagnosis was either of mild degree in at least the better ear (grouped as mild bilateral), or unilateral of any degree (mild, moderate, severe or profound). This group represents the group of children whose hearing was not the target for UNHS (i.e., not bilateral moderate to profound) in Australia. Children with a diagnosis of unilateral ANSD were also included. Outcomes of participants, collected between 2014 and 2023, were drawn from set data-collection points of a databank built to track the developmental outcomes of children born with permanent hearing loss, the Victorian Childhood Hearing Longitudinal Databank (VicCHILD).

VicCHILD is a population-level data repository, open to all children born or living in the state of Victoria, Australia, with any degree and type of permanent hearing loss. Recruitment into VicCHILD is currently still active, and since its inception in 2012 has over 1,200 participant families. Most VicCHILD participants are under one year of age at enrolment. The majority of participants also have access to government-supported hearing amplification and early intervention programs. Data are collected longitudinally via repeated measures across childhood, at enrolment and at key developmental stages: preschool (∼2 years), primary school entry (5–7 years), and primary school exit (9–12 years). Data are collected either via caregiver-report or direct assessment, across domains covering health, physical development, quality of life, language and listening. More details on the VicCHILD methodology are available elsewhere (24). VicCHILD has ethics approval from the Royal Children's Hospital Human Research and Ethics Committee (approval number 31081), with parent/caregivers providing written informed consent.


2.1.1. Recruitment

The primary recruitment mechanism for VicCHILD is via Victoria's UNHS program, the Victorian Infant Hearing Screening Program (VIHSP), which routinely screens 99.5% of babies in the days and weeks after birth and supports families through to the point of definitive diagnosis of hearing loss (25). VIHSP sends a letter about VicCHILD to eligible families whose child has a confirmed hearing loss diagnosis from diagnostic audiology. This letter provides a two-week window for families to opt-out of learning about VicCHILD, after which time VIHSP passes contact details to the VicCHILD research team who contacts eligible families. The VicCHILD research team describes the databank and obtains consent to provide further details—after which time families decide whether to join the databank and provide consent to participate.




2.2. Outcome measures

This study reports VicCHILD's language and HRQoL outcomes in 3 different age groups, using normed and standardized measures, as described below. They were collected as part of multiple other outcome measures collected at the 3 different developmental age brackets (further details described elsewhere) (24).


2.2.1. Language measures


2.2.1.1. 2 years: expressive vocabulary

At around age 2 years, VicCHILD families received and completed either a paper-based or online survey. The primary language outcome collected for this age-group is caregiver-reported expressive vocabulary. This was measured by the 100-word checklist from the Sure Start Language Measure (SSLM) (26), designed for expressive vocabulary assessment across ages 16–30 months. To complete this measure, caregivers indicate which words from the provided list their child says. This measure, based upon the MacArthur Bates Communicative Development Inventory: UK Short Form (27), demonstrates high reliability and concurrent validity (26) and is standardized (based on the child's sex and age in months) with a mean expected score of 100, standard deviation of 15.



2.2.1.2. 5–7 years and 9–12 years: expressive and receptive language and receptive vocabulary

At both 5–7 years and 9–12 years timepoints, language outcomes were collected by direct-assessment measures, completed at a location convenient to the family (at home, at the Royal Children's Hospital, or online during the COVID−19 pandemic). For children who underwent the same assessments within the specified age brackets as part of their usual clinical care, families provided permission for these assessment results to be shared with the research team.


2.2.1.2.1. Clinical evaluation of language fundamentals recalling sentences test

The Clinical Evaluation of Language Fundamentals fourth edition (CELF-4, Australian Version) is a normed measure used both clinically and in educational settings to assess receptive and expressive language (28). The Recalling Sentences test is one subscale from the CELF-4, which along with three other subscales is used to calculate a Core Language Score. However, the Recalling Sentences test administered in isolation has been demonstrated in a large Australian population-based study to be a strong predictor of the total CELF Core Language scores (29). Consequently, we used the Recalling Sentences test as a marker of both expressive and receptive language ability. The Recalling Sentences test is standardized for the ages 5–21 years.

The Recalling Sentences test was administered via an iPad, with children repeating an audio-recorded sentence they have heard, verbatim. This method allows assessment without visual cues. Sentence length and difficulty would progress across the test. Responses are scored live by trained research assistants, rated as either “correct” (no errors), “intermediate/uncertain” (two or three errors) or “incorrect” (four or more errors). The Recalling Sentences test ends after 32 sentences, or after three consecutive “incorrect” scores. A raw score is obtained for each child ranging from 0 to 96. From this, conversion to an age-related scaled score occurs (possible values spanning 1 to 18), with a normative data mean of 10 and standard deviation of 3.



2.2.1.2.2. National institute of health toolbox picture vocabulary test

Receptive vocabulary was assessed using an adaptive test, the National Institutes of Health Toolbox Picture Vocabulary Test (NPVT) (30). The NPVT is a validated measure of general vocabulary knowledge for children aged between 3 and 17 years. On an iPad, children see four images and are required to select the image that best/most closely represents the audio recording of a word played to them. Following two practice items, up to 25 test items with a wide range of difficulty are delivered, with adjustment to difficulty made automatically according to the child's performance on the preceding word.

A theta score (similar to a z-score) is reported by the application at the conclusion of the test; representing the relative overall performance of the child. The NPVT provides age-adjusted, fully adjusted and unadjusted scale scores (standard scores), as well as a national percentile rank that corresponds to the age-adjusted scale score. VicCHILD calculates the standard score, which is the receptive vocabulary outcome used in this study. Based on Toolbox normative data, all scaled scores can be interpreted to understand individual performance. An age-adjusted scale score around 100 suggests vocabulary ability is at the expected level for the child's age, with scores of 115 suggesting above-average ability. A score of 85 represents below-average vocabulary ability.





2.2.2. Health-related quality of life measures: all age groups

To measure HRQoL, the Pediatric Quality of Life (PedsQL) (31) was used. A generic instrument validated for use in populations with hearing loss, the PedsQL is a standardized measure with 23 items; we used the Generic Core Scale, V4.0 in this study. The tool comprises 23 items across four domains: Physical, Emotional, Social, and School Functioning (31). With a five-point response scale for each item reverse scored and transformed to a 0–100 scale, a score of 100 represents the best possible HRQoL in relation to questions about how much certain tasks or activities were a problem for the child.

In addition to the total score, two summary metrics are also produced from the PedsQL questionnaire: the physical health summary score, and the psychosocial health summary score. The caregiver proxy-report version was used at all ages in this study, a format demonstrated to have reliability and validity in these age groups of interest (32). Caregivers were asked to consider the child over the past one month when answering each item. Caregivers completed the PedsQL at 2 years or around 5–7 years and 9–12 years at the time of the language assessment.




2.3. Hearing loss characteristics

The definition of hearing loss for this study reflects that used by VicCHILD (24). The primary source of information on hearing loss at enrolment were UNHS records. At scheduled contact points with participating families, hearing loss records were updated using caregiver-supplied audiology reports.

Degree of hearing loss was classified using decibel ranges used by the national provider of hearing amplification, Hearing Australia (33): mild (21–40 dB), moderate (41–60 dB), severe (61–90 dB) and profound (>90 dB). Participants were recorded as having either a unilateral or bilateral hearing loss based on the presence/absence of hearing loss in the second ear. A diagnostic report stating the presence of unilateral ANSD, with normal hearing in the second ear, was used to identify our unilateral ANSD sample for this study.

Type of hearing loss for VicCHILD is not restricted to sensorineural losses. Due to this, our study sample included a small number of children identified with permanent conductive and mixed hearing losses. Children identified with unilateral aural atresia were excluded from this study as their outcomes are reported elsewhere.



2.4. Other participant characteristics

Participant characteristics were collected at enrolment and updated at each data collection point. The participant characteristics included in this study's analyses were demographic characteristics (sex, age at assessment, socioeconomic disadvantage, household income, household primary language, maternal education level) and health-related characteristics (number of comorbidities, gestational age, non-verbal IQ and whether an individual was admitted to NICU). From 2020 onwards, caregivers were asked to report on their child's additional health needs or medical diagnoses.



2.5. Study sample selection

This study included all VicCHILD participants identified to have a hearing loss diagnosis satisfying the criteria of mild bilateral hearing loss in the better ear, or a unilateral hearing loss of any degree, identified by VIHSP, born between 2005 and 2020, with data collected between December 2014 and March 2023. For each age group, children were included in the study sample if they had at least one outcome (language or HRQoL) measured at that data collection point. Hearing and demographic data were collated from data recorded at the first two collection points (enrolment and age 2 years). Updated service and device use data were also obtained at each subsequent collection point (age 5–7 years and 9–12 years).

Three study samples were formed corresponding to the three timepoints across child development, at age 2 years (early life), 5–7 years (entry to primary school) and 9–12 years (transition to secondary school), respectively. Due to the longitudinal nature of the VicCHILD databank, data from some participants were included across multiple age groups and therefore the three samples were not completely independent.



2.6. Statistical analysis

For each of the three age groups, key hearing-related, demographic and health-related characteristics were summarized. Continuous measures were reported as means and standard deviations (SD) or medians and interquartile range limits (IQR) depending on their distribution, with categorical characteristics reported as frequencies and proportions. The number of participants common to multiple age groups were quantified and reported.

Outcome measures were reported for all individuals, and then further stratified by degree of hearing loss. For each age group, the mean language measures (i.e., SSLM score, CELF recalling sentences, NPVT) were reported, alongside the SD and associated 95% confidence interval (CI). Due to the skewed nature of the PedsQL measure, the median PedsQL score and IQR were reported, alongside an estimated 95% CI using the Binomial distribution. When stratified by degree of hearing loss, the older age group (9–12 years) had small sample sizes and therefore the CI was not estimated due to low precision. We considered mean scores to represent below average performance if scores were greater than 1 standard deviation below the normative mean, with above average performance represented by scores greater than 1 standard deviation above the normative mean.

All analyses were conducted in R version 4.1.2 (34) using complete case analysis.




3. Results


3.1. Participant characteristics

Data in this study represent 473 individual records of child outcomes, spread across three timepoints: 2 years (n = 255), 5–7 years (n = 173) and 9–12 years (n = 45). Data from 8 participants were included in all age groups; 79 participants' data were included in both the 2 year and 5–7 years age groups, and 34 participants' data were included in the two older age groups.

Table 1 describes the participant characteristics. Sex proportions across the three timepoints varied somewhat, with 40%–44% of participants at 2 years and 5–7 years reported female, and 53% female at 9–12 years. On average, across all ages, participants lived in areas of slightly less socio-economic disadvantage compared to the Australian population norm (mean Socio-Economic Indexes for Areas (SEIFA) scores of 1,004, 1,007 and 1,023 in increasing age group order, where a higher number represents less disadvantage, compared to normative score of 1,000). Over 80% of participants at all timepoints had reported maternal education completion being at least year 12 (completed high school), and most participants lived in households with high levels of reported income. Participants whose data were collected at the youngest timepoint (2 years) reported the highest proportion of languages used in the home being other than/additional to English. Participants were predominantly well babies, with mean gestational ages reflective of full term pregnancies and more than 80% of births not requiring admission to a neonatal intensive care unit.


TABLE 1 Characteristics of the three study samples.

[image: Table 1]

Consistent with expectations of UNHS, children were diagnosed with hearing loss early in life with median age at detection ranging from 1.2 to 1.5 months across all three timepoints (Table 1). A quarter to a third of participants at all timepoints were diagnosed with a mild bilateral hearing loss; most children with unilateral hearing loss had a profound degree of loss. Participants with unilateral ANSD represented 15% of our sample at 2 years. The majority of participants had sensorineural hearing loss, with smaller proportions with mixed and permanent conductive losses, reflecting the source of the sample—from a population-based databank inclusive of all children with permanent hearing loss of any degree or type. Around 60%–75% of participants were reported to have one or more additional health need or medical diagnosis in addition to hearing loss.

The majority of participants had no hearing device fitted at the time of assessment (2 years, 55%; 9–12 years, 58%) or had hearing aid only (5–7 years, 51%). For those fitted with hearing device(s), the median age of first fitting was lowest in the younger data collection timepoints, with a median age of 6 months for participants at age 2 years (IQR: 3.0, 12.8 months) (Table 1). We observed greater proportions of hearing device use at timepoints when participants were older. Half (50%) of participants had never engaged with an early intervention program at the time data were collected at 2 years and 5–7 years. At the two timepoints where non-verbal IQ testing was possible, mean IQ scores reflected population normative scores (5–7 years, mean IQ 102 (SD 18); 9–12 years, mean IQ 100 (SD 18)).



3.2. Language


3.2.1. Early life (2yo)

When considered as a single group, children at age 2 years with unilateral or mild bilateral loss in our sample demonstrated, on average, caregiver-reported expressive vocabulary approximately two thirds of a standard deviation below population normative scores (n = 197, mean 90.5, 95% CI: 88.22, 92.74) (Table 2).


TABLE 2 Summary of language and vocabulary scores for each age group.

[image: Table 2]

Children with mild bilateral and moderate unilateral losses demonstrated the poorest expressive vocabulary, with mean scores approaching a full standard deviation below population normative scores at this young age (mean 88.4, 95% CI: 84.3–92.5, and 86.3, 95% CI: 80.3, 92.3, respectively).

When considering unilateral sensorineural losses, we observed little difference in expressive language across children with mild, severe and profound losses on average, with mean vocabulary scores ranging from one third to two thirds of a standard deviation poorer than population normative scores (Figure 1), although not substantially lower comparatively to the population scores (e.g., 95% CIs presented in Table 2).


[image: Figure 1]
FIGURE 1
Expressive vocabulary (standardised SSLM scores) for age 2 years across hearing loss groups.


Children with unilateral ANSD demonstrated expressive vocabulary scores around two thirds of a standard deviation below population normative scores (mean 91.6, 95% CI: 86.7–96.4), a comparable mean outcome to those with profound unilateral loss (mean 91.9, 95% CI: 85.5–98.2) (Figure 1; Table 2).



3.2.2. Entry to primary school (5–7yo)

Language outcomes at this age group were, in general, poorer than population normative scores. Used as a marker of expressive and receptive language, scores on the CELF Recalling Sentences subscale suggest that when considered as a single group, children in the early primary school years with unilateral or mild bilateral hearing loss in our sample were scoring approximately two thirds of a standard deviation, on average, poorer than population normative scores (n = 146, mean 8.1, 95% CI: 7.4–8.7) (Table 2).

At this age point, children with mild bilateral hearing loss were, on average, one standard deviation below population normative scores (mean 6.9, 95% CI: 5.8–8.0), the poorest average performance of any hearing loss group (Figure 2; Table 2). Across unilateral sensorineural losses, we observed mean language performance within one standard deviation of population normative scores, and those with moderate, severe or profound losses having some scores approaching and exceeding the expected standardized score of 10 (Figure 2; Table 2).


[image: Figure 2]
FIGURE 2
Language (CELF recalling sentences) and vocabulary (NPVT) scores for age 5–7 years across hearing loss groups.


Children with unilateral ANSD demonstrated a range of language performances roughly similar to children with profound unilateral losses (mean 8.6, 95% CI: 6.6–10.7, and mean 8.2, 95% CI: 7.2–9.3, respectively) (Table 2).

Of the 144 children on whom receptive vocabulary assessment had been conducted, we observed the greatest variability in performance for children with mild bilateral hearing loss in our sample (SD 25.5 points, Figure 2). On average, these children had receptive vocabulary scores in the below average range (mean 82.3, 95% CI: 75.2–89.4) (Table 2).

For children with unilateral sensorineural loss, their mean receptive vocabulary scores were closer to the expected score of 100, but still slightly poorer than population normative scores (Figure 2; Table 2) with a smaller spread of scores than observed for mild bilateral losses. Of the 15 children with unilateral ANSD, receptive vocabulary performance was, in general, within the expected performance range (85 to 115) (Figure 2).



3.2.3. Transition to secondary school (9–12yo)

Similar to the pattern of performance seen at the entry to primary school age group, more individual performance variation was observed for expressive and receptive language outcomes in the transition to secondary school group as opposed to patterns of performance for receptive vocabulary outcomes—where mean scores approximated population normative scores (Figure 3; Table 2).


[image: Figure 3]
FIGURE 3
Language (CELF recalling sentences) and vocabulary (NPVT) scores for age 9–12 years across hearing loss groups.


Due to small sample sizes within discrete degrees of hearing loss in this age group, aggregate results were described. Overall, mean expressive and receptive language outcomes at this age in our sample were around half a standard deviation poorer than population normative scores (n = 37, mean 8.5, SD 3.5) (Table 2). Mean receptive vocabulary scores were close to population normative scores (n = 36, mean 98.4, SD 17.9).




3.3. Health-related quality of life

Due to skewed distribution of HRQoL scores, median scores were presented. Overall, physical PedsQL scores in all age groups and for all degrees of loss were higher than psychosocial PedsQL scores (Table 3). Psychosocial PedsQL scores had a wider distribution in individual performance than physical PedsQL scores; this was particularly noticeable at our early life (2 years) and entry to primary school (5–7 years) timepoints, and was observed for all degrees of loss.


TABLE 3 Summary of health-related quality of life outcomes for each age group.
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The cluster of high HRQoL scores seen at age 2 years was not so pronounced at 5–7 years and this was reflected in the shift in median psychosocial PedsQL scores (2 years psychosocial PedsQL median 80.0, IQR 70 to 90, 5–7 years psychosocial PedsQL median 70.0, IQR 60 to 82.5) (Table 3). Of note, the highest median psychosocial PedsQL score at age 5–7 years was seen in children with unilateral ANSD (median 82.5, IQR 65 to 85).

Total PedsQL scores, comprising physical and psychosocial scales, were generally similar across degrees of loss and at all age groups (Figures 4–6).


[image: Figure 4]
FIGURE 4
Health-related quality of life (PedsQL 4.0) scores for age 2 years across hearing loss groups.
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FIGURE 5
Health-related quality of life (PedsQL 4.0) scores for age 5–7 years across hearing loss groups.
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FIGURE 6
Health-related quality of life (PedsQL 4.0) scores for age 9–12 years across hearing loss groups.





4. Discussion


4.1. Principal findings

This study describes language and HRQoL outcomes at multiple age timepoints in a large sample of children across childhood, all of whom had early identified hearing losses not targeted by UNHS in Australia—mild bilateral and unilateral losses.


4.1.1. Language

Across all age groups, overall language outcomes were on average a half to two thirds of a standard deviation poorer than population normative scores.

Children with mild bilateral hearing loss tended to demonstrate poorer language outcomes than those with unilateral loss or unilateral ANSD. This pattern of outcomes was particularly evident at the early life (2 years) and entry to primary school (5–7 years) timepoints.

For children with unilateral hearing loss, receptive vocabulary performance at entry to primary school appeared to be approximating population normative levels. However, receptive and expressive language outcome results tended to be poorer than population normative scores.

Children with unilateral ANSD, across early life and entry to primary school timepoints, demonstrated language performance comparable to children with unilateral profound sensorineural hearing loss. Average language outcome scores were around two thirds of a standard deviation poorer than population normative scores, with similar distributions of performance observed.

Interpreted cautiously due to low participant numbers, children at the transition to secondary school (9–12 year) timepoint were either in general at or within two thirds of a standard deviation below the population normative levels irrespective of degree or type of hearing loss.



4.1.2. Health related quality of life

Across all age groups, children had poorer psychosocial HRQoL scores compared to physical HRQoL scores. Distribution of individual scores appeared to follow the same pattern across all ages and degrees of loss, with most HRQoL scores within the upper quartile scores suggesting many of these children experience high quality of life.




4.2. Strengths of the study

A strength of this study is the population-level databank that was the source of participating children. Through this databank we were able to confirm method of hearing loss identification (all detected via UNHS activities) and access outcomes on standardized measures. By using all available timepoints we have been able to maximize the number of results to report outcomes from a large group of children with non-target losses (including unilateral ANSD which has very sparse reporting of language outcomes) detected as by-products of UNHS activities. Our study also provides a description of outcomes at multiple timepoints across child development. This has resulted in a study of the contemporary population that reflects current detection trends (early) and availability of intervention—something that is to our knowledge not available in the extant literature.

Through our recruitment source, we have optimized the reported levels of diversity in participant characteristics that are comparable to the general population—such as levels of socio-economic disadvantage that reflect the expected levels in the Australian population. When compared to clinical samples of children with the same hearing diagnoses, we believe our results are representative of the wider population by documenting varied decisions taken by families around intervention and use of amplification.



4.3. Limitations

In reporting descriptive outcomes of children detected with unilateral or mild bilateral hearing loss under contemporary conditions, whilst we have achieved a large sample at 473 data points, we have not explored any causal relationships between degree and type of hearing loss and outcomes for these children. Our study design—drawing on available outcomes from the first decade of an established and growing databank that serves as a repository of outcomes—meant that we cannot yet comment on trajectories of performance across child development, but rather describe age-groups independently. We were also limited to using responses from those families who actively participate in the databank activities but note there were no significant differences in the characteristics of participant responders (Table 1) vs. non-responders (Supplementary Table S1).

The nature of the population databank—where different individual measures need to be as short as possible to reduce participant burden and encourage participant retention over time—precludes the ability to include outcome measures that may have been more sensitive to discrete groups of children with hearing loss. For example, whilst the PedsQL is validated for use in populations with chronic health conditions (32) and has been used in prior studies involving children with hearing loss (35, 36), it may not be as sensitive an instrument as alternate instruments such as the HEAR-QL, in demonstrating potentially more nuanced challenges faced by children with unilateral and mild bilateral hearing loss (37). Moreover, it is not unusual for large databanks that span many years to be challenged by missing data. For example, data about additional health needs or medical diagnoses were collected only after 2020 with a high proportion of missing data for this variable. The reported rate of additional health needs in our sample is higher than that reported in the existing literature (38). This may be because participant families reported against a more comprehensive list of medical diagnoses as compared with previous studies. The higher than expected proportion of children with additional health needs or medical diagnoses could theoretically affect the outcomes measured; however, we do not have complete data for this variable, and we suspect many of our families may have reported on medical diagnoses unrelated to the child's hearing or vocabulary outcomes.

Whilst the number of children we have included in this study is large in relation to many other studies of unilateral and mild bilateral hearing loss, we occasionally interpreted all children's results in one combined group of “minimal” non-target hearing losses. This raises the critique of analyzing outcomes for two different types of hearing loss as one group. It is important to note that children with these hearing loss types are actually heterogenous groups that instead share some common challenges of hearing loss, such as uncertainties in early clinical management and possibly inconsistent early hearing device use (17), and low access to/engagement in early intervention services as demonstrated by our data (less than 50% ever accessed early intervention services). It is possible that the reasons for these challenges may differ between mild bilateral and unilateral losses (39), and it would be preferable to uniformly report their outcomes as discrete groups.



4.4. Interpretation in light of other studies

Our study is, in effect, an audit reporting language and HRQoL outcomes in a large group of children born with mild bilateral or unilateral hearing loss. Participants represent the diversity seen in the community with regards to decisions on amplification and intervention that is harder to achieve in clinical samples. Due to the duration of UNHS in Victoria and the size of the databank where participants were drawn from, our study is able to describe outcomes across a larger sample of universally early-identified children than we are aware has been performed prior. Therefore, we believe this study represents a valuable addition to the literature on language and HRQoL outcomes that are seen in the contemporary hearing detection landscape where early detection is common and management decisions vary.


4.4.1. Mild bilateral and unilateral hearing loss

Our early life timepoint results demonstrated poorer expressive vocabulary performance than population norms, aligning with other reports of early life impact of unilateral hearing loss. In a UNHS detected sample with a median age 9.4 months, children with unilateral hearing loss were shown to demonstrate delays in auditory behaviour and preverbal vocalizations when compared to age-matched peers from the same population with normal hearing (40). However, not all reports agree, with another report of early detected children with unilateral and mild bilateral hearing losses showing language development meeting expectations through to four years of age (41). Of note, less than half of our sample of children engaged with early intervention services, possibly a reflection of the availability of these services to this non-target group of children, or low engagement due to perceptions these children may not require such services. With early detection of mild and unilateral losses now routine, it is important to reflect on whether this group of children have access to and are adequately supported to enroll in early intervention services.

Our entry to primary school timepoint demonstrated differences in performance across language and vocabulary outcome measures. This may have to do with task complexity, with our measure of receptive and expressive language (CELF Recalling Sentences) appearing more robust at highlighting performance differences compared to our receptive vocabulary (NPVT) assessment task. With receptive and expressive language requiring skills in morphological and phonological awareness, semantics, syntax and working memory, it may not be surprising that our children with mild bilateral or unilateral loss showed more variation in performance on this task—and lower achievement levels—when compared to the receptive vocabulary task that relies on semantics alone. Challenges in discrete areas of language may be supported by other findings, such as Nassrallah et al. (42) who reported findings of a descriptive study of children aged 5–9 years of age. They reported poorer than expected phonological processing skills, with 46% of children with mild bilateral or unilateral loss more than one standard deviation poorer than the expected level on a phonological memory task.

The results of this study support the conclusion that children with mild bilateral or unilateral hearing loss are at greater development risk (43) than their peers without hearing loss. The lower scores and large variation in scores on the caregiver-reported psychosocial HRQoL domain, as compared to the other HRQoL domains, may be a demonstration of this developmental risk. Such a result aligns with other reports of poorer quality of life in school and social domains for children with unilateral hearing loss (44). Uncertainty on appropriate management of hearing loss may also lead to this perception of development risk, with caregivers and audiologists recently reporting challenges in decision-making around best ways to support children born with mild bilateral hearing loss (16, 17).



4.4.2. Unilateral auditory neuropathy spectrum disorder

Our finding that, on average, children with unilateral ANSD demonstrated language performance similar to those with unilateral sensorineural profound losses is novel but not unexpected when considering what is known of outcomes for children with bilateral ANSD. Children with bilateral ANSD, typically in an early-identified setting and users of amplification (hearing aids or cochlear implants), have been shown to demonstrate early language abilities (up to 7 years of age) not significantly different to their peers with bilateral sensorineural loss (45, 46). In comparison, very little is documented on the outcomes of children with unilateral ANSD, likely a consequence of the rarity of this type of unilateral hearing loss (47). By including children with unilateral ANSD in our descriptive study, we are able to report on language outcomes in this under-described group.





5. Conclusions

Routine early identification of mild bilateral and unilateral hearing loss has driven recent focus on understanding outcomes for impacted children and their families. Whilst population-based studies, such as this one, describe the unadjusted development outcomes under contemporary detection methods, understanding the factors that mediate these outcomes is required to guide what steps will optimize appropriate support for these children. In particular, more attention needs to be paid in evaluating whether these children have access to or are adequately supported to enroll in early intervention programs, and whether early intervention programs for these children are effective. Similarly, future research needs to focus on the impact of early amplification as well as consistency in amplification use in these children on their language and quality of life outcomes. Efforts to harmonize outcome measures across databanks and projects focused on mild bilateral and unilateral hearing loss, such as the upcoming Australian National Child Hearing health Outcomes Registry (ANCHOR, NHMRC grant 2015735) should enable this transition from descriptive reports to more predictive analyses, particularly as the number of early detected children with these degrees of loss continues to grow.
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Background: Deaf and hard-of hearing (DHH) children often experience emotional/behavioral difficulties. The impact of unilateral/mild hearing loss (HL) on children's emotion and behavior are unclear. We aimed to describe emotional/behavioral, health related quality-of-life (HRQoL) and parent psychological distress outcomes of school-age children with unilateral/mild HL, compared to children with moderate to profound HL, and in relation to population norms; and identify predictive factors of emotional/behavioral difficulties.



Methods: Data of 339 DHH children, 5–12 years, enrolled in the Victorian Childhood Hearing Longitudinal Databank (VicCHILD), which include demographics, early development, medical/audiological characteristics and parent rated questionnaires of emotion/behavior, HRQoL and parental psychological distress collected at various stages of child's life were analyzed. We used Cohen's d to investigate the outcomes by measuring the mean score differences of both groups with published norms and logistic regression to analyze the factors predictive of emotional/behavioral difficulties.



Results: The proportion of children with unilateral/mild HL and moderate to profound HL who experienced emotional/behavioral difficulties was similar (18.3% vs. 20.6%), with hyperactivity and poor prosocial behavior reported as the predominant symptoms in both groups. Mean emotional/behavioral scores of both groups were comparable and substantially higher than normative population scores. This was also the case for HRQoL and levels of parent distress. Among children with unilateral/mild HL, additional health needs were the strongest predictive factor, demonstrating an approximately 1.7-fold increase in odds of emotional/behavioral difficulties (OR = 1.67; 95% CI 1.29–2.17, p < 0.001) with every additional health need. Early developmental concerns, other than communication milestone and attending mainstream schoolshowed weaker evidence of association.



Conclusion: Children with unilateral/mild HL were just as likely as those with moderate to profound HL to experience more emotional/behavioral difficulties, poorer HRQoL and higher parental distress scores compared to population norms. Our findings justify the provision of early intervention, support and medical services for all DHH children to identify those at risk of poorer outcomes.
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Introduction

Deaf and hard-of hearing (DHH) children often experience emotional and behavioral difficulties (1, 2). Previous studies, which mainly include children with moderate to profound hearing loss (HL) have reported high prevalence of externalizing and internalizing behavioral symptoms compared to normal hearing population (2). In a review by Stevenson et al. (2015), peer problems were rated by both parents and teachers as the predominant emotional/behavioral symptoms, whereas a recent longitudinal study showed that hyperactivity/inattention symptoms were most reported by parents and low prosocial behavior by teachers (2, 3). Deficits in socio-emotional regulation due to delayed executive function and social cognitive development are hypothesized to be reasons DHH children are more vulnerable to emotional/behavioral problems (4). Poor social skills and low prosocial behavior are equally reported despite improved language development due to persistent pragmatic developmental challenges (5). However, more recent studies have described minimal differences in emotional/behavioral mean scores among DHH children compared to normative data (2, 6). The narrowing of the gap in emotional/behavioral outcomes are likely contributed by the implementation of universal newborn hearing screening (UNHS) and the advancement of audiological intervention, speech-language therapy and counselling services in the past decade. Nevertheless, emotional/behavioral outcomes remain highly variable with a large proportion of DHH children continuing to experience difficulties despite earlier access to intervention and improvement of language and academic performances (7). Ongoing research to investigate possible contributing factors is much needed.

Language and communication development are among the most well-studied predictors of emotional/behavioral outcomes in DHH children (6, 8, 9). The severity of emotional/behavioral problems are influenced by the level of language abilities, with good receptive language and communication skills associated with lower risk of emotional/behavioral difficulties (8, 9). Aside from language abilities, additional health needs and nonverbal cognitive ability were significant factors identified among DHH children at 3 and 5 years of age (6, 10). Given that approximately two thirds of DHH children are reported to have an additional disability that could impact their education or development, Wiley et al. (2011) proposed the need for interdisciplinary medical evaluation for all DHH children (11). Studies have also shown that early detection of hearing loss and early access to intervention were associated with favorable academic and language performance (2, 8). However, degree/laterality of HL have not been shown to influence outcomes in several studies, with Wake et al. (2004) reporting that DHH children have poorer psychosocial, quality of life and language outcomes, irrespective of the severity of HL (1, 7, 12). In addition, Carew et al. (2018) reported poorer expressive language skills in children with mild HL compared to population means, despite early detection through the well-established UNHS (13).

Increasing detection of children with milder HL through UNHS and the awareness of their challenges have led to a rise in research interest exploring outcomes of unilateral/mild HL (1, 14, 15). Studies suggest children with unilateral/mild HL score lower in academic tests, are more likely to fail at least one grade and are delayed in various developmental abilities compared to hearing peers (16–18). They experience more emotional/behavioral difficulties than their peers with one fifth of children with unilateral HL reported by their teachers to have behavioral problems and requiring classroom accommodations (16, 17). Studies of children with unilateral/mild HL published after the implementation of UNHS continue to report high socio-emotional problems despite early diagnosis (13). A 3-year follow-up longitudinal study of children with unilateral HL described high prevalence of behavioral problems that improved with intervention; however, 10% or more continue to have problems with inattention, externalizing and internalizing symptoms (19). Porter et al. (2013) showed that differences in academic performance between unilateral/mild HL and hearing children were not apparent, but greater attention difficulties in the classroom were identified among children with unilateral/mild HL (20). Le Clercq et al. (2020) further emphasized the association between emotional/behavioral outcomes and hearing threshold, with higher inattention and social problems among children with slight to mild hearing loss (21). However, the effects of unilateral/mild HL on emotional/behavioral outcomes remain inconclusive as available studies also showed contradicting results, reporting no additional behavior problems compared to typical hearing children (22, 23).

As not all DHH children experience emotional/behavioral difficulties, recognition of predictive factors is imperative to identify those at high risk of poorer outcome. Factors associated with emotional/behavioral outcomes among children with moderate-profound bilateral HL are well explored, but likely differ from children with unilateral/mild HL due to differences in their experiences and access to sound. Possible factors such as lower maternal education, later age of amplification and intervention were suggested to be associated with poorer outcomes among children with unilateral/mild HL (19, 20, 24). However, evidence is scarce and the additional benefits of audiological intervention on emotional/behavioral outcomes among children with unilateral/mild HL remain uncertain.

The study analyzed data of families enrolled during the first 10 years of the Victorian Childhood Hearing Longitudinal Databank (VicCHILD) which recruited children with permanent HL of any degree and laterality (25). Information from a considerably large sample of children with unilateral/mild HL were able to be included in the study to address the following research questions:


	1.What are the emotional/behavioral, health related quality-of-life (HRQOL) and parent psychological distress outcomes of children with unilateral/mild HL compared to children with moderate to profound HL and the normal hearing population?

	2.Which factors are predictive of emotional/behavioral difficulties among children with unilateral/mild HL?





Material and methods


Participants

Our cross-sectional study included DHH children enrolled during the first 10 years of VicCHILD (between 2012 and 2022), and whose families completed a survey including emotional/behavioral outcomes at age 5–12 years. VicCHILD is a statewide population-based longitudinal databank open to every child with permanent hearing loss in Victoria, Australia (25). The majority of families are recruited through the statewide UNHS program, the Victorian Infant Hearing Screening Program (VIHSP) which screens more than 99% of newborns in Victoria. Families of DDH children attending the Royal Children's Hospital Caring for Hearing in Children Clinic are also invited to participate. Information and assessments are collected at enrolment and various stages of the child's life course, with the details of methodology described elsewhere (25). Recruitment and assessments at different age timepoints are still ongoing. This study described data on emotional/behavioral outcomes, assessed during primary school-age (5–12 years) and related information collected at different stages. The study has ethics approval from the Royal Children's Hospital Human Research Ethics Committee (approval number 31081).



Procedure

Parents provided sociodemographic, audiological and medical information about their child during enrolment and subsequent stages of assessment. Audiological data from the time of diagnosis was provided by the VIHSP. Where possible, updated audiological data was obtained at the time emotional/behavioral outcomes were collected, either from Hearing Australia, a service provider throughout Australia tasked with providing monitoring and rehabilitation services for deaf/hard of hearing children, or from the Caring for Hearing in Children Clinic, a pediatric service based at the Royal Children's Hospital. Audiological data included information about the child's type of HL, degree/laterality of HL, use of hearing devices at the time of assessment (or unaided) and age of first fitting, where available. Degree of hearing loss was classified using decibel ranges used by the national provider of hearing amplification, Hearing Australia (26): mild (21–40 dB), moderate (41–60 dB), severe (61–90 dB) and profound (>90 dB). We grouped the children according to the degree/laterality of HL: unilateral/mild HL vs. moderate-profound HL. Children with unilateral HL have mild to profound HL in one ear (≥20 dB) and normal hearing in the contralateral ear (<20 dB). Children with mild HL have mild HL (21–40 dB) in the better hearing ear. Children with moderate-profound HL have at least moderate HL (≥ 40 dB) in the better ear.

We collected data of children's developmental profile and additional health needs during enrolment. We measured early developmental profile using the Ages and Stages Questionnaire (ASQ),a brief parental questionnaire of a child's current skills and development from 1 to 66 months of age (27). Parents answered 6 questions “yes”, “sometimes” or “not yet” in each of 5 domains of development: communication, gross motor, fine motor, problem-solving skills, and personal social skills based on what their child is able to do. Each answer was scored and the sum scores for each domain were calculated. Sum scores below cut-off, defined as 2 standard deviations (SD) below the mean was considered a positive early developmental concern. We only included early developmental profile assessed during the first 36 months of age for analysis. Information of additional health needs were based on parents' selection from a comprehensive list of health conditions, comprising of conditions related to neurodevelopmental, genetic and neurological disorders, malignancy, allergy, visual impairment and other chronic disorders.

We later collected outcome measures on child's emotion/behavior, quality of life and parental well-being during early school years, assessed using standardized parent rated questionnaires. The types of information and the timepoints at which data were collected from each participant child and family are described in detail elsewhere (25).



Outcome measures


Emotional behavioral outcome

The Strengths and Difficulties Questionnaire (SDQ) is a 25-item parent-rated screening measure designed to identify emotional/behavioral difficulties in children (28). The instrument comprises of five subscales: conduct problems, hyperactivity, emotional symptoms, peer problems and prosocial behavior with each subscale containing 5 items. Each item is rated on a 3-point response scale from 0= “not true” to 1= “somewhat true” and 2= “certainly true”. Higher total scores for the first four subscales and “total difficulties” score which is the sum of the first four subscales (excluding prosocial behavior) reflect difficulties, while higher scores for the prosocial subscale reflect strength. The cut-off scores for “abnormal” category corresponds to the 90th (10th for prosocial subscale) percentiles, therefore total difficulties scores falling in the top 10% of the normative distribution is indicative of clinically significant emotional/behavioral difficulties (see Supplementary Table S2). Different cut-off scores and mean scores from Australian normative data are available for children 4–6 years and 7–12 years (29, 30).



Health related quality of life outcome (HRQoL)

The Pediatric Quality of Life Inventory version 4.0 (Peds-QL), parent completed version was used to measure HRQoL of the child (31). The inventory comprises 23 items from four domains: physical health, emotional functioning, social functioning and school functioning and each item is rated on a 5-point Likert scale. Items are scored from 0 to 100, with higher scores indicating better HRQoL. The total scores are the mean score of the sum of all domains and the psychosocial mean score represents sum of emotional, social, and school functioning domains.



Parent psychological distress outcome

The Kessler Psychological Distress Scale (K6) is a 6-item self-report measure of psychological distress for adults (32). Parents indicate how often they experienced feeling sad, nervous, hopeless, restless, that everything was an effort and worthless during the past 30 days, using a 5-point Likert scale. Scores above clinical cut-off point indicate significant psychological distress.



Statistical analysis

The data was analyzed using Microsoft Excel and SPSS Statistic Package 26. We summarized participant characteristics for each DHH groups using means [with standard deviations (SD)] for continuous variables, medians [with interquartile ranges (IQR)] if not normally distributed and counts (with proportions) for categorical variables. Normality analysis showed that data of outcomes measures were slightly skewed and not normally distributed. For the first research question, we calculated the standardized mean difference using Cohen's d effect size to compare emotional/behavioral outcomes of both groups with published Australian norms according to age; 4–6 years and 7–17 years. Although outcomes were not normally distributed, mean scores were used for analysis as available normative population data for comparison were described in mean (SD). Same method of statistical analysis was used to compare HRQoL and parent distress outcomes in both groups compared to population norms. The outcomes (means and SD) of both DHH groups were also described and compared. Spearman's rank correlation was used to estimate correlations between continuous outcomes to describe the general observed patterns in our sample. For the second research question, we used univariable logistic regression to estimate associations between key predictors (separately) with emotional/behavioral difficulties among children with unilateral/mild HL. These predictors include categorical factors (gender, age groups (5–6 and 7–12years), hearing laterality, type of HL, unaided or aided hearing, using speech or other communication mode, attending mainstream or special/other schools and presence of early developmental concerns) and continuous factors (additional health needs, hearing devices first fitting age). Variables with multiple categories (communication mode, type of HL and school) were dichotomized for analysis due to the small numbers in several subgroups.





Results

Between 2012 and 2022, a total of 1202 DHH children were enrolled in VicCHILD. Of these, 834 DHH children had turned age 5–12 years old at the time of data analysis in late 2022, of which 339 families had completed the survey that included the SDQ as a measure of emotion/behavior. Of those who completed the SDQ (339 families), 186 families had completed the ASQ at 36 months or younger; of these 100 had unilateral/mild HLand 86 had moderate-profound HL, 337 completed the Peds-QL and 246 completed the K6. Table 1 shows the participant demographic, audiological and medical characteristics. The study sample included a total of 339 children aged 5–12 years old, consisting of 169 children with unilateral/mild HL (49.9%) and 170 children with moderate-profound HL (50.1%). The characteristics of non-participants are summarized in Supplementary Table S1. Non-participating families were from slightly more disadvantaged areas and less likely to report use of English as a primary language at home compared to study participants. Otherwise, the groups were similar in demographic and audiological details, including maternal education and degree of HL.


TABLE 1 Participant characteristics broken down by hearing loss group.
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Compared to children with moderate to profound HL, children with unilateral/mild HL were first fitted with hearing aid at an older age (median (IQR) 21.0 (43.0) months vs. 4.1 (9.0) months) with fewer children fitted before 36 months of age (68.6% vs. 94.0%). A higher proportion of children with unilateral/mild HL were also unaided with hearing devices (39.1% vs. 6.5%), using speech as main communication mode (84.6% vs. 67.1%) and attending mainstream school (82.2% vs. 69.4%). However, around half of parents of children with moderate to profound HL reported early communication developmental concerns, double in proportion compared to children with unilateral/mild HL. Approximately one fourth of parents with moderate-profound HL children also reported early developmental concerns in all domains aside from communication milestone, higher than children with unilateral/mild HL (Table 1).


Aim 1: outcomes of children with unilateral/mild HL compared to children with moderate-profound HLand population norms

Figure 1 shows the prevalence of emotional/behavioral difficulties of children with unilateral/mild HL and moderate to profound HL in our sample. A similar proportion of children from both groups experienced emotional/behavioral difficulties (18.3% vs. 20.6%), with hyperactivity and poor prosocial behavior, the most frequent symptoms reported. More children with unilateral/mild HL reported emotional symptoms (19.5% vs. 14.7%) while children with moderate to profound HL more often reported peer problems (14.8% vs. 21.8%).


[image: Figure 1]
FIGURE 1
Proportion of children with unilateral/mild HL (n = 169) and moderate-profound HL (n = 170) with emotional/ behavioral difficulties and subscales scores above cut-off. * Cut-off scores are based on Australia normative data, retrieved from Kremer et al, 2015 and Mellow D., 2005.


In Figure 2, we demonstrate emotional/behavioral difficulties, total and the subscales mean score differences of both DHH groups, according to age groups. Emotional/behavioral difficulties total scores of children with unilateral/mild HL and moderate to profound HL were comparable (mean 9.8, SD 6.4 and mean 10.5, SD 6.5). However, younger children 5–6 years experienced more emotional/behavioral difficulties, with total scores within the top 20% (borderline) range (mean 10.1, SD 6.2 for unilateral/mild HL and mean 11.4, SD 6.9 for moderate-profound HL), while scores for children 7–12 years in both groups were within normal range (mean 9.6, SD 6.5 and mean 10.2, SD 6.3), for both DHH groups.
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FIGURE 2
Compared to Australian population normative scores, children with unilateral/mild HL (•) and moderate to profound HL (◊) were reported to have higher mean differences for total and emotional/behavioral subscales according to age (A) 5-6 and (B) 7-12 years. *Lower prosocial behavior scores indicate difficulties.


Compared to population normative scores, children with unilateral/mild HL and moderate to profound HL were reported to have higher emotional/behavioral difficulties scores for both age groups. Among all the subscales, hyperactivity symptoms had the highest mean scores differences compared to population normative scores, for both age and DHH groups. Table 2 estimates the standardized mean difference in HRQoL and parent distress outcome scores of children with unilateral/mild HL and moderate to profound HL compared to norms. Parents of DHH children from both groups reported poorer HRQoL for their child and higher parent distress scores compared to normative population scores (Table 2). HRQoL total and parent distress mean scores between both DHH groups were similar (74.1 (SD 18.4) vs. 72.8 (SD 17.9) and 15.5 (SD 3.6) vs. 15.0 (SD 3.7)). Poorer HRQoL in all domains and increased parent distress were also correlated with greater emotional/behavioral difficulties, of moderate effect size (r) ranging from 0.22–0.71 (p < 0.001), indicating that children with emotional/behavioral difficulties tended to have poorer HRQoL and lived with a parent with high levels of psychological distress.


TABLE 2 Child related HRQOL and parent distress standardized mean differences (SMD) of children with unilateral/mild bilateral HL and moderate-profound HL compared with norms.
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Aim 2: factors associated with emotional/behavioral outcomes in children with unilateral/mild HL

Table 3 illustrates the association between each potential factor and emotional/behavioral difficulties (as measured by the SDQ scores; dichotomized) in children with unilateral/mild HL. The strongest evidence of association were additional health needs, demonstrating an approximately 1.7-fold increase in odds of emotional/behavioral difficulties (OR = 1.67; 95% CI 1.29–2.17, p < 0.001) with every additional health need. There was weaker evidence of association with demographic characteristics and early developmental concerns, nevertheless, the association between early developmental concerns, particularly gross motor milestone and attending mainstream school with emotional/behavioral difficulties were noteworthy. To investigate the association between each developmental domain and additional health needs, correlation analysis showed that children with unilateral/mild HL and additional health needs were more likely to have early problem-solving developmental concern reported at 36 months or younger, [r (98): 0.30, p = 0.002]. No association between additional health needs and other early developmental domains were demonstrated (Communication: r(98):0.09, p = 0.36; gross motor: r(98): 0.09, p = 0.35; fine motor: r (98): 0.08, p = 0.41; social: r(98): 0.04, p = 0.70).


TABLE 3 Estimated associations (quantified as odds ratios) between child characteristics and emotional/behavioral outcomes for children with unilateral/mild HL.
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More than one third (39.5%) of children with unilateral/mild HL were unaided. The use of hearing devices and other audiological factors showed weak evidence of association with emotional/behavioral difficulties (Table 3). Table 4 further compared audiological factors and outcomes between children with unilateral HL and mild HL. More children with unilateral HL were unaided (65.5% vs. 17.6%) and had their first fitting with hearing aids at an older age (median age 24.0 months vs. 16.7 months) compared to children with mild HL. However, emotional/behavioral, HRQoL and parental psychological distress outcomes of unilateral and mild HL were comparable.


TABLE 4 Comparison of audiological factors and outcome scores of children with unilateral and mild hearing loss.

[image: Table 4]




Discussion


Key findings

In a cross-sectional study of a large prospective cohort of DHH children, we showed that approximately one fifth of children 5–12 years old with unilateral/mild HL experienced emotional/behavioral difficulties, measured as higher mean SDQ scores compared to Australian normative population data. Compared to peers with moderate-profound HL, children with unilateral/mild HL experienced comparable rates of emotional/behavioral difficulties and similar child health related quality-of- life and levels of parental psychological distress. Children with unilateral/mild HL with additional health needs were at risk of emotional/behavioral difficulties. Early developmental concerns, other than communication milestone and attending mainstream school showed weaker evidence of association.



Outcomes of unilateral/mild hearing loss

To our knowledge, this is one of the largest studies of DHH children demonstrating children with unilateral/mild HL experiencing comparable emotional/behavioral difficulties in comparison to peers with moderate-profound HL and greater than the normative population. Even though emotional/behavioral mean scores were within normal range, the wide standard deviations and high proportion of scores indicative of emotional/behavioral difficulties suggests high variability in emotional/behavioral outcomes among children with unilateral/mild HL. Prior studies of DHH children with more severe degrees of HL have reported similar results; however, our participants with unilateral/mild HL demonstrated emotional/behavioral difficulties of large effect sizes compared to norms (2, 7).

Our study demonstrated a high prevalence of hyperactivity symptoms among both groups of DHH children. Although a review study reported contradicting results (2), many earlier studies have demonstrated ADHD-like symptoms among DHH children (6, 33). Hyperactivity symptoms are not unexpected, as children with HL and ADHD share similar difficulties in executive function and self-regulation (34, 35). The reduction in emotional/behavioral difficulties scores observed among the older children in both DHH groups suggest that developmental gap narrows with age in response to intervention, adaptation to challenges and with maturity. These age-related changes were also observed in a 3-year follow-up longitudinal study that showed improvement in behavioral problems among a proportion of school age children with unilateral HL, highlighting the positive gains of intervention in a selected group of DHH children (19).

Emotional/behavioral outcomes were strongly correlated with child health related quality-of-life and parental distress levels. This association is consistent with prior reports, where parents of DHH children and adolescents with high externalizing and internalizing behaviors were more likely to report mental health problems and be burdened by the challenges faced (12, 36). Dammeyer et al. (2019) additionally reported that the degree of HL was not an influencing factor of the family's well-being (37). Families of children with unilateral/mild HL described different but consequential challenges compared to families of children with moderate to profound HL (37, 38). Parents reported feeling less support and empathy from the DHH community as their children with milder HL were perceived to be “Not deaf enough” and the significance of mild HL was minimized by healthcare providers (37). With the majority of children with unilateral/mild HL attending mainstream school, they would be required to fully rely on listening and speaking to communicate and experienced high expectations regarding their performances in academic, language and social skills. Furthermore, the perceived benefits of using hearing aids may be less obvious to both child and parents, hence many families may struggle with compliance and be frustrated or guilty when not able to follow through with intervention (37, 38). To address these unique challenges, further research capturing the various experiences of families with or without hearing devices may guide future recommendations and support required to optimize management of children with unilateral/mild HL.



Factors associated with emotional behavioral outcomes

Among children with unilateral/mild HL, our study identified additional health needs as the only predictive factor of emotional/behavioral outcomes. Although a few studies have suggested maternal education level and age of diagnosis/intervention as possible factors (20, 24), we did not identify other demographic or audiological factors that were significantly associated with emotional/behavioral outcomes. Numerous studies of DHH children have shown that additional disabilities and lower cognitive skills are associated with poorer outcomes and our study has identified a similar risk factor among children with unilateral/mild HL (10, 39, 40). Our finding is further supported by Wake et al. (2006)'s study that showed excellent outcomes among selected children of slight/mild hearing loss with no additional medical illness or intellectual disabilities (23). Children with HL and additional cognitive or physical comorbidities have more challenges that would impact their early milestones and response to audiological interventions. Furthermore, families of children having additional health needs besides HL are more likely to have marital and psychological distress that affects parent-child relationship (36). With over two thirds of children with unilateral/mild HL in this study having additional health needs, the need for early medical and developmental screening is warranted regardless of the degree/laterality of HL.

Our study is the first to examine early developmental profiles and the association with later emotional/behavioral outcomes among children with unilateral/mild HL. Early developmental screening of young DHH children may identify children at risk of later cognitive and educational difficulties (41). Among the five developmental domains screened, early problem-solving development is the domain most representative of early cognition and adaptive skills, hence it was not surprising that it was the only milestone found to be associated with the presence of additional health needs. Therefore, although no association was observed with emotional/behavioral outcomes, identifying young children with problem solving developmental concerns may help recognize children at risk of additional health problems. With close to one fifth of children with unilateral/mild HL reporting developmental concerns in all domains other than communication by 36 months of age, the possibility of association between early developmental concerns, particularly gross motor milestone with emotional/behavioral difficulties should not be disregard. Several studies have described the close relationship between hearing loss and motor development, suggesting that DHH children were at higher risk of deficits in balance and fine motor skills, with 12% of young DHH children detected with early gross motor developmental delay and one fifth of school age DHH children to be less competent in gross and fine motor skills compared to typical hearing peers (9, 11, 42). Children with slight/mild HL have also been reported to have significantly poorer physical HRQoL compared to typical hearing children (33) hypothesized to be related to inner ear abnormalities or the lack of environmental exposure due to sensory deprivation. Concurrent gross motor delay among DHH children is likely to intensify emotional/behavioral difficulties as the presence of motor delay in typical hearing children have been reported to have more emotional/behavior difficulties (43). However, the relationship between motor development, hearing loss and outcomes is still poorly understood and requires more substantial evidence to warrant any recommendations.

Available evidence of the benefits of hearing assistive devices among children with unilateral/mild HL in preventing emotional/behavioral difficulties are limited and debatable. Our study showed no association between the use of hearing devices and age of amplification with emotional/behavioral outcomes. An outcome study of DHH children detected across four hearing screening systems similarly found that behavior and HRQoL to be largely unaffected by the advancement in hearing screening and expressive language continued to be lower than expected among children with mild and moderate hearing loss (13). However, other studies proposed that early age of diagnosis and amplification were associated with better social skills and psychoeducation outcomes (20, 24). Fitzpatrick et al. (2022) also found no additional behavioral problems and parenting stress among 4-year-old children with unilateral/mild HL who were identified early at median age of 4.5 months (22). Regardless, substantial evidence demonstrating clear benefits of using hearing aids to promote socio-emotional growth in children with unilateral/mild HL is unavailable. Studies of DHH children with various hearing loss severity have also shown that the use of hearing devices may not be protective of emotional/behavioral difficulties despite improvement in language abilities (6, 7, 10). Despite the possible lack of association between hearing aids and emotional/behavioral outcomes, our result should be interpreted with care due to the high probability of additional unmeasured confounding factors such as hours of aided time, quality of fitting and parental psychosocial barriers (44, 45).

Our study further described the differences in characteristics and outcomes among children with unilateral HL and mild HL. Children with unilateral HL had similar scores as children with mild HL in emotional/behavioral, HRQOL and parental distress outcomes. However, more children with unilateral HL were unaided and were first fitted with a hearing aid at a later age indicating that children with unilateral HL had less access to early intervention and support compared to children with mild HL. The differences observed highlight the possible additional challenges faced by children with unilateral HL which are yet to be explored.



Strengths and limitations

Among the many strengths, our study has included data from a large number of children with unilateral/mild HL with and without hearing devices. These children are often under-represented in research as they are less likely to have regular healthcare appointments or appear in clinical databases. We used the SDQ, a validated measure of emotional/behavioral outcomes for the range of ages of our participants, enabling referencing of our results to population norms. Several limitations have also been identified. While VicCHILD is a population-based cohort, responders lived in areas of relatively less socioeconomic disadvantage compared to non-responders, and therefore results may not be generalizable to those living in more disadvantaged areas The duration of daily usage of hearing aids and level of audibility among users of hearing devices were not explored and would have provided information about the compliance of hearing aid usage particularly among unilateral/mild HL children. Likewise, information of prior usage of hearing devices and duration of use among unaided children during time of assessment may provide better understanding of its influence on socioemotional development. When analyzing the association between emotional/behavioral difficulties with different variables, we noted several odds ratio with wide confidence interval. The lack of precision may be due to the small sample size of children with unilateral/mild HL and emotional/behavioral difficulties. Larger sample sized studies may be able to explore, for example, the relationship between the accumulative effects of early developmental concerns and emotional/behavioral difficulties. Similarly, for the type of school and early developmental concerns, the result should be interpreted judiciously due to the small sample of unilateral/mild HL children not attending mainstream school and with developmental concerns; however the possibility of association with other factors should not be disregard. Single parent rated assessments used in this study to evaluate emotional/behavioral outcomes may not provide a complete perspective due to differences in child behavior and assessor priorities across different settings. However, despite differences in emotional/behavioral symptoms reported among parents and teachers, recognition of emotional/behavioral difficulties by both assessors were shown to be significantly correlated (3). Hence incorporating teacher- rated measures may not influence the result but will provide a better clinical understanding of the child's behavior throughout the day. The study strength of including DHH children of variable audiological and intervention background may also be a limitation, due to the high heterogeneity of the participants. However, the variation in the participants' characteristics reflects the real world and the different challenges faced by families of children with unilateral/mild HL. We were not able to further analyze the specifics effects of additional health needs on outcomes due to incomplete data, as additional health needs were collected only after 2020. The high reported rate of additional health needs in our sample observed, may also likely be due to the comprehensiveness of the list of medical diagnosis provided to parents. Characterizing additional health needs in future studies will provide important knowledge to accurately predict high risk DHH children and understand how they influence DHH children's emotion and behavior.




Conclusion

This study demonstrated that children with unilateral/mild HL were just as likely as children with moderate- profound HL to experience more emotional/behavioral difficulties, poorer HRQoL and higher parental distress compared to the general population. Our study results justify the provision of early access to services and support among children with unilateral/mild HL. Early developmental screening of additional health needs is crucial to identify children with unilateral/mild hearing loss who are at risk of emotional/behavioral difficulties, as early individualized intervention may improve quality of life and parental well-being.
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Objectives: The aims of this study were to report the audiological characteristics of children with congenital unilateral hearing loss (UHL), examine the age at which the first reliable behavioural audiograms can be obtained, and investigate hearing changes from diagnosis at birth to the first reliable behavioural audiogram.



Method: This study included a sample of 91 children who were diagnosed with UHL via newborn hearing screening and had reliable behavioural audiograms before 7 years of age. Information about diagnosis, audiological characteristics and etiology were extracted from clinical reports. Regression analysis was used to explore the potential reasons influencing the age at which first reliable behavioural audiograms were obtained. Correlation and ANOVA analyses were conducted to examine changes in hearing at octave frequencies between 0.5 and 4 kHz. The proportions of hearing loss change, as well as the clinical characteristics of children with and without progressive hearing loss, were described according to two adopted definitions: Definition 1: criterion (1): a decrease in 10 dB or greater at two or more adjacent frequencies between 0.5 and 4 kHz, or criterion (2): a decrease in 15 dB or greater at one octave frequency in the same frequency range. Definition 2: a change of ≥20 dB in the average of pure-tone thresholds at 0.5, 1, and 2 kHz.



Results: The study revealed that 48 children (52.7% of the sample of 91 children) had their first reliable behavioural audiogram by 3 years of age. The mean age at the first reliable behavioural audiogram was 3.0 years (SD 1.4; IQR: 1.8, 4.1). We found a significant association between children's behaviour and the presence or absence of ongoing middle ear issues in relation to the delay in obtaining a reliable behavioural audiogram. When comparing the hearing thresholds at diagnosis with the first reliable behavioural audiogram across different frequencies, it was observed that the majority of children experienced deterioration rather than improvement in the initial impaired ear at each frequency. Notably, there were more instances of hearing changes (either deterioration or improvement), in the 500 Hz and 1,000 Hz frequency ranges compared to the 2,000 Hz and 4,000 Hz ranges. Seventy-eight percent (n = 71) of children had hearing deterioration between the diagnosis and the first behavioural audiogram at one or more frequencies between 0.5 and 4 kHz, with a high proportion of them (52 out of the 71, 73.2%) developing severe to profound hearing loss. When using the averaged three frequency thresholds (i.e., definition 2), only 26.4% of children (n = 24) in the sample were identified as having hearing deterioration. Applying definition 2 therefore underestimates the proportion of children that experienced hearing changes. The study also reported diverse characteristics of children with or without hearing deterioration.



Conclusion: The finding that 78% of children diagnosed with UHL at birth had a decrease in hearing loss between the hearing levels at first diagnosis and their first behavioural audiogram highlights the importance of monitoring hearing threshold levels after diagnosis, so that appropriate intervention can be implemented in a timely manner. For clinical management, deterioration of 15 dB at one or more frequencies that does not recover warrants action.
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1. Introduction

Universal Newborn Hearing Screening (UNHS) programs have played a crucial role in identifying unilateral hearing loss (UHL) in infancy. Since its implementation, there has been a significant increase in the prevalence of UHL in newborns, rising from approximately 0.3–0.6 per 1,000 (1, 2) to 1–2.4 per 1,000 children (3–6). This increase has drawn increased attention to the impact of UHL during early childhood. Previous studies have shed some light on the significant impacts of UHL on various aspects of development in certain children. These impacts include difficulties in sound localization, speech recognition in noise (7–13), and higher-level language skills such as cognition, comprehension, reading, and communication (12, 14). Long-term impacts have also been reported, indicating that children with hearing loss may experience poorer outcomes such as overall quality of life (15), academic achievements, and psychosocial challenges, compared to children with normal hearing in both ears (16). The early identification of UHL is essential to ensure timely and effective intervention for optimal developmental outcomes. However, clinical management of UHL still presents several challenges due to limited knowledge regarding the audiological characteristics, underlying causes, and a lack of evidence-based information regarding the long-term consequences in this target population.

The accurate diagnosis and timely intervention as early as possible are widely recognized as crucial for optimal audiological management of hearing loss configuration, progression, and long-term outcomes in children with hearing loss (17, 18). Currently, electrophysiological tests such as auditory brainstem response (ABR) and auditory steady-state response (ASSRs) measures are commonly used to estimate children's behavioural audiograms. It should note that these tests only provide approximations. For instance, tone-burst evoked auditory brainstem response (TBABRs) has an error range of ±5–20 dB when determining behavioural results at different frequencies (19–21). Additionally, there is no reliable method to estimate hearing threshold for the impaired ear of a child with unilateral auditory neuropathy spectrum disorder until they can provide reliable individual ear behavioural testing. These highlight the need for a reliable behavioural audiogram for each ear. However, acquiring ear-specific reliable behavioural audiograms can be challenging, especially for children with UHL, as they must be able to accept the use of insert-phones or headphones during the testing. Furthermore, due to the asymmetrical hearing levels, masking is often required, which also adds to the complexity during behavioural testing. The challenge is further exacerbated by some other non-technical factors such as the child's developmental stage, general cooperation, and limited time allocated for clinical appointments. There is limited information available regarding the average age at which reliable behavioural hearing levels can be obtained in children with congenital UHL diagnosed via UNHS.

Another challenge lies in understanding the prevalence rate of progressive hearing loss in children with UHL, and its potential risk factors. Despite the fact that children with UHL can still perceive sound through their unaffected ear, the importance of obtaining reliable behavioural audiograms and regularly monitoring hearing thresholds for each ear may have been insufficiently emphasized. Studies have indicated that a considerable proportion of children with UHL are at risk of progressive hearing loss, either in one or both ears (22, 23). However, the percentage of children with UHL who exhibit hearing deterioration varies across reports. This may be due to differences in definitions of progressive hearing loss used, age ranges of the children, measurement methods, follow-up durations and specific sub-groups of hearing loss under investigation (22, 24–30). For example, Dahl and colleagues (25) defined progressive hearing loss as a decrease in 10 dB or greater at two or more adjacent frequencies between 0.5 and 4 kHz or a decrease in 15 dB at one octave frequency in the same frequency range over the period of investigation. Studies on UHL that adopted this definition have reported progressive hearing loss in 37%–47.5% of children with UHL, with 11.9%–19% eventually developing bilateral hearing loss (22, 23, 26). The figures are not directly comparable, which may be due to the different sample sizes and variations in baseline and the most recent audiometric assessment points used in the studies. Several other studies have also used averaged hearing thresholds from three or four frequencies, considering hearing changes of ≥10 (31), ≥15 (32), or ≥20 dB (16) as indicative of progressive hearing loss in children with UHL. For instance, according to the Fitzpatrick study (16), 12.9% of children with UHL were reported to have a change of ≥20 dB in the pure-tone average of three frequency thresholds from 0.5 to 2 kHz. In comparison, Purcell et al. (31) found that 32.8% of children with UHL, specifically associated with ipsilateral bony cochlear nerve canal stenosis, experienced progressive hearing loss, defined as a change of ≥10 dB in pure-tone thresholds averaged across 0.5, 1 and 2 kHz. The study started hearing assessments from a mean age of 7.7 years and followed-up participants for approximately 3 years (1,126 days). Additionally, Paul et al. (33) reported a rate of 19% for progressive hearing loss when using a similar criterion of >10 dB change in the pure-tone average of four frequency thresholds from 0.5 to 4 kHz. In terms of measurement points and lengths of time between measures, different studies have focused on various approaches. For example, Fitzpatrick et al. (23) compared the diagnostic audiogram (median age 3.3 months) to the most recent audiometric assessment (median age 88.8 months) with a median length of 64.3 months between measurements. They found that 47.5% of the children showed progressive loss, and 11.9% progressed to bilateral loss. Another study by Fitzpatrick et al. (34) reported that 8 out of 62 children with UHL showed progressive hearing loss (12.9%). The figure, based on data collected from 1990 to 2010, is lower than the 2023 report, which could be due to some children in the 2014 study not being identified with hearing loss until after 5 years of age (i.e., after the implementation of a UNHS program). Moreover, the potential factors contributing to progressive hearing loss in UHL children still remain inconclusive (35). Some studies suggested that cytomegalovirus (CMV) (36–38) and mutations in the gap junction β 2 gene (GJB2) (39) are risk factors. However, other studies have not found significant associations between progressive hearing loss and indicators such as genetic mutations and, NICU admission, family history, craniofacial anomalies, syndromes, postnatal infections (22, 25), or factors like age at diagnosis, severity of hearing loss, or etiologic (23, 26).

Due to the challenges associated with obtaining a reliable behavioural audiogram during early childhood, and the variations in reported proportions and potential risks of progressive hearing loss documented in different studies on UHL, there is a need for more evidence to determine the age at which a reliable audiogram can be obtained, as well as to gather more information on the extent of hearing changes in children with UHL. This knowledge will contribute to the development of optimal management and intervention strategies. Considering these challenges and the importance of early intervention, this study aims (1) to describe the audiological characteristics and etiology of a group of children diagnosed with congenital unilateral hearing loss (CUHL); (2) to examine the age at which reliable behavioural audiograms can be obtained and explore potential factors that could delay obtaining these audiograms; and (3) to investigate changes in hearing levels from birth to the first reliable behavioural audiogram, as well as the potential risks of progressive hearing loss.



2. Materials and methods


2.1. Participants

Participants included 91 children who were enrolled in the Children with Unilateral Hearing Loss study in New South Wales (n = 28), Victoria (n = 24), and Queensland (n = 39). All participants were identified with UHL via newborn hearing screening with a subsequent diagnosis of permanent UHL confirmed via electrophysiological hearing tests at diagnostic centres and hospitals. These include tympanometry, distortion product otoacoustic emission (DPOAEs), and TBABRs or ASSRs testing on both ears at a diagnostic centre or hospital for birth dates between March 19, 2014, and February 8, 2018. Following diagnosis of the hearing loss, children were referred to Hearing Australia (the national government funded organisation that provides hearing services to all children with hearing loss under the age of 26 years in Australia) to receive further audiological services, which includes ongoing hearing assessments, hearing device fitting and verification. Inclusion criteria for this report included children enrolled in the study on unilateral hearing loss (reported separately) who had (1) a diagnosis of UHL; (2) frequency-specific audiometric thresholds estimated from electrophysiological testing at diagnosis; (3) reliable behavioural audiograms in early childhood at least at one low frequency (0.5 or 1 kHz) and one high frequency (2 or 4 kHz) at Hearing Australia (see details in Section 2.2, “Audiological data collection for the first reliable behavioural audiogram”). Additionally, children diagnosed with Auditory Neuropathy Spectrum Disorder (ANSD) were excluded from the sample due to the inaccuracies in estimated hearing thresholds using electrophysiological hearing tests at the time of diagnosis. After a comprehensive review of records at Hearing Australia, data of children who met the inclusion criteria were included in this report. This study has been approved by Hearing Australia Human Research Ethics Committee (No. AHHREC2014-28 and No. AHHREC2019-9).



2.2. Data collection procedures


2.2.1. Audiological data collection at diagnosis

Diagnostic data for this study were collected at the time when children were diagnosed with UHL. The hearing thresholds at diagnosis in each ear were measured by audiologists at diagnostic centres or hospitals using objective electrophysiological tests of TBABRs or ASSRs. The correction factors applied to convert the electrophysiological hearing results into estimated behavioural hearing threshold (dB eHL) were as follows: for TBABRs, 500 Hz was adjusted by 10 dB, 1,000 Hz by 10 dB, 2,000 Hz by 5 dB, and 4,000 Hz by 0 dB; for ASSRs, 500 Hz was adjusted by 15 dB, 1,000 Hz by 10 dB, 2,000 Hz by 10 dB, and 4,000 Hz by 10 dB (19, 40, 41). The age at diagnosis was defined as the age of hearing loss confirmed at the diagnostic centre or hospital using relevant electrophysiological methods.



2.2.2. Audiological data collection for the first reliable behavioural audiogram

The behavioural audiological assessments after diagnosis for all children were performed by clinical paediatric audiologists at Hearing Australia according to the national audiological protocols. The behavioural hearing thresholds were obtained using visual reinforcement audiometry (VROA), conditioned play audiometry (PA), or a combination behavioural method of VROA and PA if needed, depending on the child's age and ability. Serial behavioural audiological results after the time of diagnosis for each child were retrospectively reviewed by experienced research audiologists from clinical records held at Hearing Australia, to identify reliable behavioural audiograms. The definition of a reliable behavioural audiogram for the impaired ear includes:


	•clinical note shows reliable behavioural results on the tested frequencies.

	•must have hearing thresholds at least at one low frequency (0.5 or 1 kHz) and one high frequency (2 or 4 kHz).

	•must have masked hearing thresholds when required, for air and bone conduction thresholds.



Specific decision rules were developed for this study, such as if an audiogram associated with temporary abnormal middle ear function, it was not recorded as a reliable result, and subsequent audiological results were examined accordingly. The date and the detailed audiological results (e.g., hearing thresholds, transducer, assessment method, clinical comments) of the first reliable behavioural audiogram were then recorded for further analysis.



2.2.3. Factors affecting the age of obtaining reliable behavioural audiograms

To identify potential factors affecting the age at which reliable behavioural audiograms were obtained, children's demographic and basic audiological information, as well as the etiological details were extracted from available clinical reports of Hearing Australia and provided reports by other diagnostic organizations to Hearing Australia. To gain further insights of clinicians' experiences and challenges on the potential reasons that may affect how early a behavioural audiogram is obtained, we invited clinical audiologists at Hearing Australia to complete an informal online survey1. According to the survey results and content analysis of additional comments provided by audiologists, a few other reasons were identified, apart from the collected children's demographic data, audiological characteristics and etiological details. These additional factors included children's behaviour/compliance, staff and equipment resources, scheduled appointments time, as well as caregivers' attitudes toward UHL and family availability.

Considering the suggested reasons from the survey, we reviewed the clinical case notes of earlier testing appointments before obtaining the first reliable behavioural audiogram. We then grouped the comments reported during the actual appointments into three categorised reasons: (1) children's behavioural issues (such as loss of interest in tasks, attention issues, or intolerance of earphones), (2) challenges unrelated to children's behavioural issues (such as insufficient masking information for children requiring masking, or insufficient appointment time for masking), and (3) family availability (such as lost contact or failure to attend scheduled appointments). Cases exhibiting any of these issues were labelled as “Yes”, while those without such issues were labelled as “No”. These three potential reasons and the other four clinical variables (presence or absence of reported etiology, degree of hearing loss at diagnosis, ongoing middle ear problems in the impaired ear, and hearing device fitting) were included in subsequent statistical analysis and discussion on the reasons of the delay in obtaining behavioural audiogram in this report.



2.2.4. Definition of degree of hearing loss

The degree of hearing loss in the impaired ear at diagnosis and behavioural audiological assessments was further determined by three-frequency averaged thresholds at 0.5, 1, and 2 kHz (22, 26). All children included in this report had all three frequency-specific audiometric thresholds (0.5, 1, and 2 kHz) estimated from electrophysiological testing at diagnosis in each ear. For the behavioural audiograms in the impaired ear, all children had measured thresholds at 1 kHz, whilst 15 children had missing data at 0.5 kHz, 19 children had missing data at 2 kHz. To address this, a general rule using an estimation method by extrapolating from the available measured frequency-specific results (as described in (42) was used to make the best estimate of behavioural hearing thresholds for the missing values:


	•If there is no measured threshold at 0.5 kHz, extrapolate the results by decreasing 10 dB from 1 kHz;

	•The missing threshold at 2 kHz is calculated as the mid value between the 1 and 4 kHz;



The three frequencies averaged hearing level (3FAHL) in the impaired ear was then calculated using the thresholds at 0.5, 1, and 2 kHz.



2.2.5. Definition of changes in hearing level

For the purposes of this study, the changes in hearing were determined by comparing the hearing thresholds measured from the first reliable behavioural audiogram to the baseline hearing thresholds at diagnosis. A positive difference between two thresholds indicated a deterioration in hearing, while a negative difference indicated an improvement. To be consistent with recent literature, the following two definitions were adopted for the analysis of significant deterioration:


	•Definition 1: a decrease of ≥10 dB at two or more adjacent frequencies between 500 and 4,000 Hz, or a decrease of >15 dB at one octave frequency in the same frequency range (22, 23, 25, 26).

	•Definition 2: a change of ≥20 dB in the three frequencies (500, 1,000, and 2,000 Hz) pure-tone average (16, 22, 28).



Additionally, this study employed a similar version of definition 2 to determine a significant improvement in hearing thresholds. Specifically, an increase of greater than or equal to 20 dB (i.e., a change of ≤−20 dB) in the three-frequency average hearing level (3FA HL) was defined as an improvement. Any change that did not meet the criteria for deterioration or improvement (i.e., fell within the range of −20–20 dB in 3FA HL) was categorized as stable hearing loss between the estimated baseline hearing threshold and the first reliable behavioural audiogram.




2.3. Statistical analysis

The main interests of analysis in this study were the age at the first reliable behavioural audiograms and the proportion of children with change of hearing threshold levels. Descriptive statistics, such as mean and standard deviation, median and percentiles, interquartile range were used to report quantitative outcomes. Regression analyses were used to examine relationships between potential factors and the ages at which reliable behavioural audiograms were obtained. The potential reasons for delayed behavioural audiograms in our sample were extracted from clinical notes and classified based on a survey's results (see the footnote in Section 3.2). Pearson's correlation analysis was used to assess the amount of change in hearing thresholds at individual frequencies (0.5–4 kHz) between the baseline hearing thresholds at diagnosis and the hearing thresholds measured from the first reliable behavioural audiogram. A two-way ANOVA test was further conducted to examine the frequency effects on changes in hearing levels. Comparisons were also made between the initial diagnosis results and the first reliable behavioural audiometric results to determine the proportion and extent of hearing changes. Further explorations on the differences in clinical characteristics were performed by comparing children with and without hearing deterioration using Fisher's exact test or Chi-Square analysis, as appropriate. All analyses used two-tailed tests, with statistical significance set at p < 0.05. The statistical analysis was performed using IBM SPSS Statistics for Windows v.29 (43).




3. Results


3.1. Demographic characteristics

Table 1 provides descriptive statistics of the demographic characteristics at diagnosis of the sample. The etiology records were extracted from clinical reports or provided diagnosis reports available at Hearing Australia and were carefully reviewed by experienced research audiologist. Among a total of the 91 children, etiology was known for 35 children (38%), and the remaining 56 (62%) children had no reported etiology. Of the 35 children with known etiology, 10 (11%) of them had absent or abnormal auditory nerves, 9 (10%) were born with atresia and/or microtia, 8 (9%) had Cytomegalovirus (CMV), 4 (4%) had inner ear anomalies (enlarged vestibular aqueduct syndrome), 4 (4%) had syndromic hearing loss (1 Down's syndrome, 1 Goldenhar syndrome, 1 Noonan's syndrome, 1 Global developmental delay). Among the 56 children without a reported etiology for their hearing loss, 4 individuals were suspected to have a genetic basis, as one of their parents had a history of hearing loss, suggesting a potential hereditary component to their hearing loss. The distribution of degree of hearing loss at diagnosis in the sample showed that out of the 91 children, 1.1% had a high-frequency mild hearing loss, 16.5% had a mild hearing loss, 13.2% had a moderate hearing loss, 25.3% had a moderate to severe hearing loss, 15.4% had a severe hearing loss, and the remaining 28.6% had a profound hearing loss. The use of hearing aids was also recorded. By the time the children obtained their first reliable behavioural audiogram, 62 out of 91 children were fitted with hearing aids. Another 2 children were fitted with hearing aids within one month after obtaining the first behavioural audiogram. The remaining 27 children were not fitted with hearing aids at the time of the first behavioural audiogram.


TABLE 1 Demographic characteristics of children with congenital hearing loss (N = 91).
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3.2. Age when the first reliable behavioural audiogram is obtained

Figure 1 shows a histogram of the age at which the first reliable audiogram was obtained, with a mean age of 3.0 years (SD: 1.5; IQR: 1.8, 4.1). Although the mean age at diagnosis of the sample was 2.1 months old, it has been noted that about half of the children (47.3%) did not obtain their first reliable behavioural audiogram until after 3 years of age. A correlation analysis showed no significant relationship between the degree of hearing loss (3FA HL) and the age at which the behavioural audiometry was obtained (p > 0.05).


[image: Figure 1]
FIGURE 1
Histogram of age (years) at which the first reliable behavioural audiogram was obtained.


To explore the potential factors contributing to the delay in obtaining reliable behavioural audiograms, a multiple regression analysis was conducted. The dependent variable was the age at which the first reliable behavioural audiogram was obtained. The independent variables consisted of 4 clinical variables (presence or absence of reported etiology, degree of hearing loss at diagnosis, ongoing middle ear problems in the impaired ear, and hearing device fitting), as well as 3 additional factors (whether children comply or not with the testing, presence or absence of other faced challenges unrelated to children's behavioural issues, and family availability) (see details Section 2.2. “Factors affecting the age of obtaining reliable behavioural audiograms”). Regarding the hearing device fitting factor, it was categorized into two groups. One group included cases where a hearing aid was fitted before or around the time of obtaining the first reliable audiogram. The other group included cases where a hearing aid was fitted long after the first reliable audiogram or where no hearing devices were fitted at all.

The results in Table 2 revealed a significant regression model [F(7, 83) = 2.63, p = 0.017] with the full set of predictors accounted for 11.3% of total variance in the age of getting the first reliable audiogram. Among these predictors, children's behavioural issues (β = 12.9, p = 0.003) and the presence or absence of reported ongoing middle ear issues (β = −10.84, p = 0.04) demonstrated significant associations with the dependent variable. Specifically, children with reported behavioural issues were likely to be older when getting their first reliable audiogram. Conversely, those with reported ongoing middle ear issues tended to be younger when obtaining their first reliable audiogram. However, for the remaining predictors, there was insufficient evidence to demonstrate significant associations with the dependent variable.


TABLE 2 Effect size (unstandardized coefficient estimates Beta-values), 95% confidence intervals (95% CI), and significance levels (p-values) of predictor variables for age at first reliable behavioural audiogram (N = 91).
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3.3. Change of hearing threshold levels


3.3.1. Relationship between the hearing thresholds at diagnosis and the first reliable behavioural assessment across tested frequencies

Figure 2 illustrates the relationships between the baseline hearing thresholds of the impaired ear at diagnosis and the values measured at the first reliable behavioural audiogram across tested frequencies. The results depict significant correlations between the estimated hearing threshold (dB eHL) and the measured hearing thresholds (dB HL) from behavioural assessment at each tested frequency (r > 0.75, p < 0.001). The strongest positive correlation between the two measures was observed at 1 kHz [r(89) = 0.8, p < 0.001], while the lowest correlation was found at 500 Hz [r(74) = 0.75, p < 0.001] with greatest variability in hearing changes [mean difference of 14.3; SD: 25.0, IQR: (0, 21.3)]. In Figure 2, the data points above the solid line represent participants whose hearing thresholds were higher in the behavioural testing, indicating a deterioration, while points below the solid line represent an improvement in hearing threshold at the behavioural test.


[image: Figure 2]
FIGURE 2
Scatter plots showing the estimated threshold at diagnosis (horizontal axes) against the hearing thresholds at the first reliable behavioural assessment (vertical axes) at 500, 1,000, 2,000, and 4,000 Hz. The solid diagonal line shows agreement. Points above the solid line indicate deterioration. The range between the two grey lines depicts +/− 10 dB, and that between the two dotted depicts +/− 20 dB.


A two-way ANOVA test was conducted to examine the effects of four tested frequencies (0.5, 1, 2, and 4 kHz) and five age ranges on the dependent variable of hearing level changes. The age ranges considered were under 2 years, 2–3 years, 3–4 years, 4–5 years, and over 5 years, which correspond to the age at which the first reliable behavioural audiogram was obtained. The results revealed a statistically significant difference in the overall changes in hearing thresholds among the four frequencies [F(3, 307) = 2.83, p = 0.039]. Post-hoc analysis indicated that the changes in hearing levels were significantly higher at 500 Hz compared to the other frequencies, followed by 1 kHz, 2 kHz, and the lowest changes were observed at 4 kHz. The main effect of age of getting the behavioural audiogram on the changes in hearing levels [F(4, 307) = 0.83, p = 0.51], and the interaction between frequency range and age [F(12, 307) = 0.45, p = 0.94] were not statistically significant.

Although there were generally high correlations between the hearing thresholds at two measured points, a considerable number of children exhibited either deterioration or improvement at each frequency. To explore this further, a detailed analysis of hearing level changes at tested frequencies was conducted (as shown in Table 3). The results indicated that majority of children experienced deterioration rather than improvement in the initial impaired ear at each frequency. For instance, at 1,000 Hz, 58 children (63.8%) had hearing deterioration of 10 dB or more, while 12 (13.2%) demonstrated hearing improvement of 10 dB or more. Overall, there were more instances of hearing changes (either deterioration or improvement) in the 500 and 1,000 Hz frequency ranges. Approximately 79% and 77% of ears showed a hearing change of 10 dB or more at 500 and 1,000 Hz, respectively. In contrast, less than 62.5% of ears experienced a hearing change at 2,000 Hz and 4,000 Hz.


TABLE 3 Number (%) of children demonstrating hearing changes and average hearing level change (mean ± SD) at tested frequencies.
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By analysing the averaged hearing level changes in children with either deteriorated or improved hearing thresholds, it was observed that although the mean values of deterioration or improvement of thresholds were similar across all tested frequencies, the degree of thresholds difference was in general higher for deterioration than for improvement in these children. For example, at 500 Hz, the mean deterioration in hearing thresholds was 28.9 dB, compared to the mean improvement of 18.9 dB. The statistical analysis with independent t-test indicated that these differences were statistically significant at 500 and 2,000 Hz [at 500 Hz, t(38) = 2.4, p = 0.01; at 2,000 Hz, t(35.2) = 2.0, p = 0.024].



3.3.2. Examination of the proportion of children who had hearing loss changes

Table 4 shows the proportions of hearing loss changes in the impaired ear. Using definition 1, approximately 78% of the 91 children (n = 71) experienced deterioration at the time of the first reliable behavioural audiogram. Among the 71 children with hearing deterioration, 34 of them demonstrated deterioration by 3 years of age. As shown in Figure 3, two children progressed from unilateral to bilateral hearing loss by 3 years of age. Out of the 69 children who had hearing deterioration in the impaired ear only, 53 of them had a decrease in 10 dB or greater at two or more adjacent frequencies between 0.5 and 4 kHz, and the other 16 children had a hearing decrease in 15 dB or greater at one octave frequency in the same frequency range. For the 20 children who had no hearing deterioration in both ears, two of them had behavioural thresholds within the normal hearing levels in both ears.


TABLE 4 Proportion of hearing loss changes in the impaired ear (N = 91).
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FIGURE 3
Flowchart of the number of children with and without hearing deterioration, including details on the extent of hearing deterioration based on definition 1 for progressive hearing loss.


As shown in Table 4, when applying definition 2 (i.e., 3FAHL ≥ 20 dB), 26.4% of the children in the sample experienced hearing deteriorated by the time of the first reliable behavioural audiogram, while 2.2% showed improvement in the hearing levels. The majority of children (71.4%) had stable hearing between the two measurement points. Among those with hearing deterioration (n = 24), 23 demonstrated deterioration in the initially impaired ear, and one child was identified as having hearing deteriorated in both ears.

We also observed that a high proportion of children in our study developed severe to profound hearing loss from a milder degree of loss. Specifically, when applying definition 1, out of the total of 71 children who showed progressive hearing loss, 52 of them (73.2%) deteriorated to severe to profound hearing loss, compared to their initial hearing thresholds at the time of diagnosis. When using definition 2, 22 out of the 24 children, an overwhelming majority of them (92%) deteriorated to severe to profound hearing loss during behavioural assessments.



3.3.3. Clinical characteristics of children who had changes in hearing loss

Table 5 showed the breakdown of clinical characteristics and etiology information for children with or without hearing deterioration based on the two different definitions. According to the frequency-specific definition of progressive hearing loss (Definition 1), children with varying degrees of hearing loss at diagnosis may exhibit hearing deterioration in at least one frequency. On the other hand, based on definition 2 (i.e., 3FAHL ≥ 20 dBHL), apart from the moderate (n = 12) and severe (n = 14) two groups, more than 70% of the children in any other degrees of hearing loss at diagnosis are likely to remain in the stable group. For example, among the 15 children diagnosed with mild hearing loss, 12 of them (80%) showed no hearing deterioration based on definition 2. This is because definition 2 may not capture further deterioration in certain frequencies. By excluding all children diagnosed with profound hearing loss, whose hearing loss may have already reached the limits of measured hearing thresholds, 60% (51 out of 85) would demonstrate deterioration according to definition 1, while 27.7% (18 out of 85) would show deterioration based on definition 2.


TABLE 5 Number (proportion) of children with or without hearing deterioration for clinical characteristics and etiology information based on the two definitions.
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Furthermore, the deterioration rates were similar between the group of children fitted with hearing devices and the group without hearing devices, based on both definitions. According to Definition 1, 79% (49 out of 62) of the fitted group showed hearing deterioration, while 21% (13 out of 62) remained stable. In the not fitted group, 76% (22 out of 29) demonstrated deterioration, and 24% (7 out 29) remained stable. Similarly, based on Definition 2, the proportions were similar, with 79% of the fitted group experiencing deterioration, and 21% remaining stable. Among the not fitted group, 76% showed deterioration, and 24% remained stable.

Regarding the documented constellation of etiology, using Definition 1, 8 out of 10 children with absent or abnormal auditory nerves, 6 out of the 8 children with CMV, and all the children with LVAS demonstrated further hearing deterioration in at least one frequency. Among the 4 children with syndromic hearing loss, 2 experienced hearing deterioration, while the other 2 did not. The results by using definition 2 showed that the number of children whose documented constellation of etiology (including absent or abnormal auditory nerves, CMV, LVAS) were the same between the two groups of children with and without hearing deterioration. None of the 4 children with syndromic hearing loss showed hearing deterioration. Among the total of 9 children who were born with atresia and/or microtia, both definitions suggested a higher likelihood of stable hearing.





4. Discussion

The primary objective of this study was to report the clinical characteristics in a group of children with congenital unilateral hearing loss. We aimed to gather demographic information, determine the age at which the first reliable behavioural audiogram was obtained, and identify possible factors for any delays in acquiring the audiogram. Another important aspect of the present report was to directly compare the estimated hearing thresholds at the time of diagnosis with the first reliable behavioural audiogram, to investigate the hearing changes between these two measured points. This knowledge will contribute to the development of optimal audiological management, which will enable clinicians to promptly identify any hearing changes and make necessary adjustments to intervention strategies.


4.1. Demographic characteristics and etiology

The demographic characteristics of our sample demonstrate balanced representations of male and female children, as well as left and right of UHL. The equitable distributions suggest that UHL affects both genders and ear laterality without exhibiting any significant preference or potential biases. Among the 91 children included in our study, the etiology was known for 35 of them (38%). Absent/abnormal auditory nerve (n = 10) and ENT malformations (atresia or microtia) (n = 9) accounted for approximately half of the cases with known etiology. Among the 8 children with CMV, 2 were diagnosed with mild or moderate hearing loss, whilst the remaining 6 had severe to profound hearing loss. This finding aligns with previous reports indicating that CMV infection is associated with such hearing loss severity (36–38). Considering this significant impact, it underscores the importance of implementing CMV screening and genetic testing for children diagnosed with UHL. In addition, another 8 out of the 91 children (8%) in our sample had UHL associated with LVAS (n = 4) or other syndromes (n = 4). Among these children, the degree of hearing loss at diagnosis ranged from mild to profound, with a significantly higher percentage of moderate hearing loss observed in children with LVAS (3 out of 4 children with LVAS). Notably, 62% of the children in our sample had no reported etiology. Although this finding aligns with previous research reporting a high proportion of UHL cases with unknown etiology or no reported risk factors (23, 26, 34), the fact that a significant number of cases remain of unknown etiology presents a challenge for clinicians in understanding the underlying causes of UHL and developing targeted intervention strategies for these children.



4.2. Age at first reliable behavioural audiograms

Numerous published guidelines by various international organisations have outlined recommendations of early identification, assessment, and management of children with all forms of hearing loss, including that are UHL [e.g., (44–46)]. The results of this study revealed that 52.7% of the children (n = 48) identified with UHL through UNHS had their first reliable behavioural audiograms in the impaired ears by 3 years of age, despite a national pediatric clinical protocol recommending that ear-specific behavioural thresholds at all frequencies from 0.5 to 4 kHz should be obtained by 18 months of age for infants with hearing loss (47). This finding also contradicts the perspectives of clinical paediatric audiologists based on our online survey (see Footnote 1), where 64% of clinicians believed that a behavioural audiogram for individual ears could be reliably measured before 2 years of age, and 83% believed it could be obtained before 3 years of age for children with UHL. The potential reasons for this discrepancy could be related to clinicians' opinions on the clinical management of individual children and prioritizing of other clinical needs or activities for children with certain characteristics. For instance, in the case of children with severe to profound loss or absence of auditory nerve in one ear, clinicians tend to focus on the hearing in the normal ear and middle ear status. Similarly, this also applies to children with unilateral microtia or atresia as the hearing thresholds in the affected ear would not impact device settings.

The regression analysis from this report indicated the effects of degree of hearing loss, etiology, or hearing device fitting were not significant factors influencing the age at which behavioural audiograms were obtained. This differs from the aspects being identified as potential influencing factors by clinicians in an online survey, as detailed in Section 2.2, “Factors affecting the age of obtaining reliable behavioural audiograms”. Instead, younger ages of obtaining the first reliable behavioural audiogram were significantly associated with better child's behaviour and the presence of ongoing middle ear issues in the impaired ear.

Children with middle ear issues tended to have more appointments with clinicians, providing them with more opportunities to have hearing tests at early age. However, ongoing middle ear pathology might also delay the behavioural testing due to the potential for inconsistent test results caused by fluctuations in hearing levels or the need for a recovery period after medical treatment for middle ear conditions. It should be noted that only audiograms taken outside periods of temporary middle ear dysfunction, and meeting other criteria as outlined in Section 2.2, were considered as reliable for further analysis in this study. This exclusion may underestimate the age at which reliable audiograms could be obtained, as temporary middle ear dysfunction may not always impact hearing thresholds or diagnostic classifications. In addition, the factors identified in this report only accounted for 11% of the total variance in age at behavioural audiometry. Hence, additional research is needed to identify and gain a deeper understanding of the various factors contributing to delays in obtaining reliable behavioural audiograms. In particular, the attitudes of clinicians and parents or caregivers towards management of UHL in young children should be investigated (48–52). Understanding these perspectives will provide insights into how decision is made regarding audiological follow-up appointments, the prioritization of clinical activities, and the perceived importance of complete ear-specific audiograms. This information can help develop targeted strategies to address challenges and ensure children with UHL receive timely and comprehensive hearing rehabilitation.



4.3. Change in hearing threshold levels

Children's hearing thresholds may experience changes over time, which could be partially due to changes in ear canal acoustics (53, 54). However, the magnitude of such changes because of coupling changes is much smaller than what has been observed in the current findings (42). Past studies underscore the risk of hearing deterioration in children with any degree or type of hearing loss, and the deterioration can occur in one or both ears and its severity can range from mild to severe (16, 22, 29). Moreover, these changes can impact a child's perception of sounds across frequencies, thus affecting their language and learning development and overall functional performance (55–57). Hence, it is crucial to obtain reliable behavioural audiograms at an early age to identify and monitor any hearing changes.

This study indicates that changes in hearing levels were observed in each testing frequency. These changes could be classified as deterioration to improvement and categorised into a significant change (≥20 dB) or minor change (≥10 dB but <20 dB) at each frequency. The mean hearing deterioration for frequencies at 0.5, 1, 2, and 4 kHz ranged from 23.9 to 28.9 dB, while the mean hearing improvement ranged from 18.8 to 22 dB across the same frequencies (see Table 3). The analysis of the percentage of children experiencing hearing deterioration and improvement shows a greater proportion of deterioration rather than improvement at each frequency. Moreover, there are more instances of hearing changes in the 500 Hz and 1,000 Hz frequency ranges compared to the 2,000 Hz and 4,000 Hz ranges. These results are not consistent with a recent report by Fitzpatrick et al. (23) that showed similar hearing changes across frequencies. Allocating sufficient time and resources to obtain behavioural hearing thresholds at all frequencies is crucial. The present results suggest the importance of prioritizing the acquisition of low-frequency thresholds, considering the significance of low-frequency hearing for speech understanding, especially in noisy environments (58).

The current study found that 71 (78%) children diagnosed with UHL at birth experienced hearing deterioration between the diagnosis and first behavioural audiogram at one or more frequencies between 0.5 and 4 kHz (definition 1, see Table 4). Remarkably, among these 71 children, a high proportion of them (73.2%) developed severe to profound hearing loss (see Table 4). Previous studies using the same definition reported a deterioration rate of about 37%–47% of children with UHL when comparing the diagnostic audiogram with the most recent audiometric assessment (22, 23, 26). One possible explanation for the difference in proportions between the current study and previous reports may be attributed to the characteristics of the samples across studies. In Fitzpatrick et al.'s studies (23, 26), only about half of their samples were congenital UHL (i.e., 53.7% were congenital UHL in the 2023 study; 47.2% had congenital UHL in the 2017 study). The recent study (2023) reported that among the congenital UHL group (n = 95), 51 (54%) showed progressive HL. Another possible explanation may be that both Fitzpatrick studies compared the diagnostic audiogram with the most recent audiometric assessment. The mean length of time between assessments for children with progressive hearing loss was 64.3 and 50.3 months in the 2023 and 2017 studies, respectively. In contrast, our study only included children with congenital UHL, and we compared the results by examining the initial estimated hearing thresholds with the first behavioural audiogram. This approach allowed us to provide timely support after UNHS, for early identification and intervention in children with hearing deterioration. Using averaged three frequency thresholds (i.e., definition 2) to define deterioration, we only identified 26.4% of children in the sample as having hearing deterioration. This suggests that adopting averaged thresholds to define deterioration may underestimate the proportion of children experiencing hearing changes, which could have direct impact on management decisions.

This study also revealed that among the 48 children who had their first reliable behavioural audiogram before 3 years of age, 34 of them (71%) experienced progression of hearing loss in at least one frequency. This finding also emphasises the importance of monitoring hearing thresholds at all audiometric frequencies after diagnosis through newborn hearing screening. Early identification of deterioration has direct implications for considerations such as hearing device fitting and adjustments, evaluations of the impact of hearing loss on a child's development and determining appropriate intervention.



4.4. Strengths, limitations and future directions

One strength of this study is that it only includes children diagnosed with congenital UHL via UNHS, and it conducts a direct comparison between the initial estimated hearing thresholds from electrophysiological measures with the first reliable behavioural audiogram. Both of these methods have been recognised as the gold standard tests for threshold estimation for young infants (59). In this way, clinicians can promptly identify any hearing changes and adjust intervention plans as soon as needed. Another strength of this study is that the behavioural assessment procedures adhere to a nationally standardised clinical protocol implemented by Hearing Australia, a government-funded hearing service organization. By applying the same clinical protocol and using standard training and equipment, this ensures a relatively consistent and reliable approach in conducting the assessments. The diagnostic protocols are also well-established in audiological diagnostic hospitals/centres across Australia. This ensures the methodological rigour and quality of the data collected. To strive for an early intervention goal of 1-2-3 (i.e., hearing screening by one month of age, audiologic diagnosis by two months of age, and enrolment in early intervention by three months of age), our findings highlight the challenges in obtaining timely behavioural audiograms for children with UHL. The observed delays suggest that additional strategies and resources may be needed to meet the desired early intervention goal.

The current study has some limitations that should be considered. Firstly, the current data were drawn from participants in a research study, which may restrict the generalizability of the results to the general population. Secondly, the behavioural audiogram is obtained retrospectively via the Hearing Australia database, which means that certain factors that could influence the test results, such as children's behavioural issues, family's engagement, resources or other challenges during the appointment, might not be recorded in the case notes. This could affect the analysis of the potential factors contributing to the delay in obtaining reliable behavioural audiograms. Additionally, the low variance explained by our regression model indicates that there may be other factors affecting the age at which children obtain their first reliable behavioural audiogram that were not considered in our analysis. Future research could explore potential factors, such as parental and clinician attitudes towards UHL, as well as the frequency of attended appointments. These investigations may inform clinical practice and guide early intervention strategies. Thirdly, identifying potential etiology causes of progressive hearing loss in children with UHL is crucial for clinicians to develop targeted interventions. However, a significant challenge arises from the unknown etiology of many cases in our sample, making the clinical characteristics and risks associated with hearing progression in children with UHL still inconclusive due to the lack of specific information. Close collaboration with ENT specialists may be beneficial in addressing this challenge, as it could facilitate a more efficient acquisition of etiological information. Further research is necessary to investigate risk factors associated with hearing progression in this population. Lastly, the age of the first reliable behavioural audiogram depends on the child and family's availability to attend audiological appointments. As a result, the actual age of hearing deterioration may be even younger than what was reported, but the identification of hearing changes would rely on when the behavioural test was conducted. Additionally, this report does not include follow-up behavioural audiograms after the first reliable audiogram. Future investigations will examine the comparison between the first and subsequent reliable behavioural thresholds to capture the hearing changes in children with UHL during early life.




5. Conclusion

The findings from this study contribute to the understanding of the demographic, audiological, and etiological characteristics of children with UHL, highlighting the importance of early monitoring of hearing changes and factors that influence the age at which reliable behavioural audiograms are obtained. By gaining a better understanding of this information and its implications for children's developmental outcomes, clinicians and researchers can strive to optimize early clinical management strategies for children with UHL. Overall, the results indicate that closely monitoring hearing loss after initial diagnosis is essential to ensure optimal interventions are implemented at the earliest age for this target group of children.
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1The survey consisted of two main questions: (A) what is the clinician's perspective regarding the time of getting reliable behavioural results for child's individual ear. Audiologists were instructed to select a response from a list of 5 responses including: (1) <1-year-old; (2) 1–1.5 years old; (3) 1.5–2 years old; (4) 2–3 years old; and (5) >3-year-old. (B) what are the most relevant reasons with regards to the potential delays in obtaining the behavioural audiogram. Audiologists were asked to select the top 3 most relevant reasons including (1) Appointment time; (2) Equipment resources (e.g., equipment setup, booth availability, testing materials); (3) Staff resources; (4) Child's behaviours/compliance; (5) Degree of hearing loss; (6) Type of hearing loss; (7) Caregivers’ attitude on UHL; (8) etiology; (9) Child's device fitting status; (10) Others. In addition to the closed response questions, audiologists also had the opportunity to provide comments and specifications on each selected option and additional comments or insights on these questions. The results subsequently used for the following statistical analyses and discussion on the reasons of delaying in getting behavioural audiogram of this report.
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Introduction: This study evaluated the ability of children (8–12 years) with mild bilateral or unilateral hearing loss (MBHL/UHL) listening unaided, or normal hearing (NH) to locate and understand talkers in varying auditory/visual acoustic environments. Potential differences across hearing status were examined.



Methods: Participants heard sentences presented by female talkers from five surrounding locations in varying acoustic environments. A localization-only task included two conditions (auditory only, visually guided auditory) in three acoustic environments (favorable, typical, poor). Participants were asked to locate each talker. A speech perception task included four conditions [auditory-only, visually guided auditory, audiovisual, auditory-only from 0° azimuth (baseline)] in a single acoustic environment. Participants were asked to locate talkers, then repeat what was said.



Results: In the localization-only task, participants were better able to locate talkers and looking times were shorter with visual guidance to talker location. Correct looking was poorest and looking times longest in the poor acoustic environment. There were no significant effects of hearing status/age. In the speech perception task, performance was highest in the audiovisual condition and was better in the visually guided and auditory-only conditions than in the baseline condition. Although audiovisual performance was best overall, children with MBHL or UHL performed more poorly than peers with NH. Better-ear pure-tone averages for children with MBHL had a greater effect on keyword understanding than did poorer-ear pure-tone averages for children with UHL.



Conclusion: Although children could locate talkers more easily and quickly with visual information, finding locations alone did not improve speech perception. Best speech perception occurred in the audiovisual condition; however, poorer performance by children with MBHL or UHL suggested that being able to see talkers did not overcome reduced auditory access. Children with UHL exhibited better speech perception than children with MBHL, supporting benefits of NH in at least one ear.
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Introduction

Children with mild bilateral hearing loss (MBHL) or unilateral hearing loss (UHL) make up at least 5% of school-age children in the United States (1, 2), representing approximately 2.5 million children from pre-kindergarten through 12th grade (3). Children with MBHL or UHL are typically educated in mainstream classrooms alongside peers with normal hearing (NH), in acoustic environments that often do not meet recommended standards for children with hearing loss (4–8). Spratford et al. (8) tested noise and reverberation in 164 general education classrooms. They reported that 87.3% of the classrooms had unoccupied noise levels above the recommended level of 35 dBA. Reverberation times were above the 0.3 s recommended for classrooms educating children who are deaf/hard of hearing or have other communication issues in 62.2% of classrooms.

In classrooms where children are learning, acoustic environments change often, with a variety of talkers and noise sources around the classroom that fluctuate in level. To hear and understand talkers in these environments, children will need to identify and separate the ones they want to listen to from other voices and sounds in the environment. They also may need to quickly shift their attention among multiple sound sources. Depending on the task, children with MBHL or UHL may perform more poorly than children with NH when attempting to understand speech in noise and reverberation (1, 9–15). However, much of the research examining speech understanding in children with MBHL or UHL has not taken real-world listening conditions into account. Not doing so could result in overestimations of how these children will perform in real listening conditions, which could, in turn, impact the provision of educational services that would support listening and learning for children with MBHL and UHL in general education classrooms (16, 17).

When acoustics make it difficult to hear speech, seeing a talker's face can improve children's speech understanding—a skill that improves with age (18–21). As a result of reduced auditory access, children with MBHL or UHL may depend on these visual cues more than children with NH. Recent work by Lalonde and McCreery (18) revealed that school-age children who were hard of hearing exhibited greater audiovisual benefit for sentence recognition in noise than children with NH. Being able to quickly locate talkers to see their faces may strengthen speech understanding in classrooms with poor acoustics and multiple talkers. However, a challenge exists for children with MBHL or UHL since the effort to locate talkers in the presence of reduced auditory access may use cognitive effort that might otherwise be used for speech understanding and learning.

Although children with MBHL or UHL may demonstrate similar difficulties in speech understanding in noise and reverberation, speech and language development, and academic performance (1, 12, 13, 15, 17, 22–31), the underlying mechanisms for these difficulties are likely to be different. For children with UHL, access to binaural cues can be reduced or absent depending on the degree of hearing loss in the poorer ear. Binaural cues are used for locating and separating auditory signals, benefiting speech understanding in background noise (32). Reduced access to these cues may negatively impact speech understanding in children with UHL, particularly for talkers from the direction of their poorer hearing ear. Children with MBHL have access to binaural cues, particularly when hearing levels are symmetrical across ears. However, they experience reduced access to signals from both ears when compared to listeners with NH or UHL. Poor access to speech signals may hinder how well children with MBHL or UHL understand talkers.

To address the conditions children will experience in the real world, numerous studies since the early 2000s have assessed speech understanding in children with NH and children with MBHL or UHL using complex listening tasks and acoustic conditions (12, 33–37). For example, Griffin et al. (33) reported that even when presentation levels were individualized based on sentence-recognition performance, children with UHL performed more poorly than children with NH on a comprehension task. Lewis et al. (12) used audiovisual tasks of speech understanding designed to simulate plausible listening conditions in a classroom to examine the impact of MBHL and UHL on sentence recognition and comprehension. Children with NH and children with MBHL or UHL were tested using a traditional single talker auditory-only sentence recognition task and an audiovisual comprehension task presented by multiple talkers, both presented from multiple locations. Overall, sentence recognition scores were high across all groups, suggesting little impact of hearing status. For the comprehension task, children with MBHL or UHL performed more poorly than those with NH but there were no differences in performance for the two hearing-loss groups. These findings suggested that complex listening tasks in realistic acoustic environments can negatively affect speech understanding in children with MBHL or UHL to a greater extent than children with NH.

The current study was designed to further examine the ability of children with MBHL or UHL to locate and understand talkers under a range of conditions, with a goal of differentiating performance across hearing status groups using tasks that were less complex than our previous comprehension tasks but more complex than simple sentence recognition tasks.

Visual cues directing a listener to the location of a sound can improve identification of that sound for adults with NH or hearing loss (38, 39). Visually guiding children with MBHL or UHL to the talker's location has the potential to reduce effort required to locate that talker as the acoustic environment varies but has not been examined to date. However, locating a talker, even in adverse acoustics, may not require as much effort as locating that talker and understanding what they are saying. Two tasks were used address children's ability to locate talkers and understand them in complex listening conditions, In a localization-only task, children with NH and children with MBHL or UHL were asked to locate talkers under auditory-only and visually guided auditory conditions in three different acoustic environments that children might experience in classrooms. In a speech perception task, children with NH and children with MBHL or UHL were asked to locate multiple talkers and repeat back what each talker said under varying auditory and auditory-visual conditions in a single acoustic environment.

This experiment addressed the following research questions.


	1.Does acoustic environment impact the ability of children with MBHL, UHL, or NH to locate talkers in auditory-only vs. visually guided conditions and how does performance compare across groups?

	2.Does acoustic environment impact looking time of children with MBHL, UHL, or NH who correctly locate talkers in auditory-only and visually guided conditions and how does performance compare across groups?

	3.Do auditory and visual accessibility impact speech perception for children with MBHL, UHL, or NH and how does performance compare across groups?

	4.For children with MBHL or UHL, do audiological (audibility in better (MBHL) or poorer (UHL) ear) and cognitive (vocabulary, working memory) factors help to explain individual differences in speech perception?





Methods


Test environment and stimuli

A simulated acoustic environment was created following the procedures described in Valente, et al. (37). The simulated room was acoustically treated with acoustic wall and ceiling tiles, carpeting, and a velour curtain. The unaltered acoustic environment in the test space had a 37.4 dBA LEQ background noise level and a 0.18 s reverberation time (T30 mid). As previously described in Salanger et al. (40), participants were seated in the center of the test space surrounded by stands with five 32-inch high-definition televisions (HDTVs; Samsung Syncmaster 2,433) and loudspeakers [M-Audio Studiophile AV (40)] that were arranged around the participant's location at 0o, 90o, 121o, −121o, and −90o (Figure 1). Virtual microphone control [ViMiC (41)], generated the simulated environment. Speech-shaped noise was radiated incoherently through the five loudspeakers. The direct sound and first-order reflections were processed through ViMiC and combined with late reverberation and speech shaped noise to create the simulated acoustic space. The audio signals were positioned in a virtual room model to simulate appropriate source distance, reflections, and reverberation.
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FIGURE 1
Experimental set-up.


A custom-built wireless attitude and heading reference system (AHRS) tracked participants' head movements. Head movements were processed in real time using a microcontroller, to provide attitude and heading solutions as Euler angles over Bluetooth.

Stimuli consisted of 96 five-to-six-word low-predictability sentences, video-recorded by four adult female talkers of American English. The sentences were syntactically correct but semantically incorrect with four keywords each (e.g., “The collar charged the silly cement”, “The magic ceilings guess far”; keywords underlined) that were chosen to be within the lexicon of children in the first grade (42).



Clinical assessments

Clinical assessments were administered by audiologists and speech-language pathologists who had experience working with children with hearing loss. Audiometric thresholds were measured by an audiologist in a sound-treated, double-walled booth. The Automated Working Memory Assessment [AWMA (43)] Odd One Out subtest was used to measure visuo-spatial working memory. In this task, the child must first indicate the “odd one out” or different shape from a set of three shapes and then recall the position of the different shape on an empty grid. The number of grids in each sequence increases when the child attains four correct answers in a set of six sequences. The Peabody Picture Vocabulary Test–4 [PPVT-4 (44)] was used to assess receptive vocabulary. In the PPVT-4, the child selects a picture that matches a target word from a set of four choices. Visual acuity of all participants was screened using a Sloan letters chart (45). Participants with prescription glasses or contacts were required to wear them during the screening. To pass the screening, the participant must have had a visual acuity screening threshold of 20/32 or better in both eyes.



Participants

Forty children with NH [21 male (52.5%)], 21 children with MBHL [10 male (47.6%)], and 17 children with UHL [12 male (70.6%)] participated. The number of participants was motivated by a power analysis for main effects by group. Children were included if their age was within three months of the target age range of 8 to 12 years. The mean age for the children with NH was 10.5 years (range: 8.1–13.0). For the children with MBHL, the mean age was 10.3 years (range: 8.1–12.8) and for the children with UHL it was 10.0 years (range: (7.9–13.3). Twenty of the children with NH participated in the localization-only task and 20 participated in the speech recognition task. Although not required, all except two children with MBHL or UHL participated in both tasks; one child with MBHL participated only in the localization-only task and one child with UHL participated only in the speech recognition task.

For the current study, children were considered to have NH if their air-conducted thresholds were 15 dB HL or better at all octave frequencies 250–8,000 Hz in both ears. MBHL was defined as a 4-frequency better-ear pure-tone average (BEPTA;.5, 1, 2, 4 kHz) threshold >20 and ≤45 dB HL or thresholds >25 dB HL at one or more frequencies above 2 kHz in both ears.

For 20 of the children with MBHL, the mean BEPTA was 33.7 dB HL (SD = 7.14). One participant with MBHL had a high-frequency hearing loss, with a BEPTA for the frequencies with hearing loss (6–8 kHz) of 67.5 dB HL. Children with MBHL presented with sensorineural hearing loss in both ears (n = 16), conductive hearing loss in both ears (n = 2), mixed hearing loss in both ears (n = 2), sensorineural hearing loss in one ear and mixed hearing loss in the other (n = 1), or undetermined (n = 1).

Unilateral hearing loss was defined as a 4-frequency pure-tone average threshold >20 dB HL in the poorer ear (PEPTA) and <20 dB HL in the better ear, or thresholds >25 dB HL at one or more frequencies above 2 kHz and ≤15 dB HL at frequencies below 2 kHz in the poorer ear. Eight children had UHL in the right ear and nine had UHL in the left ear. For 15 of the children with UHL, the PEPTA was 58.7 dB HL (SD = 29.9). One of those participants did not have thresholds in the poorer ear that were within the limits of the audiometer. For analysis purposes, that participant's PEPTA was included as 125 dB HL. Two participants with UHL presented with high-frequency hearing loss. For one of those participants, the PEPTA for the frequencies with hearing loss was 40 dB HL (4 kHz, left), and for the other it was 40 dB HL (3, 6, 8 kHz, right). In the poorer ear, children with UHL presented with sensorineural hearing loss (n = 9), conductive hearing loss (n = 4), mixed hearing loss (n = 2), or undetermined (n = 2).

Audiological, vocabulary, and working memory characteristics of participants with MBHL and UHL are summarized in Table 1. Age of onset of hearing loss and possible progression of hearing loss for children with MBHL or UHL were not available. Testing was completed without personal hearing aids.


TABLE 1 Audiological characteristics, vocabulary, and working memory for participants with MBHL and UHL.
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Procedures

For the localization-only and speech perception tasks, sentences were presented randomly by the four talkers from each of the five locations around the listener, at 60 dBA. Conditions were randomized for each task and sentence order and talker within conditions were randomized within tasks.

Looking behavior was monitored using the AHRS to assess both speed and accuracy of localization. Pilot testing determined the minimum angle (in degrees relative to 0o azimuth) at which head turn plus eye turn toward a loudspeaker and screen would allow participants to visualize each of the five screens. Minimum angles for the four non-zero-degree locations were determined to be ±30o (for loudspeakers at ±90o turning right/left), ±85o (for loudspeakers at ±121o turning right/left).

Participants could move their upper body to allow for more natural looking behaviors. Localization was recorded as angular data in the horizontal plane. Looking accuracy was coded as correct when the participant looked into the region for the loudspeaker/screen of the target talker but did not look past that region. If the participant did not look in the correct region or he/she moved beyond that region, accuracy was coded as incorrect. Looking time was analyzed only for those trials coded as correct for looking accuracy.


Localization-only task

Participants heard sentences presented in two conditions (auditory only, visually guided auditory) and three acoustic environments (favorable, typical, poor). In the auditory-only condition, no visual cues were available. In the visually guided condition, the TV screen located above a loudspeaker illuminated blue if the sentence was presented from that loudspeaker. Acoustic environments were chosen to represent a range of listening environments for classroom listening: Favorable (noise = 22 dB signal-to-noise ratio [SNR], reverberation time [T30 mid] = 0.5 s); Typical (noise = 6 dB SNR, T30 mid = 0.7 s); and Poor (noise = 0 dB SNR, T30 mid = 1.3 s). Listeners were instructed to look at the talker's location as quickly as possible after she began speaking. After locating each talker, participants were required to return to the 0o azimuth position before the next sentence was presented.



Speech perception task

Participants listened to sentences presented under four randomized conditions: (1) auditory-only, (2) visually guided auditory (3) audiovisual, (4) baseline (single location auditory-only at 0o azimuth). In the two auditory-only conditions, no visual cues were available. The visually guided condition was the same as in the localization-only task. For the audiovisual condition, recordings of the talkers were presented on the HDTVs using custom software developed in Max 6.

Reverberation for the speech perception task was T30 mid = 0.6 s and SNRs were 0 dB or 3 dB for children with NH or MBHL/UHL, respectively. The different SNRs for NH vs. MBHL/UHL participants were chosen to allow a range of speech-perception performance levels for all groups without ceiling or floor effects.

For the auditory only, visually guided auditory, and audiovisual conditions, sentences were presented randomly by one of four talkers from each of the five locations around the listener. For the baseline condition, each of the four talkers was presented randomly from the speaker at 0o azimuth. For all conditions except baseline, listeners were asked to locate the talker as quickly as possible as each sentence was presented and then repeat the sentence. After locating each talker, participants were to return to face the 0o azimuth position. For the baseline condition, they were asked to look forward throughout the condition. Responses were scored by number of keywords correct (keyword scoring) and by whether all keywords were correct (sentence scoring). A researcher scored the sentences as they were administered. Responses also were video recorded to allow the researcher to recheck scores.




Statistical methods

Linear mixed effects models were conducted using R Statistical Software [R Core Team, v. 4.1.3 (46)] and the lme4 (47) and lmerTest (48) packages. Figures were created using the ggplot2 package [v.3.3.5 (49)]. Descriptive statistics for each group were calculated. Pearson correlations were calculated for children with MBHL or UHL for variables that were only collected for children with hearing loss including: age of hearing loss identification (in months), audiological (better-ear and poorer-ear PTA for mild bilateral and unilateral participants, respectively), language [PPVT-4 (44)], and working memory [Odd One Out subtest of the AWMA (43)]. All linear mixed effects models included a random intercept for each participant to account for correlations between repeated measures within the same participants. Effects are reported as raw coefficients to support interpretation of effects.

Separate models were used in each experiment to examine percent correct looking, looking time, and speech perception. In the localization-only task, the fixed effects were age (in years), acoustic condition (favorable, typical, and poor), audiovisual cues (auditory-only or visually guided), and hearing group (NH, UHL, and MBHL). The auditory-only, favorable condition was coded as the reference in the localization-only task model. In the speech perception task, the fixed effects were age (in years), condition (auditory-only, visually guided, audiovisual, and single location baseline), and hearing group (NH, UHL, and MBHL) with the single-location baseline coded as the reference condition. For both models, hearing group was coded in contrast to the children with MBHL. Model assumptions were confirmed by examining the normality of the distribution of model residuals. Post-hoc tests for significant main effects with multiple comparisons were interpreted with p-values adjusted using the False Discovery Rate procedure to control for Type I error rate with multiple comparisons (50).




Results

Does acoustic environment impact the ability of children with MBHL, UHL, or NH to locate talkers in auditory-only vs. visually guided conditions and how does performance compare across groups?

The initial analyses addressed percent correct looking by acoustic environment and auditory/visual cues for children with NH, UHL, or MBHL (Figure 2 and Table 2). Table 3 shows the statistics for the linear mixed effects model for percent correct looking. The main effects of acoustic environment and auditory/visual cues on percent correct looking were significant, but none of the differences between hearing groups or higher-order interactions were statistically significant. Post-hoc t-tests showed that percent correct looking in the poor acoustic environment was poorer than in the typical (Coefficient = −5.9, p < 0.001) and favorable (Coefficient = −6.8, p < 0.001) environments, but the difference between typical and favorable environments was not significant (Coefficient = −0.88, p = 0.58). Visually guided conditions had higher percent correct looking than auditory-only conditions (Coefficient = 5.3, p < 0.001). The condition by hearing group interaction was not significant (Coefficient = 0.72, p = 0.58).
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FIGURE 2
Percent correct looking for children with normal hearing (NH; light blue circles), children with unilateral hearing loss (UHL; red triangles) and children with mild bilateral hearing loss (MBHL, dark blue squares) for the three acoustic environments (favorable, typical, poor). Results are shown for the Auditory-Only (left panel) and Visually Guided (right panel) conditions. Boxes represent the interquartile range, and whiskers represent the 5th and 95th percentiles. For each box, lines represent the median. Colored symbols represent individual data points. Black filled symbols represent means.



TABLE 2 Mean (standard deviation) for percent correct looking by group and listening condition.
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TABLE 3 Linear mixed effects model for group by condition.
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Does acoustic environment impact looking time of children with MBHL, UHL, or NH who correctly locate talkers in auditory-only and visually guided conditions and how does performance compare across groups?

Figure 3 and Table 4 show looking time in seconds for each group across acoustic environments and auditory/visual cues. The pattern of looking time across group and conditions (Table 5) was the same as the percent correct looking results, with post-hoc t-tests showing that typical and favorable acoustic conditions were not different (Coefficient = .007, p = 0.66) but both had significantly shorter looking time than the poor condition (Coefficient = .08, p < 0.001). Visually guided conditions had shorter looking times than auditory-only conditions (Coefficient = −0.17, p < 0.001). There were no significant effects of hearing group, age, or higher-order interactions related to looking time in the localization-only task.
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FIGURE 3
Looking time for children with normal hearing (NH; light blue circles), children with unilateral hearing loss (UHL; red triangles) and children with mild bilateral hearing loss (MBHL, dark blue squares) for the three acoustic environments (favorable, typical, poor). Results are shown for the Auditory-Only (left panel) and Visually Guided (right panel) conditions. Boxes represent the interquartile range, and whiskers represent the 5th and 95th percentiles. For each box, lines represent the median. Colored symbols represent individual data points. Black filled symbols represent means.



TABLE 4 Mean (standard deviation) for looking time (seconds) by group and listening condition.
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TABLE 5 Linear mixed effects model for group by condition.
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Do auditory and visual accessibility impact speech perception for children with MBHL, UHL, or NH and how does performance compare across groups?

Figure 4 and Table 6 show speech perception in percent correct by scoring method (keyword vs. sentence) and conditions (auditory-only, visually guided, audiovisual, and single location baseline) for children with NH, UHL, or MBHL. The linear mixed effects models allow for a comparison of two different scoring methods (and their correlation within participants) on the outcome of the models. There could be differences in the model depending on whether the scoring was based on keywords correct or whether the entire sentence was correct. We included a term in the model to account for this potential effect. The main effect indicated that keyword scoring was approximately 30% better than the whole sentence scoring, but that none of the interactions depended on the scoring method. When accounting for this effect, we use the term speech recognition because the main effects of other variables reflect an overall composite of keyword and whole sentence scores for each participant. This can be interpreted that the main effects of group and condition were the same regardless of how the sentences were scored.


[image: Figure 4]
FIGURE 4
Speech perception (% correct) for children with normal hearing (NH; light blue circles), children with unilateral hearing loss (UHL; red triangles) and children with mild bilateral hearing loss (MBHL, dark blue squares) for the four listening conditions (auditory-only, visually guided, audiovisual, baseline). Results are shown for scoring by keyword (left panel) and sentence (right panel). Boxes represent the interquartile range, and whiskers represent the 5th and 95th percentiles. For each box, lines represent the median. Colored symbols represent individual data points. Black filled symbols represent means.



TABLE 6 Mean (standard deviation) for speech perception (%) by scoring method (keyword, sentence), group (NH, UHL, MBHL) and listening condition (baseline, AO, VG, AV).
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Table 7 shows the statistics for the linear mixed effects model for speech recognition. The main effects of condition, hearing group, age, and scoring, and the condition by hearing group interaction were statistically significant. Percent correct looking was not associated with speech recognition. For every one-year increase in age, there was a 3.4% increase in speech recognition. Post-hoc t-tests were used to assess the effects of condition, hearing group and their interaction. Children with NH had speech recognition that was 27.1% higher (p < 0.001) than children with MBHL and 13.9% higher (p = 0.005) than children with UHL across conditions. Children with UHL had speech recognition that was 13.2% higher (p = 0.004) than children with MBHL across conditions. For each listening condition, the post-hoc tests were conducted in reference to the single location baseline condition, which was the condition with the poorest speech recognition across groups. Speech recognition in the auditory-only (+7.1%, p < 0.001) and visually guided (+5.3%, p < 0.001) conditions was significantly higher than the baseline condition. Speech recognition in the audiovisual condition was higher than the baseline (+20.3%, p < 0.001), auditory-only (+13.3, p < 0.001) and visually guided (+15%, p < 0.001) conditions. The significant interaction between hearing group and condition was driven by a larger difference in speech recognition between children with NH and children with MBHL in the audiovisual and baseline conditions than between children with NH and children with UHL in those conditions.


TABLE 7 Linear mixed effects models for group by condition.
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For children with MBHL or UHL, do audiological (audibility in better (MBHL) or poorer (UHL) ear) and cognitive (vocabulary, working memory) factors help to explain individual differences in speech perception?

To examine the factors that led to individual differences in keyword recognition for children with UHL or MBHL, a separate linear mixed effects model was constructed with the same structure as the full model that included children with NH, but also included audiological variables, vocabulary, and working memory (Table 8). Degree of hearing loss was represented as the better-ear pure tone average for the children with MBHL and the poorer-ear pure tone average for the children with UHL. The main effects of this model mirrored the full model including children with NH. The degree of hearing loss was significantly related to keyword recognition, but there was a significant interaction with hearing group that suggested the pattern of degree of hearing loss and keyword recognition was different between children with MBHL and children with UHL. Specifically, the effect of degree of hearing loss on keyword recognition was stronger for children with MBHL than children with UHL. None of the other audiological factors, vocabulary, or working memory had a significant relationship with keyword recognition after controlling for other factors.


TABLE 8 Linear mixed effects model for children with MBHL or UHL.
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Discussion

The current study examined the impact of MBHL or UHL on children's ability to locate and understand talkers under a range of acoustic and auditory/visual conditions. Identifying potential differences in performance across hearing status groups may help to guide intervention for these children.

The localization-only task addressed the ability of children with NH and children with MBHL or UHL to locate talkers who were presented auditory only or with a visual guide to the talker's location in three acoustic environments that children might experience in classrooms. Overall, children were better able to correctly locate talkers in the visually guided condition than in the auditory-only condition. This finding is consistent with findings from adults (38, 39), suggesting that visual information about a talker's location can improve localization of that talker for children with NH, MBHL, or UHL. There were no effects of age on looking behavior, suggesting that the children in the age range studied here were similarly adept at locating the talkers. The impact of acoustics on looking behavior were mixed. Overall, children correctly located talkers least in the poorest acoustic environment. The absence of a difference between typical vs. favorable acoustics suggests that children may be able to tolerate a range of acoustic environments without impacting their ability to find talkers in environments similar to the ones simulated in the current study. There also was no effect of hearing status. The absence of this effect was somewhat surprising, particularly for the poor acoustic condition where auditory access would be expected to have a greater impact on the two hearing-loss groups than on children with NH. However, the results suggest that even with reduced audibility, children with MBHL or UHL exhibited similar abilities to their peers with NH when attempting to locate talkers, suggesting that the task was not more difficult for them even with poorer auditory access. Although average percent correct looking scores were not significantly different across the three groups, the pattern of scores for the children with UHL in the auditory-only condition (see Figure 2), suggests a greater negative effect for some of these children when visual cues were unavailable. Studies using a greater variety of acoustic conditions and talker locations could be helpful in further differentiating potential hearing status effects on looking behaviors.

When children correctly located talkers, their looking times followed the same patterns as the correct looking scores. Looking times were shorter for visually guided than for auditory-only conditions and were longer in the poor auditory environment than in the typical and favorable environments. There were no effects of age or hearing group. Even with reduced auditory access, children with MBHL or UHL may not take longer to locate talkers than children with NH during some listening tasks.

Localization-only results suggest that children can benefit from the addition of visual information that guides them to talker locations across varying acoustic environments often found in educational settings, particularly in poor acoustics. Modifications as simple as having the teacher point to students who are raising their hands can give other children the opportunity to locate a particular talker before they speak. It also could be helpful to arrange desks in such a way that talkers are easily located (e.g., positioning in an arc rather than rows).

The speech perception task examined the ability of children with NH and children with MBHL or UHL to both locate multiple talkers and repeat back what those talkers said under varying auditory/visual conditions in a single acoustic environment. This task was not expected to be as difficult as the comprehension task used in our earlier study (12). However, it had the potential to address differences between children with MBHL and UHL that may have been masked by the difficulty of a complex comprehension task. It was anticipated that the syntactically correct/semantically incorrect sentences used in the current study would provide an additional level of difficulty over previous findings that used sentences that were both syntactically and semantically correct, and that differences in SNRs for children with NH vs. children with HL would avoid floor and ceiling effects for speech recognition.

Overall, the findings support other studies that have shown that speech understanding in noise for children with NH and children with hearing loss improves with age (51–54). Children's speech recognition was highest in the audiovisual condition and lowest in the baseline (single location at 0o azimuth) condition. Speech recognition was better in the visually guided and auditory-only conditions than in the baseline condition but providing visual guidance to talker location did not improve speech recognition over auditory-only presentations. There was no significant effect of correct looking on speech recognition. These findings suggest that being able to find talkers more quickly does not necessarily result in better speech understanding if individuals do not see the talkers speaking once they have been located. It is possible that benefits of visual guidance for locating talkers will vary with the task. In tasks with high cognitive load, for example, visual guidance and audiovisual input could work together to improve speech understanding. Additional research would be needed to address this issue.

Poorer speech recognition in the baseline relative to the auditory-only condition was unexpected. In the baseline condition there was no need to locate talkers before repeating the sentences, potentially resulting in less listening effort than when talkers were in multiple locations. It is possible that children were less attentive in this condition, which they may have expected to be easier, than in conditions where they were required to find talkers. However, this could not be verified in the current study. Further research with this specific set of conditions and methodology is needed to address the issue.

As previously noted, the number of participants was motivated by a power analysis for main effects by group; however, we did not conduct a power analysis to determine how many participants would be required for group by condition interactions. Thus, it is possible that we may be underpowered for those comparisons. Many of the statistically significant effects observed in this study were small to medium effect sizes, suggesting there was sufficient power to address the research questions of interest.

Despite listening to speech at a poorer SNR, children with NH demonstrated better speech recognition than either children with MBHL or UHL. Seeing the talkers improved speech recognition for all groups, but children with MBHL or UHL continued to perform more poorly than their peers with NH, even in the audiovisual condition. These findings suggest that being able to see talkers as they are speaking is beneficial, but not sufficient to overcome reduced auditory access for children with MBHL or UHL. Children with UHL performed better than children with MBHL. In the current study, NH in one ear provided benefit for speech recognition in complex conditions that was not available for children with mild hearing loss in both ears.

Factors that may impact individual differences in speech understanding were examined for the children with MBHL or UHL. Only degree of hearing loss was shown to have a significant effect. Degree of hearing loss in the better ear of children with MBHL had a greater impact on keyword understanding than did degree of hearing loss in the poorer ear for children with UHL. This occurred despite a better mean and smaller range of BEPTAs for the children with MBHL than for PEPTAs in the children with UHL (see Table 1). These findings support the benefit of NH on speech perception, even when that NH occurs in only one ear.

Previous research has suggested that degree of hearing loss in the poorer hearing ear may impact speech perception and localization abilities in children with UHL (23). Although population-based studies show poorer ear thresholds in children with UHL are equally represented across a wide range of severity levels (55, 56), the hearing loss levels of participants in individual studies, including the current study, may not include similar numbers of children representing this wide range of severity levels (57). Further research that includes a larger number of children across a representative range of severity for the poorer ear is needed to further address how degree of hearing loss in the poorer ear may differentially impact outcomes in children with UHL.

Hearing aids may improve auditory access for children with MBHL or UHL (58–60); however, there is currently no clear consensus regarding personal amplification recommendations for these populations and both hearing aid recommendations and hearing aid use may be delayed and/or inconsistent (55, 61–64). In the current study, all children were tested without amplification to represent potential worst-case outcomes based on hearing status. Future studies in complex conditions reflecting real-world listening should include measures with amplification to address how improving audibility, in both ears for children with MBHL or one ear for children with UHL who are able to use a hearing aid in the poorer hearing ear, can impact outcomes. Such studies should also examine consistency of hearing aid use in children who are fitted with personal amplification to determine potential effects on outcomes.
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Introduction: Children with early-identified unilateral hearing loss (UHL) might be at risk for delays in early speech and language, functional communication, psychosocial skills, and quality of life (QOL). However, a paucity of relevant research prohibits strong conclusions. This study aimed to provide new evidence relevant to this issue.



Methods: Participants were 34 children, ages 9;0 to 12;7 (years;months), who were identified with UHL via newborn hearing screening. Nineteen children had been fitted with hearing devices, whereas 15 had not. Assessments included measures of speech perception and intelligibility; language and cognition; functional communication; psychosocial abilities; and QOL.



Results and discussion: As a group, the children scored significantly below the normative mean and more than one standard deviation below the typical range on speech perception in spatially separated noise, and significantly below the normative mean on written passage comprehension. Outcomes in other aspects appear typical. There was however considerable within participant variation in the children's degree of hearing loss over time, raising the possibility that this pattern of results might change as children get older. The current study also revealed that participants with higher levels of nonverbal ability demonstrated better general language skills and better ability to comprehend written passages. By contrast, neither perception of speech in collocated noise nor fitting with a hearing device accounted for unique variance in outcome measures. Future research should, however, evaluate the fitting of hearing devices using random assignment of participants to groups in order to avoid any confounding influence of degree of hearing loss or children's past/current level of progress.
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Introduction

There is general agreement in the literature that the introduction of Universal Newborn Hearing Screening (UNHS) has resulted in the identification of an increased number of children with unilateral hearing loss (UHL) at an earlier age (1–3). This increase has brought with it a strengthened research focus on the impact of early identified UHL on children's language and other outcomes [e.g., (4)], and a related interest in evaluating the benefits of audiological rehabilitation with hearing aids (HAs) or cochlear implants (CIs) for this population [e.g., (5, 6)]. The aim of this research was to build on current literature; first, by examining a range of outcomes for a sample of 9-year-old children with congenital UHL; and second, by examining the association between children's outcomes and a set of predictor variables, including whether or not they had been fitted with hearing devices.

The outcome variables of direct interest in the current study were speech perception and production, language and cognition, functional auditory performance, psychosocial skills, and quality of life (QOL). Our particular focus was on children who presented with congenital unilateral hearing loss. A similar set of outcomes was the focus of a systematic review by Huttunen et al. (4), whose search of the literature up to February 2018 produced “no high-quality studies reporting on consequences of pre- or perilingual UHI [unilateral hearing impairment]” (p. 181). Consistent with this finding, Huttunen et al. stated that the literature they reviewed enabled them to draw “no definitive conclusions … on the impact of early-onset UHI on children's development” (p. 181). Nevertheless, individual research reports, especially those published since 2019, provide some support for the view that children with early-onset UHL achieve poorer outcomes than their age-matched peers with normal hearing (NH).

Fitzpatrick et al. (7) reported on 38 children with early-identified UHL. Thirty-five of the children presented with a congenital hearing loss, and no child was diagnosed with a severe developmental delay. The children's speech production, language, and functional auditory performance were assessed at 48 months of age, on average. When compared to a control group of age-matched children with NH, the children with UHL performed similarly on tests of receptive vocabulary and speech production, but significantly more poorly on assessments of receptive and expressive language and functional auditory performance.

Other researchers have also reported evidence of a selective impact of UHL on children's language and functional auditory outcomes. For example, Nasrallah et al. (8) reported that a group of children, ages 5–9 years, with UHL or mild bilateral HL, achieved outcomes within the average range of test normative means for receptive vocabulary, language, and speech production, but below expectations for functional auditory performance. Moreover, this pattern was true for both children with UHL and children with bilateral HL, whose scores did not differ significantly from one another. Griffin et al. (9) reported that a sample of 25 unaided children with UHL (15 congenital, ages 7;0 to 12;0 years;months) performed more poorly than a group of 14 NH children on an auditory story comprehension task when presented under challenging (noisy) conditions but not in quiet. Canẽte et al. (10) compared outcomes for a group of 12 participants, ages 7–16 years, with UHL due to congenital aural atresia, with results for 15 NH controls. Children with UHL generally performed more poorly on speech recognition in noise tasks, and especially for recognition of sentences.

Smit et al. (11) also reported on a participant sample with congenital conductive UHL due to aural atresia. Twenty-nine children and young adults, ages 6–21 years, took part in the research. Twelve of the 29 participants had an additional syndrome or medical condition, and 13 had used hearing amplification. All outcome measures were assessed using questionnaires. They included hearing QOL (in domains of spatial, speech, and quality of hearing), general QOL, language, and social-emotional-behavioural domains. The results show that study participants achieved lower scores in hearing QOL than children without hearing loss reported in the literature, and there was no effect of amplification. On the other hand, measures of general quality of life, language, and social-emotional-behavioural domains all fell within the normal range. Smit et al. (11) concluded that their study results provide evidence for a normal pattern of development in children and young adults who have conductive UHL due to aural atresia, while acknowledging that the “limited size and selection of the study population” might have contributed to their failure to detect real group differences (p. 6).

Irrespective of Smit et al.'s (11) concerns regarding possible methodological weaknesses in their study, the findings receive some support from related research. Nasrallah et al. (12) reported that a group of children, ages 5–9 years, with UHL or mild bilateral HL, achieved outcomes within the average range of test normative means for social and behavioural skills, as rated by parents and teachers. Moreover, this pattern of results was true for both children with UHL and children with bilateral HL, whose scores did not differ significantly from one another. On the other hand, findings reported by Griffin et al. (13) confirmed a significant difference in hearing-related QOL between children with UHL and those with NH.

In sum, recent studies examining the impact of UHL on children's development provide evidence of poorer outcomes relative to children with NH in functional auditory performance [e.g., (7, 8)], hearing-related quality of life [e.g., (11, 13)], and speech perception [e.g., (10, 13)]. On the other hand, non-significant differences have been observed in general QOL and psychosocial skills [e.g., (11, 12)], receptive vocabulary [e.g., (7, 8)], and speech production [e.g., (7, 8)]. With respect to language outcomes, results are inconsistent: Fitzpatrick et al. (7) found that language outcomes were worse for children with UHL compared to children with NH, whereas Nasrallah et al. (8) and Smit et al. (11) found evidence of outcomes within the typical range.

While these previously reported findings are suggestive, they do not enable strong conclusions to be drawn in regard to the impact of congenital UHL on children's outcomes, because most participant samples were diverse with respect to onset of hearing loss. Furthermore, children's cognitive development appears to have been overlooked in many recent published studies, despite evidence from a 2016 meta-analysis which showed that children with UHL scored significantly lower than expected on both full-scale IQ results and performance IQ (14). Hence, the first aim of the current research was to examine the impact of congenital UHL across a representative set of outcome variables including measures of speech perception and production, language and nonverbal cognition, functional auditory performance, psychosocial skills, and QOL.

The second aim of the current research was to examine the association between children's outcomes and a small set of concurrent predictor variables, which included fitting status (being fitted with a hearing device or not), nonverbal cognitive ability, and speech perception. Nonverbal ability and speech perception were included because of their demonstrated role in previous studies of speech and language outcomes achieved by children with congenital bilateral HL [e.g., (15–17)]. On the other hand, degree of hearing loss was not included as a concurrent predictor because it was not shown to play a consistent role in previous research involving children with UHL [e.g., (7, 9, 13)]. Failure to find a consistent association between degree of hearing loss and outcomes in this population might reflect, at least in part, changes in children's degree of hearing loss over time, as documented in several recent studies [e.g., (18–20)]. However, the current study was not designed to address this issue.


The current study

The current aims were addressed in a cross-sectional study of a group of school-aged children with congenital UHL. Three primary research questions were addressed.


	1.Do children with congenital UHL exhibit speech and language deficits compared to norms at school age?

	2.Do children with congenital UHL exhibit functional communication deficits compared to norms at school age?

	3.Do children with congenital UHL exhibit deficits in psychosocial outcomes and QOL compared to norms at school age?



In accordance with findings reported in the literature, we predicted that children with congenital UHL would achieve poorer functional auditory outcomes than expected relative to norms, but similar psychosocial outcomes and QOL. Predictions regarding speech and language outcomes were less clear, with the possibility that different outcome measures might reveal different patterns of results; for example, children with UHL might achieve similar outcomes in speech production and receptive vocabulary but poorer outcomes on speech perception and other language measures.

Two additional questions were more exploratory.


	4.What might account for variation in the outcomes achieved by children with UHL (e.g., nonverbal cognitive ability, speech perception, use or not of a hearing device)?

	5.Why might children who are not fitted with a hearing device achieve better outcomes than fitted children?






Method


General procedure

The protocol for this study was approved by the Australian Hearing Human Research Ethics Committee. After enrolment in the study, parents completed a questionnaire to provide demographic information, including their own level of education and any additional disabilities affecting their children. Parents also completed questionnaires soliciting information on their children's use of language and hearing in real-world environments, behavior and emotions, and QOL. Child participants completed a battery of tasks comprising audiological assessments, which were performed at the children's local hearing centres, questionnaires regarding their use of language and hearing in real-world environments, and QOL. Research speech pathologists completed direct assessments of children's spoken and written language skills and nonverbal cognitive ability. They also rated the intelligibility of children's speech. These assessments were performed at either the children's homes or hearing centres. They were conducted between age 9;0 (9 years; 0 months) and 12;7.

The definition of UHL used in this study was based on the National Workshop on Mild Bilateral and Unilateral Hearing Loss (21). In particular, UHL was defined as the average pure tone air conduction threshold at 0.5, 1, 2 kHz of any level greater than or equal to 20 dB HL or pure tone air conduction thresholds greater than 25 dB HL at two or more frequencies above 2 kHz in the affected ear with an average pure tone air conduction threshold in the good ear less than or equal to 15 dB HL.



Participants

The current participant sample was drawn from a larger group of 153 children who were diagnosed with UHL at birth between 2002 and 2007 in New South Wales, Australia. The children were identified through Australia's nationwide newborn hearing screening program. Of the 153 children, 128 aged 9 years or older were invited to take part in the study after removing 6 children who lived remotely and a further 19 whose contact details were incomplete. Thirty-nine children and their families accepted the invitation to participate. After omitting children who subsequently withdrew from the study or did not have results available for an assessment of nonverbal cognitive ability, a final sample of 34 children remained (20F, 14M), 19 of whom were fitted with a hearing device and 15 of whom were not. Tables 1, 2 contain demographic and audiological characteristics of the final participant sample, including details of hearing devices. Just under half of the children were identified as having a disability in addition to their hearing loss (see Table 1). Disability types included: learning disability, cranio-facial abnormality, developmental delay, Golden Har syndrome, Autism Spectrum Disorder, Attention Deficit Hyperactivity Disorder, and vision problems.


TABLE 1 Demographic characteristics of participants (N = 34).

[image: Table 1]


TABLE 2 Participants’ audiological characteristics (N = 34).

[image: Table 2]

All children were diagnosed with hearing loss via UNHS in their first year of life [Mean = 2.3 months; standard deviation (SD) = 2.2 months]. Following diagnosis of hearing loss, all children were referred to Hearing Australia (the national government-funded hearing service provider) for audiological management, which includes ongoing hearing assessments, hearing device fitting and verification using real-ear measures according to national pediatric protocols (22).

For purposes of the current study, degree of hearing loss is expressed as mild (averaged hearing loss <=40 dB HL), moderate (41–60 dB HL), severe (61–90 dB HL) or profound (>=91 dB HL) based on a four-frequency average (0.5, 1, 2 and 4 kHz) of hearing thresholds. At diagnosis, the majority of children (61.8%) had a sensorineural or mixed hearing loss, and most (88.2%) had hearing losses in the mild to severe range. Three children (8.8%) had a profound loss at diagnosis (see Table 2). When assessments were conducted, however, the number of children with hearing losses in the profound range had increased to 10 (29.4%), and the number with mild to severe losses had dropped to 19 (55.9%). The remaining 5 children had hearing within the typical range at assessment (see Table 2). Consistent with these findings, degree of hearing loss changed from diagnosis to assessment for most individual children (n = 26), but most (21) of these changes involved adjacent categories (e.g., from mild to moderate or from moderate to severe). Fourteen children had a higher degree of loss at assessment than diagnosis, whereas 12 children had a higher degree of loss at diagnosis.



Assessments


Audiology

Standard pure tone audiometry and tympanometry were conducted only if a child's current records were not within six months of assessment.



Speech and language


Speech perception

Speech perception was assessed using nonsense syllables (Vowel-Consonant-Vowel or VCV syllables) and sentences [Beautifully Efficient Speech Test (BEST), (23)]. Nonsense syllables were presented in collocated noise (VCV-N) at a signal-to-noise ratio (SNR) of 5 dB from a loudspeaker positioned at 0° azimuth at a distance of 0.75 metre, and performance was measured as percent correct. Sentences were presented in collocated noise at 0° azimuth (BEST-S0N0) or speech from the front at 0° and uncorrelated noise from +90° and −90° azimuth from both sides (BEST-S0N90). Performance was measured as speech reception thresholds, which were expressed in decibels (dB) SNR. Normative means and SDs for the BEST were taken from Ching et al. (24). There were no normative data available for the VCV.



Speech intelligibility

The Speech Intelligibility Rating scale [SIR, (25, 26)] was used to rate how easy or difficult it was to understand the children's speech. Ratings were assigned by parents and research speech pathologists (referred to as “other”) using a 6-point scale, from 1 (always understand the child with little or no effort) to 6 (almost never understand the child's speech). Normative means and SDs were obtained from a related study in our laboratory.



Language

The following language assessments were administered to participants by research speech pathologists.

The Peabody Picture Vocabulary Test 4th Edition [PPVT-4; (27)] is a standardized test of receptive vocabulary, using a four-alternative forced-choice, picture-pointing format in administration. It gives an overall standard score for receptive vocabulary (Mean = 100, SD = 15).

The Clinical Evaluation of Language Fundamentals—4th Edition [CELF-4; (28)] is a standardized test of spoken English (Mean = 100; SD = 15). The test includes verbal tasks which enable children to demonstrate understanding of and ability to produce English language structures. In this study an overall core language score was computed along with three subtest scores—receptive language, expressive language, and language memory.

The Woodcock Johnson III® Diagnostic Reading Battery [WJ III® DRB; (29)] comprises a set of individually administered tests, three of which were used here. Letter-word identification and word attack assessed children's ability to read aloud single words and non-words respectively; and passage comprehension assessed children's understanding of words, phrases, and/or short passages using word-picture matching and cloze procedures. The test gives an individual standard score for each test (Mean = 100, SD = 15), and a separate “Basic Reading” score, which combines results for letter-word identification and word attack.




Cognitive ability

Nonverbal cognitive ability was assessed using the Wechsler Nonverbal Scale of Ability [WNV; (30)], which was designed specifically for linguistically diverse populations, including people with hearing loss. This test provides a nonverbal IQ score (Mean = 100; SD = 15).



Functional auditory performance

The Parents' Evaluation of Aural/Oral Performance of Children [PEACH; (31)] and the Self-Evaluation of Listening Function [SELF; (32)] were used to measure children's functional auditory performance in real life. The PEACH was designed to assess children's listening and communicative behaviour in 10 real-world environments, based on observations by parents. The SELF was based on items in the PEACH with appropriate adaptations, and relied on subjective reports from children. Each item is rated on a five-point scale: never (0%), seldom (1%–25%), sometimes (26%–50%), often (51%–75%), and always (>75% of the time) by the respondent. Each assessment gives an overall score and two subscale scores, quiet and noise. Normal values for both tests were taken from a related study in our laboratory.



Psychosocial skills: behavior and emotions

The Strengths and Difficulties Questionnaire [SDQ; (33)] was used to assess children's behaviour and emotional difficulties. Parents completed the questionnaire, which comprises 25 items, making up five subscales: conduct problems, emotional symptoms, hyperactivity, peer relationships, and pro-social behavior. Each subscale consists of five items. The first four subscale scores (excluding prosocial behavior) were summed to make a “total difficulties score”. Australian normative data by age group (7–10 years) and gender (34) were used to calculate z-scores. All “difficulties” scores were reversed so that higher z-scores reflect less problems.



Quality of life (QoL)

The Pediatric Quality of Life Inventory version 4.0 Generic Core Scales (PedsQL) were used to measure children's health-related quality of life. The inventory was completed by children (PedsQL-C) and their parents (PedsQL-P). It comprises 23 items from four domains: physical functioning, emotional functioning, social functioning, and school functioning. A psychosocial health summary score was calculated as the mean score over the items answered across the emotional, social and school functioning scales. Each item is rated on a 5-point Likert scale, from 0 (never a problem) to 4 (almost always a problem). Items were reversed-scored and rescaled to a 0–100 scale, where higher scores indicate better QoL. For scale and total scores, the mean was computed as the sum across all items divided by the number of items answered. Z-scores were computed using normative means and SDs from Varni et al. (35).




Data analysis

Data analysis was conducted in three stages. Stage 1 addressed the question of whether the current sample of children with congenital UHL achieved outcomes that differed from those achieved by a normative sample of children the same age. This question was addressed, first, by noting whether the mean scores achieved by the current sample were within one SD of their respective normative means; and second, using a series of 39 single-sample t-tests to compare the current sample's mean scores to the relevant normative means using an adjusted α-level of.001 (.05 ÷ 39). Stage 2 addressed the question of whether children using a hearing device would achieve different outcomes than those who did not use a hearing device. This question was addressed using a series of 41 independent samples t-tests with an adjusted α-level of .001 (.05 ÷ 41). Stage 3 addressed the question of what additional variables might account for variation in the outcomes achieved by the current sample of children. Correlational and regression techniques were used to address this question, using an α-level of .001 for correlations and .005 (.05 ÷ 10) for regressions.




Results

The first three research questions asked whether school-aged children with congenital UHL would exhibit deficits compared to age-matched norms in speech and language, functional communication, psychosocial abilities, and QOL. To address these questions, mean scores were computed for all individual outcome measures across all participants. These mean scores and standard deviations are shown in Tables 3–7, along with normative values where available.


TABLE 3 Speech outcomes for the current sample: comparison with norms and fitting status.
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TABLE 4 Language and cognitive outcomes for the current sample: comparison with norms and fitting status.
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TABLE 5 Functional auditory performance for the current sample: comparison to norms and fitting status.
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TABLE 6 Psychosocial outcomes—behavior and emotion—for the current sample: comparison to norms and fitting status.
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TABLE 7 Quality of life (QOL) outcomes for the current sample: comparison to norms and fitting status.
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For the most part, these data support the view that children with UHL in the current study performed at a level similar to typically developing children of the same age. The mean scores achieved by the current sample were within one SD of their respective normative means for outcomes in language and nonverbal cognition, functional auditory performance, behavior and emotion, and QOL. On the other hand, children performed outside the typical range on speech perception in noise, when speech and noise were spatially separated. The mean SNR for the BEST S0N90 was −1.11 dB for the current group, above the expected range of −6.8 to −2.2 dB; and the observed spatial release from masking (SRM) was 0.26 dB for the current group, below the expected range of 1.1–4.5 dB (Table 3).

This pattern of results was confirmed for the most part using a series of single-sample t-tests to compare the current sample's mean scores with the corresponding normative means. Using a corrected α-level of.001 (.05 ÷ 39 individual comparisons), three differences reached statistical significance. They were the results for BEST S0N90 and BEST SRM, which confirmed our previous analysis; and the result for WDRB Passage Comprehension (t[33] = 7.15, p < .001) on which children with UHL underperformed relative to norms (see Table 4).

Research question 4 addressed what might account for variation in the outcomes achieved by children with UHL, in particular, aspects such as cognitive ability, speech perception, and whether or not a hearing device was fitted. In a related vein, question 5 addressed why children who were not fitted with a hearing device might achieve better outcomes than fitted children. To shed light on these issues, children were first divided into groups according to whether they were fitted with a hearing device or not. As might be expected, these groups differed in degree of hearing loss. To illustrate, Figure 1 shows the percentage of fitted vs. non-fitted participants with different degrees of hearing loss at the time of their assessment. On the SELF questionnaire, of the 19 children with hearing devices, 2 (10.5%) had missing data, 2 (10.5%) reported using their devices 50% of the time, and 15 (78.9%) reported using their devices ≥75% of the time.


[image: Figure 1]
FIGURE 1
Percentage of fitted vs. non-fitted participants with different degrees of hearing loss at assessment.


The next step was to compare the assessment outcomes achieved by fitted and non-fitted children. Mean scores were computed for all individual outcome measures for fitted vs. non-fitted participants separately. These mean scores and standard deviations are shown in Tables 3–7. Using a corrected α-level of.001 (.05 ÷ 41 individual comparisons), outcomes for fitted vs. non-fitted participants differ significantly on only one measure, the BEST S0N0 (t[28] = 3.66, p = .001) assessment of speech perception in collocated noise (see Table 3). This result reflected better performance (lower speech reception thresholds) in participants who had not been fitted with a hearing device. Although no other individual comparisons were significant, children who had not been fitted with a hearing device generally performed better across the range of measures than children who had been fitted.

Correlation and regression techniques provide another approach to investigate within-group variability in outcomes. For these analyses, a limited set of 10 outcome measures was used. These measures were chosen because they provided an overall reflection of performance on the various assessments. They were: SIR (other) to measure speech intelligibility; PPVT-4, CELF-4 core language, WDRB basic reading, and WDRB passage comprehension to measure language skills; PEACH total, and SELF total to measure functional auditory performance; SDQP Total to measure psychosocial skills; and PedsQL-C Total and PedsQL-P Total to measure QoL. Table 8 shows the Pearson product-moment correlations between these variables and three potential predictors: device-fitting status, WNV, and speech perception in collocated noise (BEST S0N0). Tables 9, 10 show the summary results from 10 regression analyses using these three potential predictors, one for each outcome measure.


TABLE 8 Correlations between outcome measures for the current sample.
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TABLE 9 Regression summary table for speech and language measures (speech intelligibility, PPVT receptive vocabulary, CELF4 core language score, WDRB basic Reading, WDRB passage comprehension).
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TABLE 10 Regression summary table for functional auditory performance (PEACH, SELF), behaviour and emotion (SDQP), and quality of life (pedsQL-C, pedsQL-P).
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To summarise the correlation results: There were significant positive correlations ranging from.58 to.78 between the four language measures, indicating that children who performed well on one measure tended to score well on the other measures, as would be expected. In addition, WNV scores were positively associated with three of the four language measures (excluding PPVT), indicating that children with higher levels of nonverbal cognitive ability achieved better language outcomes. With regard to associations involving other variables, significant correlations revealed that: device fitting was associated with higher speech reception thresholds indicating poorer performance (r = −.57, p < .001); children who achieved better outcomes in CELF-4 core language also scored higher on the PedsQL-C (r = .55, p < .001); and parents' ratings of their children on the SDQP were positively associated with their ratings on the PedsQL-P (r = .62, p < .001).

Consistent with the results for the correlational analyses, multiple regressions revealed that only nonverbal cognitive ability as reflected in WNV scores accounted for significant unique variance in outcomes; in particular for CELF-4 core language and WDRB passage comprehension (see Tables 9, 10). In accordance with these results, the total variance explained in the regression analyses was generally small and non-significant. Only one regression analysis accounted for significant total variance, that of CELF-4 core language scores, with 52.2% of variance explained. The other nine analyses accounted for nonsignificant variance ranging from 2.3% to 37.1%.



Discussion

This study was designed to investigate the outcomes achieved by a group of school-aged children with congenital UHL. Children's performance was evaluated on a comprehensive set of assessments targeting speech perception and production, language and cognition, functional auditory performance, behaviour and emotions, and QOL. The current participants achieved similar outcomes to the normative groups on all but three of the outcome measures: they required higher SNRs for speech perception in noise under conditions when speech and noise were spatially separated; they showed less spatial release from masking; and they underperformed on a test of written passage comprehension.

This pattern of results is similar in some respects to findings reported in the literature. Participants achieved typical outcomes in general QOL and psychosocial skills (behavior and emotions), consistent with previous reports by Smit et al. (11) for children and young adults ages 6–21 years, and Nasrallah et al. (12) for children ages 5–9 years. Participants also showed no marked weakness in receptive vocabulary, in accord with Fitzpatrick et al. (7) and Nasrallah et al. (8). There was limited evidence that children might exhibit a weakness in some aspects of language but not others, which might help to explain inconsistencies in findings between studies [e.g., (7, 8, 11)]. Finally, our finding that children performed below the typical range on a task assessing perception of sentences presented in noise is consistent with results described by Canẽte et al. (10), whose participant sample was similar to the current group in age (at 7–16 years of age) and congenital onset.

Setting aside these similarities, the results stand in contrast with reports in the literature that children with UHL achieve outcomes below expectations for functional auditory performance at 48 months of age (7) and 5–9 years of age (8). A possible explanation for this inconsistency across studies lies in the current study's focus on older children, of 9–12 years of age. As the data in Table 2 show, for the participants in this study, there were marked differences in degree of hearing loss across the period from diagnosis to assessment, and these changes raise the possibility that assessment results might be influenced considerably by the timepoint at which they are administered.

Another point of investigation in the current study was the identification of factors that might underlie variability in the outcomes achieved by children with UHL. As a first step, participants were allocated to groups according to whether they were fitted with a hearing device or not. Comparison of the groups' performance across the full range of outcomes revealed one significant difference: Device fitting was associated with higher speech reception thresholds indicating poorer performance. No other individual comparisons were significant, although there was a general trend in the data for fitted children to achieve worse outcomes than children who were not fitted. While this overall pattern might seem counterintuitive, it presumably reflects the fact that the decision to fit or not was influenced by children's severity of hearing loss (with aids more likely for children with more severe losses), and by how well they were progressing, that is, the decision to fit was not independent of performance, but rather, prompted partly by poor progress. The only way to ensure that results are not confounded in this way is to randomly assign children to participant groups according to fitting status in future studies.

Correlations and regression analyses were used to provide further evidence regarding factors that might account for variability in children's outcomes. Two factors were targeted in addition to fitting status: They were nonverbal cognitive ability and speech perception in noise. Only cognitive ability accounted for significant variance in any outcome measure, and in particular for two language measures: CELF-4 core language and WDRB passage comprehension. This finding is consistent with our previous research examining concurrent predictors of language in 5-year-old children with congenital, bilateral hearing loss (17); and more importantly, it underscores the importance of including cognitive ability in future studies of outcomes in similar participant groups.


Strengths, limitations, and future directions

This report focuses on the outcomes achieved by a cohort of 34 children with UHL at 9 years of age. A major strength of the study lies in its inclusion of a group of children who were diagnosed with UHL at birth through Australia's universal newborn hearing screening program. By contrast, many previous studies of UHL have included more diverse groups of children with UHL and/or mild bilateral HL of varying onset. A second strength of the study lies in its use of data that were collected across a limited age range (from 9;0 to 12;7 years of age) using questionnaires and directly administered tests to assess a comprehensive set of representative outcome variables including speech production and perception, language and cognitive ability, functional auditory performance, psychosocial skills (behavior and emotions), and QOL.

Despite these strengths, the study is not without its limitations. With no longitudinal component, the results can provide only a snapshot in time with respect to children's outcomes. A longitudinal component could be particularly informative given the demonstrated variability in degree of hearing loss across time within participants, which is evident in the current sample and other recent investigations of children with UHL (18–20). A second limitation is the small sample size of 34, which restricted the number of independent variables that could be included in multiple regression analyses and therefore contributed to the small percentage of variance explained. Finally, as noted earlier, the effect of fitting status on outcomes was confounded in the current study because the decision to fit a hearing device was not independent of children's degree of hearing loss or their current progress.




Conclusion

The current study investigated outcomes in 9-year speech perception and production, language and cognition, functional auditory performance, psychosocial skills (behavior and emotions), and QOL in a cohort of 34 children who were identified with UHL through Australia's universal newborn hearing screening program. As a group, the children scored significantly below the normative mean and more than one SD below the typical range on a measure of speech perception in spatially separated noise. They also scored significantly below the normative mean on written passage comprehension. Outcomes in other aspects, such as spoken language ability, psychosocial skills, QOL, and nonverbal ability appear typical. It will be important, however, to discover whether this pattern of results changes as children get older, especially in light of the within participant variation evident in the current children's degree of hearing loss over time. On a practical level, these findings enhance our understanding of the difficulties experienced by children with congenital unilateral hearing loss at school age. In particular, observed difficulties with speech perception in noise are likely to have a negative impact on children's ability to learn effectively in classrooms, which are generally noisy places. The findings in this regard underscore the importance of reducing the impact of noise in classrooms and closely monitoring children's learning on a regular basis, especially for children with unilateral hearing loss.

The current study also revealed that participants with higher levels of nonverbal cognitive ability demonstrated better general language skills and better ability to comprehend written passages. On the other hand, neither perception of speech in collocated noise nor fitting with a hearing device accounted for unique variance in outcome measures. However, further research in this area is required before strong conclusions can be drawn. For example, the effect of fitting hearing devices should include random assignment of participants to groups according to whether they are fitted or not. If random allocation is not possible, there is a strong likelihood that the decision to fit will be influenced by confounding variables, such as degree of hearing loss (children with more severe losses are more likely to be fitted with a hearing device) and past/current progress (parents of a child who is experiencing difficulties may be more likely to try something that might help than parents of a child who is doing well).
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Measure Mean (SD) Mean (SD)

Current Fitted Not Fitted

Receptive vocabulary

PPVT S5 [ [ 10005 | 993 (13.5) [ 772 | se63n | 102.7 (12.9) [ 196
Language
CELF4 83 Core 100 (15) 939 (164) 038 902 (16.0) 986 (16.2) 141
Rec Lang 100 (15) 914 (162) 004 868 (17.0) 973 (135) 060
Exp Lang 100 (15) 959 (15.8) 136 927 (15.2) 998 (162) 200
Lang Mem 100 (15) 941 (165) 044 905 (15.7) 985 (17.0) 164
Reading
WDRB 55 Word ID 100 (15) 1002 (145) 944 97.1 (13.0) 104.1 (157) 168
Word Alt 100 (15) 1017 (11.3) 377 983 (92) 106.1 (124) 002
Pass Comp 100 (15) 90.1 (8.1) <001 881 (79) 926 (7.8) 108
Basic Read® 100 (15) 1011 (133) 636 976 (11.2) 105.5 (148) 088
Nonverbal cognitive ability
WNV s§ | Full Scale 100 (15) 990 (13.2) 653 937 (12.2) 105.7 (115) 007
N = 34. PPV, Peabody Picture Vocabulary Test 4th edition; CELF, Clinical Evaluation of Language 4th edition; WDRB, Woodcock-Johnson Il Diagnostic

Reading Battery; WNV, Wechsler Nonverbal Scale of ability. a =.001
*Probability is computed using a one-sample t-test comparing the current sample to norms.

*Probability is computed using an independent samples t-test to compare children from the current sample who differ in fitting status.
"WDRB Basic Reading scale combines Word ID and Word Attack

*p< 001
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Measure Mean (SD) Mean (SD)
Norms Current Fitted Not Fitted
PEACH" Quiet % 87.7 (12.8) 84.6 (14.6) 292 82.7 (18.1) 865 (105) 514
Noise % 828 (15.1) 715 (20.0) 008 68.2 (20.8) 749 (194) 402 \
Total % 855 (132) 78.1 (16.0) 027 75.4 (17.8) 80.8 (143) 404 \
SELF Quiet % 87.4 (10.4) 85.0 (152) 385 83.1 (18.8) 87.7 (7.8) 410 \
Noise % 839 (132) 847 (17.5) 806 817 (21.6) 88.9 (8.5) 267
Total % 857 (10.8) 848 (159) 765 82.4 (20.0) 88.3 (6.5) 315

PEACH, Parents’ Evaluation of Children’s Aural/Oral Performance; SELF, Self Evaluation of Listening Function. Norms for PEACH and SELF are from a related study in our

laboratory. a =001,

*Probabilty is computed using a one-sample t-test comparing the current sample to norms.
°Probability is computed using an independent samples t-test to compare children from the current sample who differ in fitting status.

n =26
In =31
*5< 001
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Measure Mean (SD) Mean (SD)
Norms Current Fitted Not Fitted

SDQP—Z Emotional 0.(10) 624 -27 (138) 02 (104) 558
Conduct 0 (1.0) 215 -20 (1.13) 35 (1.07) 740
Hyperactivity 0 (1.0) 401 -.12 (1.02) —.18 (0.78) 873
Peer relations 0.(1.0) 945 -04 (121) 01 (0.86) 3
Prosocial 000 802 1909 | -08(106) 493
Total® 0.(10) 360 -20 (119) -16 (0.72) 920

N = 25. SDQP—Z, Strengths and Difficulties Questionnaire Z-scores. a = 001
*Probability is computed using a one-sample t-test comparing the current sample to norms.
*Probability is computed using an independent samples t-test to compare children from the current sample who differ in fitting status.
“The first four subscales (emotional, conduct, hyperactivity, and peer relationships) were summed to make the Total Difficulties score.

*n< 001
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Measure

Norms

Mean (SD)

Current

Fitted

Mean (SD)

Not Fitted

PEDSQLC—Z° Physical 0(10) —16 (0.93) 328 —38 (1.08) 141
Emotional 0(10) —51 (091) 004 —56 (1.08) 720
Social 0(10) —11 (1.10) 561 ~20 (1.10) 628
School 0(10) - 32 (0.88) 049 —.47 (0.90) 268
Psychosoc 0(1.0) -38 (1.01) 039 50 (1.08) 480
Total 0 (1.0) 34 (1.03) 071 50 (1.15) 325
PEDSQLP—Z* Physical 0(10) 18 (0.95) 335 33 (052) 03 (1.25) 434
Emotional 0(10) —57 (131) 035 —61 (1.58) —54 (1.02) 897
Social 0(10) —15 (1.01) 472 —20 (1.15) —09 (0.91) 778
School 0(10) —22 (0.90) 231 —28 (1.00) ~15 (0.83) 715
Psychosoc 0(10) -39 (L11) 087 ~.46 (1.36) ~32 (0.84) 766
Total 0(10) -17 (0.93) 349 —15 (0.95) 20 (0.96) 903

PEDSQLC—Z, Pediatric Quality of Life Inventory Child Self Report Z-scores; PEDSQLP—Z, Pediatric Quality of Life Inventory Parent Proxy Report Z-scores. Normative
means and SDs from Varni et al. (35). a=.001.

*Probability is computed using a one-sample t-test comparing the current sample to norms.
*Probability is computed using an independent samples t-test to compare children from the current sample who differ in fitting status.

n=32
’n=26.
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(N=34)

Male
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Female
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58.8%
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(90, 127)

Additional Disability (excl. ANSD)

Yes

No

Not specified
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Audiological characteristics
Hearing Loss affected ear

Participants (N = 34)

Right 17 500%

Left 17 500%
Type of Hearing Loss @ diagnosis

SNHL 19 559

Conductive

9 265

Mixed

2 59

ANSD

2 59

Not specified 2 59
Degree of Hearing Loss (affected ear)” @ diagnosis @ assessment
Typical range 0 0 5 147
Mild 9 26.5 6 17.6
Moderate 13 382 4 18

Severe

8 235

Profound 3 88 10 294
Not specified 1 29

Device C¢ ion @ assessment”
No device

15xUnilateral fitting, 4xbilateral fitting

Degree of hearing loss based on a four-frequency average (0.5, 1, 2, and 4 kHz) of
hearing thresholds, such that Mild <= 40 dB HL, moderate = 41-60 dB HL, severe =

61-90 dB HL, profound >= 91dB HL.

°0f 4 bilateral devices: 2 bilateral HAs + remote microphones (FMs), 1 bilateral Cls +
remote microphones, 1 bilateral HAs; Of 15 unilateral devices: 5 remote microphones

oy, B (nidateral HAS + ferficte rricrophanss. 2 uriliberal HAS onk
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Measure Mean (SD) Mean (SD)
Norms Current Fitted Not Fitted
Speech perception
veve Quiet % NA 96.1 (54) 956 (59) 967 (5.1)
Noise % NA 883 (9.9) 859 (115) 91.4 (66)
BEST* SONO SNR -1747) -85 (18) 02017) -199 (1)
SON90 SNR -45(23) —L11 43) 78 37) -358(3.9)
SRM 28 (17) 26 (3.6) 76 (28) 159 (41)
Speech production
SIR'® [ Parent mey | 1303 | o | 1403 | 12 (0.4) )
| Other 1205 | 15 (06) [ 00 | 1607 | 13 (0.6) | 233

NA, not available; VCV, nonsense syllables; BEST, beautifuly efficient speech test; SIR, speech intelligibility rating scale. = 001 Bold font is used to indicate the current
group’s scores that fall outside the typical range.
*Probability is computed using a one-sample t-test comparing the current sample to norms.
“Probability is computed using an independent samples t-test to compare children from the current sample who differ in fitting status.
‘n=29

°n =30

“BEST normative means and SDs from Ching et al. (24).
]

'n=26.

%SIR norms come from a related study in our laboratory.

*n < 001
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Detected between bir d 2 years Detected between birth and current age

Anatomical anomaly UHL (N=25) Matched controls (N = 25) UHL (N=25) Matched controls (N = 25)
Inner ear malformations 14 (56%) 0 (0%) 14 (56%)" 0 (0%)
Craniofacial anomalies 12 (48%) 2 (8%) 12 (48%)" 2 (8%)

Major anomaly only 4(16%) 0 (0%) 4 (16%) 0 (0%)

Minor anomaly only 6 (24%) 2 (8%) 6 (24%) 2 (8%)

Major and minor anomaly 2 (8%) 0.(0%) 2 (8%) 0.(0%)

Ear anomaly only 5 (20%) 0 (0%) 5 (20%)" 0 (0%)

Face or head anomaly only 4(16%) 2 (8%) 4 (16%) 2 (8%)

Ear and face or head anomaly 3 (12%) 0.(0%) 3 (12%) 0 (0%)
Neurological and spinal 5 (20%) 1(4%) 8 (32%) 2 (8%)
Gastrointestinal 5 (20%) 1 (4%) 7 (28%) 2 (8%)
Vision and eye 1 (4%) 0 (0%) 6 (24%) 14%)
Other malformations 5 (20%) 1(4%) 5 (20%) 1(4%)
Cardiac 5 (20%) 0 (0%) 5 (20%) 2 (8%)
Respiratory 3 (12%) 0 (0%) 4 (16%) 3 (12%)
Metabolic 2 (8%) 0 (0%) 4 (16%) 5 (20%)
Renal 1.(4%) 1.(4%) 3 (12%) 1(4%)
Neuromotor 1 (4%) 0 (0%) 3 (12%) 2 (8%)
Total number of anomalies 41 6 7 21

“Indicates there was a statistically significant difference between the cases (UHL) and matched controls using Fischer's Exact (as n < 5).
bIndicates there was a statistically significant difference between the cases (UHL) and matched controls using Mann-Whitney U test.
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Estimated hearing loss at 2000Hz (dBeHL)

Behavioral hearing loss tested at 4000Hz (dBHL)

0 10 20 30 40 S0 60 70 80 90 100 110 120 130
Estimated hearing loss at 4000Hz (dBeHL)
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Matched controls
(N=25

Speech and language therapy® 13 (52%)

Developmental impairment® 7 (28%)

4 (16%)

Learning disability

Autism 1.(4%)
“Indicates there was a statistically significant difference between the cases

(UHL) and matched controls using Fischer's Exact (as n < 5).
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Children diagnosed as UHL with available
estimated audiogram and later reliable
behavioural aduiogram information (N=91)
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At bi Between birth and
2 Years

Number of UHL Matched UHL Matched
congenital  (N=25) controls (N=25) controls

anomalies (N=25)
0 12 (48%) | 24 (96%) 5(20%) | 21 (84%)
> 13 (52%) 1.(4%) 20 (80%) | 4 (16%)
22" 8 (32%) 0 (0%) 16 (64%) 2 (8%)
>3 4 (16%) 0 (0%) 13 (52%) 2 (8%)
>4 2 (8%) 0 (0%) 8 (32%) 0 (0%)

“Indicates there was a statistically significant difference between the cases
(UHL) and matched controls using a chi-squared test (n>5), or Fischers
Exactvihers <8 o 48},
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Emotional/ | Odds ratio
behavioral
difficulties

(N=31) (95% Cl)

Gender, male, (%) 15 (48.4) 108 (050, 2.36)
Age, 5- 6 years, n (%) 10 (323) 092 (040, 2.12)
Hearing laterality, bilateral, 16 (51.6) 091 (041, 2.00)
n (%)
Hearing aid first fitting 240 (49.8)
(n=102), median, (IQR)
months

Cochlear implant first fitting 87.0°
(n=6), median (IQR), months
Type of hearing loss,
sensorineural, 1 (%)

101 (0.99, 1.03)

19 (61.3) 1.93 (0.85,439)

Hearing device, unaided, n (%) 13 (41.9) 091 (0.39, 2.13) 0836
Communication mode, speech 25 (807) 472(063,3512) | 013
only, n (%)
School, mainstream = special
unit, 7 (%)
Additional health needs, 7 (%)

22 (709) 330 (0.99, 11.02)

31 (100.0) 167 (129, 2.17)

Early concerns, n (%), (n=100)
Communication 467 098 (0.28339) | 0975
Gross motor 5(333) 336 (097, 11.70) | 0056
Fine motor 4267 307 (081,1169) | 01
Problem solving 4267 273 (073,1022) | 0137
Social/ Adaptive skill 4(267) 307 (081, 1169) | 01

aNcnbirs too small foF aRshsis
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Audiological characteristics

Unilateral HL,
n=96

Mild HL,
n=73

Hearing device, n (%)

Unaided

57 (65.5)

9 (17.6)

Hearing aids only
Cochlear implant

27 (31.0)
3(34)

39 (76.5)
3(59)

Age at first fitting of hearing aid

Median (IQR), months

240 (47.0)

167 (26.3)

<36 months, n (%) [

20 (513)

53 (84.1)

Age of cochlear i

(n=6)

Median (IQR), months. [

300 (38.0)

410 (9.0)

<36 months, 1 (%) |

2 (66.7)

1(333)

Outcomes, mean (SD); median (IQR)

Emotional/behavioral
Difficulties scores

9.8 (6.4); 8.0 (8.0)

9.6 (6.4); 9.0 (7.5)

(%)

17 (17.7)

14 (192)

HRQOL scores,

Total

738 (18.5); 772 (23.9)

74.6 (185); 788 (265)

Physical health
Psychosocial

793 (25.3); 895 (31.0)

715 (16.1); 717 (25.0)

78.1 (24.9); 880 (34.0)
729 (17.3); 75.0 (242)

Emotion

682 (18.4); 70.0 (25.0)

70.1 (18.9); 75.0 (28.8)

S
School

76.3 (21.2); 80.0 (35.0)

701 (17.8); 75.0 (30.0)

76.2 (21.7); 800 (35.0)
725 (18.8); 750 (25.0)

Parent psychological distress
(K6) scores

15.9 (3.6); 16.0 (4.0)

15.1 (3.7); 140 (5.0)
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Parents/Guardians

Children Aged 6-16

PIS PIS
Consent
Consent and assent

Demographical
Questions

PedsQL™-MFS
(parent proxy)

VFS
(parent proxy)

PROMIS Fatigue
(parent proxy)

PedsQL™-MFS

PROMIS Fatigue
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Unilateral/Mild Moderate-
profound HL

N=169 N=170
Child Characteristics
Age at diagnosis of HL (months) -
mean (SD)
Age at SDQ completion (years) - 80 (22) 84.(23)
mean (SD)

2.1 (46) 26 (86)

Age group at SDQ (%)
5-6 years 52 (30.8) 42 (24.7)
7-12 years 117 (69:2) 128 (75.3)

Gender, male—n (%) 90 (53.3) 93 (547)

Family characteristics; n (%)

Maternal education

Year 11 or less 10 (5.9) 20 (11.8)
Year 12 51 (30.2) 41 (241)
Tertiary or postgraduate 71 (42.0) 58 (34.1)
Unreported 37 219) 51 (30.0)
SEIFA disadvantage index'- mean 1,0139 (71.1) 1,012.8 (65.3)
(SD)
Family history of HL 17 (10.1)
138 (81.7)

10 (5.9)
126 (74.1)

English as primary language at
home

Audiological/Medical characteristics, n (%)
Degree of HL
Unilateral-mild® 14 (8.3)
Unilateral-moderate” 19 (11.2)
Unilateral-severe” 16 (9.5)

Unilateral-profound” 37 (21.9)
Unavailable 10 (5.9)
Bilateral mild® 73 (43.2)
Bilateral-moderate® 63 (37.1)
Bilateral-severe” 32 (1838)
Bilateral-profound 49 (288)

Unavailable 26 (153)

Hearing device
Unaided 66 (39.1) 11 (65)
Hearing aid/s only 66 (39.1) 57 (33.5)
Cochlear implant 6(5) 80 (47.1)
Unreported 31(183) 2(129)
Age hearing aid first fitting
Median (IQR), months 210 (43.0) 41 (9.0)
<36 months, n (%)°  70(686) T 141 (940)

Age of cochlear i
Median (IQR), months | 35025
<36 months, n (%)" )
Hearing loss types
Sensorineural 123 (72.8) 130 (76.5)
Auditory neuropathy 7(4.2) 17 (10.0)
Mixed 21 (12.4) 20 (117)
Permanent conductive 10 (5.9) 1(06)
Atresia 8(47) 2(12)
C lication mode
Speech only 143 (84.6) 114 (67.1)
Sign language (Auslan) only 0 6(35)
i sign and speech 3(1.8) 13 (7.6)
Non-verbal/Key word signing/ 1(06) 10 (5.9)
gestures.
Unreported 22 (13.0)
School
Mainstream * special unit 139 (82.2) 118 (69.4)
School for DHH 2(1.2) 15 (8.8)
Special school for children with 5(3.0) 20 (11.8)
disabilities
Others 5(3.0) 3(18)
Unreported 18 (10.6) 14 (8.2)
Additional health needs 131 (77.5) 124 (72.9)

180 (21.0)
62 (77.5)

27 (159)

Early concerns <36 months?

C 27 (27.0) 47 (547)
Gross motor 16 (16.0) 23 267)
Fine motor 13 (13.0) 24 (279)
Problem solving 14 (14.0) 25 (29.)
Social/Adaptive skill 13 (13.0) 21 (24.4)

*Socio-Economic Indexes for Areas (SEIFA) Index of Relative Socio-Economic

Disadvantage (national mean 1,000, SD 100, with higher values representing less
disadvantage).

>Degree of HL in the worse ear.

“Degree of HL in the better hearing ear.

“Total number may vary from total participants.
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Parent distress

Norm(ref)

59 (4.3)

Unilateral/ mild HL

Mean (SD)
155 (3.6)

Effect size

(SMD) (95% CI)
2,64 (227, 3.0)

p-value

Moderate- profound HL

Mean (SD)
150 37)

Effect size

(SMD) (95% Cl)
2.44 (2.08, 2.80)

p-value

HRQOL

Total

813 (159)

741 (18.4)

~0.39 (=054, ~0.23)

728 (179)

~0.47(=0.63, ~0.31)

Physical health

833 (20.0)

7838 (23.9)

—0.18 (=022, ~0.03)

784 (239)

—0.21(~0.36, —0.05)

Psychosocial

802 (15.8)

721 (16.6)

~0.49 (<0.65, ~0.33)

699 (17.6)

—0.78(~0.93, ~0.59)

Emotion

803 (17.0)

68.9 (18.6)

—061(=0.77, ~0.44)

697 (19.3)

~055(=0.71, ~0.38)

Social

82.2 (20.1)

763 (21.4)

—0.28(0.43, ~0.12)

717 (23.1)

—0.46(-0.61, —030)

School

76.9 (20.2)

71.1 (18.2)

—0.32(—0.47, -0.16)

685 (18.8)

—0.45(—0.61, —0.29)
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Presence or absence of reported etiology

95% Cl
(=5.69, 9.09)

p-value

Degree of hearing loss at diagnosis

(-0.14,0.13)

Ongoing middle car problems

(=20.76, —0.67)

Hearing device fitting

(=954, 6.67)

Presence or absence of children’s
behavioural issues

(4.94, 21.30)

Presence or absence of other faced
challenges

(~19.69, 10.95)

Family availability

(=302, 21.48)

Adjusted R

*Deriict sionaficance st 0.05 probability evel.
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Frequency (Hz)

1,0( 2,000
Available data points (n) 91 72

Number (%) of children demonstrating hearing change
Deterioration 220 dB 30 (39.5%) 28 (30.8%) 18 (25.0%) 19 (21.6%)
210 and <20 dB 16 (21.1%) 30 (33.0%) 13 (18.1%) 15 (17.0%)
subtotal 46 (60.6%) 58 (63.8%) 31 (43.1%) 34 (38.6%)
Improvement 220 dB 5 (6.6%) 4 (4.4%) 5 (69%) 9 (10.2%)
210 and <20 dB 9 (11.8%) 8 (8.8%) 9 (125%) 11 (125%)
subtotal 14 (18.4%) 12 (132%) 14 (194%) 20 (22.7%)
Any hearing change (include deterioration or improvement) 220dB 35 (46.1%) 32 (35.2%) 23 (31.9%) 28 (318)
210 and <20 dB 25 (32.9%) 38 (41.8%) 22 (30.6%) 26 (29.5%)
Total 60 (79%) 70 (77%) 45 (62.5%) 54 (61.4%)

Average change of hearing level in dB.
Deterioration Mean (D) 289 (194) 239 (169) 28.7 (184) 26.1 (166)
Improvement Mean (SD) 189 (11.3) 188 (11.7) 189 (12.9) 22 (120

Difference p-value* 0011 011 0024 015

Mndensndint Samples [asts were (i 16 compare the averaoe chiance of hisarng level betwesn the two datsroration and Improvernent aroups at esch frequency:
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Definition of progressive hearing loss

Number (%) of children with hearing loss changes

in the present study

Deterioration (n, %) No (n, %)
Definition 1 | criterion (1): a decrease in 10 dB or greater at two or more 71 (78.0%),[Including 55 (60.4%) children who met 20 (22.0%)
adjacent frequencies between 0.5 and 4 kHz, or criterion (2):a | criterion 1; and an additional 16 (17.6%) children
decrease in 15 dB o greater at one octave frequency in the same | who met criterion 2]
frequency range Proportion of children progressed to severe to
profound loss 52/71 (73.2%)
Deterioration (n, %) Stable® | Improvement®
(n, %) (n, %)
Definition 2 | a change of 20 B in the three frequencies (500, 1,000, and 24 (26.4%) 65 (71.4%) 2 (22%)
2,000 Hz) pure-tone average Proportion of children progressed to severe to
profound loss 22/24 (91.7%)

“Definition of stable: the three-frequency (500, 1,000, and 2,000 Hz) average hearing level (3FA HL) of the behavioral results is less than 20 dB difference (either increase or

decrease) from the diagnostic results,

bDefinition:of ENprovement: an increase of graster tian of sausl 1o 20 dB fe. >20dB imbrosrment) i the. 3FA HL
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Characteristics Definition 1* Definition 2°

Deterioration No Deterioration No
(n=71) deterioration ( 4 deterioration
(n=20) (n=67)

Gender

Female [ 45 | 37 | 8 | 14 31

Male | 46 [ 34 | 12 | 10 36
Hearing loss ear

Left | 48 | 36 | 12 | 15 33

Right [ 3 | 3 | 8 | 9 34
Degree of HL at diagnosis

High frequency 1 1 0 0 1

Mild [20-40 dB] 15 1 4 X 12

Moderate [41-55 dB] 12 10 2 10 2

Moderate to Severe [56-70 dB] 2 18 5 7 16

Severe [71-90 dB] 14 1 3 6 8

Profound (>90 dB) 26 20 6 6 20
Hearing device®

Fitted [ 62 | 9 | 13 | 18 M

Not fitted [ 29 [ 2 | 7 | 6 2
Etiology

Absent or abnormal auditory nerves 10 8 2 | 5 5

Atresia/Microtia 9 2 7 | 0 9

oMV 8 6 2 4 4

LVAS 4 4 0 2 2

Syndromic 4 2 2 0 4

No reported etiology 56 4 7 13 43

*Definition 1 criterion (1): a decrease in 10 dB or greater at two or more adjacent frequencies between 0.5 and 4 kHz or criterion (2): a decrease in 15 dB or greater at one
octave frequency in the same frequency range.

*Definition 2: a change of >20 dB in the three frequencies (500, 1,000, and 2,000 Hz) pure-tone average.

CHaaring device fitied o ot fithed befors he first bekimioural audiogra.
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Characteristics Children

Gender
Male, n (%) [ 46 (50.5%)
Female, n (%) | 45 (49.5%)
Birthweight, kilograms
Mean (SD) 32 (065)
Median 33
Interquartile range (IQR) 29-36
Missing data, n (%) 18 (14%)
Gestation, weeks
Mean (SD) 381 (28)
Median 390
QR 37-40
Missing data, 7 (%) 16 (17.6%)
Age at diagnosis, months
Mean (SD) 21(12)
Median 17
QR 6
Affected ear at diagnosis
Left ear, n (%) | 48 (52.7%)
Right ear, n (%) | 43 (47.3%)
Etiology, n (%)
Absent/abnormal auditory nerve 10 (11%)
Atresia/Microtia 9 (10%)
Cytomegalovirus (CMV) 8 (9%)
Large vestibular aqueduct syndrome (LVAS) 4 (4%)
Other syndromes 4 (4%)
No reported etiology 56 (62%)
Degree of hearing loss at diagnosis’, n (%)
High frequency 1(11%)
Mild [20-40 dB] 15 (16.5%)
Moderate [41-55 dB] 12 (13.2%)
Moderate to Severe [56-70 dB] 23 (25.3%)
Severe [71-90 dB] 14 (15.4%)
Profound (>90 dB) 26 (28.6%)
Hearing device fitting, n (%)
Before the first reliable behavioural audiogram 62 (68.1%)
One month within the first reliable behavioural 2 (22%)
5 months after the first behavioural audiogram 5 (55%)
Not fitted by time of the study 22 (24.2%)

*Degree of hearing loss was categorized as: high frequency loss only: >25 dB eHL
at >2 frequencies above 2 kHz (23); mild hearing loss: 20-40 dB; moderate
hearing loss: 41-55 dB; moderate severe hearing loss: 5670 dB; severe hearing
loss: 71-90 dB: profound hearing loss: >90 dB (23, 25).
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Subject | AC PTA, | BC PTA, | AC PTA, aided | AC PTA, better
D imp imp imp (dB HL) ear (dB HL)
(dB HL) | (dB HL)

185
16.0
29.1
17.3

427

17.5
322
312
30.1
183
19.6
427
160
64249 248+8.7

imp, impaired ear; PTA,, pure-tone average; AC, air conduction threshold; BC
bone conduction threshold.
Air conduction thresholds of the better ear are also presented.
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Subject ID AC PTA, SLA unaided (El) SLA aided SLA benefit SRT unaided SRT aided SRT benefit

(dB HL)? (El) ) (dB) (dB)
1 65 0410 0.330 ~0.080 -5.1 -9.1 -40
2 65 0.520 0.340 —0.180" —86 =73 13
3 65 ot o o —74 -85 -09
4 65 0470 0.360 —-0.110 -9.7 —6.7 30
5 66 — — — -54 -03 41
6 65 0630 0.360 -0270° — - -
7 61 0.330 0.330 0.000 =95 -102 -23
8 63 0360 0.450 0.090 -108 -12.7 =19
9 74 0870 0.420 ~0.450° -03 —64 -59
10 53 0360 0.280 ~0.080 -79 -57 22
1 64 0377 0423 0.046 -121 -118 03
Max 74 087 045 ~0.450 -121 -127 -59
Min 53 033 0.28 0.090 -03 —03 4.1
Mean + SD 642+49 0.48+0.17 037 0.05 —-0.11+0.17 -7.7+34 -79+35 —0.41+-3.18

A more negative SRT value indicates a better performance. There was no significant benefit from amplification on SLA or SRT on a group level (p > 0.05, Wilcoxon matched
pairs). Three individuals showed significant intra-individual change in SLA when comparing unaided to aided scores (a change of + 0.12 being statistically significant in
infants (p <0.05).

“Unaided air conduction thresholds of the atretic ear

“Significant intra-individual change p <0.05.
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Total PEACH score | Quiet domain %, Noise domain %,
%, mean (SD) mean (SD) mean (SD)

Uniaded | Aided | Unaided | Aided | Unaided | Aided

e

Results were significantly higher in the quiet domain than in the noise domain i
the unaided and in the aided condition (p<0.05, Wilcoxon matched pairs)

here was however no significant effect from amplification in any of the
irs).
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Subject Device | Processor| Age at fitting Age at testing Duration of device use | Usage | Gender | Atretic
ID

side
1 PC Baha 4 175 7.1 57 75 M R
3 PC Baha 5 233 101 78 52 M R
3 PC Ponto Pro 283 81 53 = M R
4 PC Baha 5 283 85 48 75 M R
5 Softband | Ponto Pro 05 53 49 66 F L
6 PC Baha 5 042 55 52 57 M R
7 Softband. Baha 5 125 85 72 53 M R
8 BAHA Baha 5 017 99 72 03 M R
Attract

9 Softband | Baha 5 SP 025 511 56 11 F R
10 PC Baha 5 20 78 55 42 M R
1 PC Baha 5 233 10.10 845 = M

Mean = SD 1510 79+19 63213 4826

PC. percutaneous fixture.
Al study participants were initially fitted with a BCD on softband. The time of surgery for a percutaneous device or BAHA attract was unavailable to the authors
s for reading the computer g of the device not Rincioning.
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Age 2 years

Overall

Expressive vocabulary (SSLM)

Mean

SD 95% Cl
(88.22, 92.74)

By hearing loss

Bilateral:

(8434, 92.45)

Unilateral:

(83.13, 108.32)

(8032, 92.32)

(8891, 100.89)

(8554, 98.15)

ANSD (unilateral)

Age 5-7 years

Overall

CELF Rec:

Mean

(8667, 96.42)
alling sentences

SD 95% Cl
(7.4, 867)

95% ClI
(87.34, 94.36)

By hearing loss

Bilateral:

(5.83, 8.02)

(7521, 89.44)

Unilateral:

(4.33, 10.87)

(7235, 105.12)

Moderate

(7.59, 10.78)

(88.83, 10085)

Severe

(7.66, 11.51)

(86.64, 105.67)

Profound

(7.16, 9.31)

(8924, 102.1)

ANSD (unilateral)

Age 9-12 years

Overall

CELF Rec

Mean

(6.63, 10.65)

alling sentences

SD 95% Cl
(7.32, 9.65)

(93.01, 108.74)

95% Cl
(9237, 104.46)

By hearing loss

Bilateral:

Unilateral:

Moderate

Severe

Profound

ANSD (unilateral)
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Age 2 years
Overall

PedsQL Total score

Median

IQR

95% Cl

PedsQL Physical score

Median

| 16952, 9286] | (8333, 86.67) | 9500

IQR

95% Cl

PedsQL Psychosocial score

Median

| (7000, 100.00] | (95.00, 100.00) | 80.00

IQR

| 170,00, 90.00]

95% Cl

(78.57, 82.50)

By hearing loss

Bilateral: | Mild

(70.00, 91.41]

(7927, 86.67)

95.00

[70.00, 100.00]

(90.00, 100.00)

80.00

[69.46, 89.29]

(75.00, 82.50)

Unilateral: | Mild

(6583, 95.83]

(63.33, 96.67)

100.00

[80.00, 100.00]

(75.00, 100.0)

8250

[60.63, 93.75]

(60.00, 95.00)

Moderate

(6833, 91.67]

(7333, 90.48)

95.00

60.00, 100.00]

(70.00, 100.00)

80.00

[70.00, 90.00]

(72.50, 87.50)

Severe
Profound

(8036, 94.17)
[55.00, 89.40]

(81.67, 92.86)
(58.33, 88.33)

100.00
90.00

8250, 100.00]
[45.00, 100.00]

(90.00, 100.00)
(50.00, 100.00)

85.00
80.00

[75.00, 92.50]
[63.39, 85.36]

(77.50, 89.29)

| (67.50, 85.00)

ANSD (unilateral)

[80.00, 93.33]

(8333, 90.48)

100.00

[88.75, 100.00]

(90.00, 100.00)

[76.88, 90.00]

(78.57, 87.50)

Age 5-7 years

Overall

| 15667, 8667]

(73.33, 80.00)

60.00, 100.00]

| (90.00, 95.00)

[60.00, 82.50]

(65.00, 72.50)

8y hearing loss

Bilateral: | Mild

(5417, 86.67]

(65.00, 85.00)

[51.25, 100.00]

(75.00, 100.00)

[60.00, 84.38]

(65.00, 80.00)

Unilateral: | Mild
Moderate

[51.67, 80.42]
[63.33, 85.83]

(41.67, 81.67)

(6167, 86.67)

[47.50, 100.00]
[65.00, 97.50]

(40.00, 100.00)
(65.00, 100.00)

(5438, 72.50]
[62.50, 81.25]

(45.00, 72.50)

(6250, 82.50)

Severe

(5083, 82.50]

(45.00, 83.33)

[45.00, 100.00]

(40.00, 100.00)

[58.75, 76.

(55.00, 72.50)

Profound
ANSD (unilateral)

[66.67, 85.83]
(73.33, 90.00]

(71.67, 85.00)
(5667, 91.67)

[80.00, 100.00]
[90.00, 100.00]
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By hearing loss
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[81.25, 100.00]
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Severe
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Age 2 years Age 5-7 years Age 9-12 years

N=255 N=173 N=45
Missing®, n (% Missing®, n (%) Missing® n (%)
Hearing-related characteristics
Age at detection/diagnosis 21 (824) 120(120,1.20] 9 (5.20) 120 (1.20, 2.40) 3(667) 150 (1.1, 2.40)
(months)—median [IQR]
Hearing loss severity—n (%) 0(0) 0(0) 0(0)
Bilateral: Mild 93 (36.47) 63 (36.42) 12 (2667)
Unilateral: | Mild 18 (7.06) 14 (8.09) 5 (1L.11)
Moderate 34(13.33) 25 (14.45) 6(1333)
Severe 35 (13.73) 21 (12.14) 8 (17.78)
Profound 35 (13.73) 34 (1965) 12 (2667)
ANSD (unilateral) 40 (15.69) 16 (9.25) 2 (444)
Type of hearing loss—n (%) 1(0.62)
SNHL 199 (78.04) 144 (83.72) 28 (84.44)
Auditory neuropathy 40 (16.59) 16 (9.30) 2 (444)
Mixed HL 8 (3.14) 5291 122
Conductive HL 5 (1.96) 7 (407) 4(889)
Not available/applicable 3(1.18) 0(0) 0 (0)
Amplification status at time of 44(17.25) 25 (14.45) 4(889)
survey—n (%)
No device 117 (55.45) 67 (4527) 24 (58.54)
Hearing aid(s) only 89 (42.18) 76 (51.35) 17 (41.46)
CI (unilateral or 4(1.90) 0(0) 0(0)
bilateral) only
Hearing aid and CI 1(0.47) 5(338) 0(0)
Frequency of device use at 3319 31(38.27) 4(2353)
time of survey: n = 94/81/17
<4h 24 (26.37) 1(200) 0 (526)
4-8h 39 (42.86) 17 (34.00) 7 (53.85)
>8h 28 (30.77) 32 (64.00) 6 (46.15)
Age first device fitted 129 (50.59) 600 (3.00, 92 (53.18) 18.00 (6.0, 46.00) 22 (48.89) 24.00 (9.00, 54.50)
(months)*—median (IQR) 12.75)
Enrolled in carly intervention
services
Ever—n (%) 36 (14.88) 107 (48.86) 72 (41.62) 51 (50.50)
Age at enrolment— 160 (62.75) 800 [5.00, DNC DNC
median [IQR] 13.50]
D
Age at language assessment 58 (22.75) 214 (0.16) 19 (10.98) 6.90 (0.78) 8(17.78) 1127 (0.94)
(years)—mean (SD)
Age at PedsQL completion 2 (0.08) 231 (026) 36 (2081) 6.72 (0.79) 3(667) 1121 (099)
(years)—mean (SD)
Sex of child: Female—n (%) 0(0) 103 (40.39) 0(0) 76 (43.93) 0(0) 24 (53.33)
Sociceconomic disadvantage 0 100472 0(0) 1,007.17 (69.05) 0@ 1,023.93 (68.34)
(SEIFA)—mean (SD) (63.35)
Household income—n (%) 28 (9.80) 23 (13.29) 4 (8.89)
<$31,199 19 (8.37) 10 (667) 3032)
$31,199—$51,999 21 (9.25) 18 (12.00) 3(7.32)
$52,000—$103,999 94 (41.41) 75 (50.00) 20 (48.78)
>$104,000 93 (40.97) 47 (31.33) 15 (36.59)
Household primary 33 (1294) 42 (24.28) 29 (64.44)
language—n (%)
English only 113 (50.90) 75 (57.25) 11 (68.75)
Bilingual/multilingual 75 (33.78) 43 (3282) 2 (1250)
(English + other)
Other language(s) only 34 (1532) 13 (9.92) 3(1875)
Maternal education—n (%) 19 (7.45) 28 (16.18) 21 (53.33)
Year 10 or less 24 (10.17) 16 (11.03) 3 (12:50)
Year 11 12 (5.08) 6 (414) 1(417)
Year 12 61 (25.85) 51 (35.17) 11 (45.83)
Tertiary or postgraduate 139 (58.90) 72 (49.66) 9 (37.50)
Health-related i
Number of 122 (47.84) 67 (38.73) 15 (3333)
comorbidities—n (%)
None 54 (40.60) 35 (33.02) 8 (26.67)
1 45 (33.83) 29 (27.36) 7(2333)
2 22 (16.54) 22 (20.75) 8 (26.67)
3 or more 12 (9.02) 20 (18.87) 7(23.33)
NICU admissions: yes—n (%) 8(3.14) 48 (19.43) 9 (5.20) 26 (15.85) 122) 7 (1591)
Gestational age—mean (SD) 4(157) 38.46 (2.38) 0(0) 38.82 (243) 1(222) 39.02 (2.44)
Non-verbal IQ—mean (SD) DNC DNC 17 (9.83) 10251 (18.39) 2 (449) 100.00 (18.22)

‘Relative to sample size for each age point unless specified in the left-hand column
°Note the high level of missing information due to a large proportion of individuals most likely not ever having a device. However, this information was not collected via our
data collection tool so we are unable to quantify this.

DNC comresponds to a cell in which that data/information was not collected at that time point.
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Aetiology

Frequency (n=32)

Craniofacial abnormality 18
or absence of auditory nerve 7

Post-infection
Genetic 4
Birth complications 2
Caesarean section 8
NICU admission 7
Jaundice 3
Prematurity 3
Breech 2
Meningitis 1

NICU, neonatal intensive care unit

Birth complications were present in 22 cases of the children with UHL. More than
one birth complication may be documented for each child.
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(B) Hearing loss in relation to device type, n =45

HA, [ 9 0 0 0

BCD, n=20 0 | 5 1 3 1

CROS, n=16 [ 2 1 5 8

The severity of hearing loss is for the poorer ear only and is categorised according to the BSA guidelines,
*Canire- mrofiaiint orous: the poorer sars for chiltinen i this Srois Fe Fiot curfently baen tested (see Methods)
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Characteristic Study sample Stable HL Progressive HL

n=177 n=93 n=_84"
Sex, n (%)
Female 87 (49.2) 42 (452) 45 (53.6)
Male 90 (50.8) 51 (548) 39 (46.4)
Screening status
Exposed to screening 134 (75.7) 69 (74.2) 65 (77.4)
Not exposed to screening 43 (243) 24 (258) 19 (22.6)
Onset hearing loss, n (%)
C > 95 (53.7) 44 (473) 51 (60.7)
Late onset® 46 (260) 30 (323) 16 (19.0)
Acquired 7 (4.0) 6 (65) 1(1.2)
Unknown 29 (16.4) 13 (14.0) 16 (19.0
Age diagnosis (months), median (IQR) 41 (21,539) 243 (20, 589) 37 (22, 448)
Type of hearing loss, n (%)
Sensorineural 119 (67.2) 57 (613) 62 (73.8)
Mixed 23 (13.0) 10 (10.8) 13 (15.5)
Conductive! 35 (198) 26 (28.0) 9 (107)
PTA (4 frequency) at diagnosis (impaired/worse ear), mean (SD) 588 (28.5) 633 (30.3) 538 (303)
Degree of hearing loss at diagnosis (impaired/worse ear), n (%)
High frequency” 17 (96) 9(9.7) 8(95)
Mild (20-40 dB HL) 39 (220) 15 (16.1) 24 (28.6)
Moderate (41-55 dB HL) 33 (186) 18 (19.4) 15 (17.9)
Moderately severe (56-70 dB HL) 42(237) 25 (269) 17 (202)
Severe (71-90 dB HL) 23 (13.0) 9(97) 14 (167)
Profound (>90 dB HL) 23 (13.0) 17 (18.3) 6(7.1)
Risk factors at diagnosis, n (%)
Craniofacial anomalies 32 (18.1) 22 (23.7) 10 (11.9)
Syndromes (associated with HL) 9 (5.1) 3(32) 6(7.1)
Family history 9(51) 4(43) 5(6.0)
NICU 7 (40) 1(11) 6(7.1)
oMV 4(23) [ 4(48)
Meningitis 1(23) 3(2) 102
Oncology treatment 3(1L.7) 3(32) 0
No risk factors 109 (61.6) 57 (613) 52 (61.9)
Etiology, n (%)
ENT 1 iddle ear 28 (158) 22(237) 6(7.1)
ENT anomaly-inner ear 14 (79) 8 (86) 6(7.1)
Syndrome (associated with HL) 21(119) 8 (86) 13 (15.5)
Hereditary/genetic 15 (85) 8 (86) 7(83)
oMy 8 (45) 1(L1) 7(83)
NICU admission’ 5 (28) 1(L1) 4(48)
Meningitis 423) 332 1012
Oncology 3(17) 3(32) 0
Unknown 79 (44.6) 39 (419) 40 (47.6)
Total assessments, median (IQR) 7.0 (50,11.0) 60 (50,90 9.0 (6, 14.0)

‘Time to most recent audiogram (months), median (IQR) 589 (35.6, 92.0) 50.6 (326, 885) 643 (393, 92.2)
Age at most recent audiogram (months), median (IQR) 875 (55.1, 139.0) 82.2 (52.1, 139.0) 88.8 (55.9, 140.6)

CMV, cytomegalovirus; ENT, ear, nose, and throat; HL, hearing loss; NICU, neonatal intensive care unit.
‘Includes 7 children who developed hearing loss in the normal hearing ear; impaired ear remained stable.

°Early onset <6 months of age.

“Late onset: >6 months of age.

“Includes only permanent conductive hearing loss.

“Defined as >25dB HL at >2 frequencies above 2 kHz.

“The children with NICU admission had no other determined etiologies (e.g., syndrome) and had one of the JCIH treatments or conditions (ECMO, assisted ventilation,
ototoxic medication, and hyperbilirubinemia requiring exchange transfusion). A total of 16 children were admitted to the NICU but other children were classified in
spcific siolacic Gategories, &.0. 5 childnen with swndromes snd 6 childnin with cilier stiologies such s CMV and ENT sriomshyfinner sar:
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Factor Adjusted odds p-value
ratio (95% ClI)

Age at diagnosis 1.00 (0.98, 1.02)

Severity (PTA) at baseline 0.98 (0.96, 1.00)

Etiologic factors

ENT anomaly-external/middle ear 0.01 (0.00, 0.13)
ENT anomaly-inner ear 0.08 (0.01, 0.98)
Syndrome (associated with HL) 0.08 (0.01, 093)
Hereditary/genetic 0.05 (0.00, 0.71)
cMv? a

CMV, cytomegalovirus; ENT, ear, nose, throat; HL, hearing loss; PTA, pure-tone
average.

‘Insufficent number of participants for the regression model; 1 of 8 with CMV had
siabile henring loss
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E 1,000 Hz 2,000 Hz 4,000 Hz

Coefficient” p-value Coefficient prvalue Coefficient p-value Coefficient p-value
~0.18 (<035, ~0.02) | 0. .09 (<0.23, 04 . ~001 (-021,0.01) | 0. ~001 (=013, 0.11)
| 001 (-026,0.28) | 010(-013,033) | 0383 | —-001(-019,016) | 0.879 | 0.4 (-0.08,035)

Age at diagnosis (mos)
Severity (PTA) at baseline

Etiology factors
ENT ly ear | ~1896 (~41.70, 378) | 0.100 N/A —14.18 (—46.90, 18.53) | 0.388 | —4.44 (-27.18, 1831) | 0696
ENT anomaly-inner ear 047 (-2480,25.73) | 0971 | —7.41 (-3272,17.90) | 0556 | 693 (~736,2122) | 0335 | 617 (-12952529) | 0518

Syndrome (assodiated with HL) | —11.71 (=28.53, 5.11) | 0.167 | 300 (-14.16, 20.16) | 0.725 | 154 (-11.25,1432) | 0810 | -2.25(-1671,1221) | 0755
i 825 (=33.12,49.62) | 0.689 | 430 (-1412,2272) | 0638 | 062 (-1366,1491) | 0930 | —4.04 (1753, 945) | 0549
oMV 848 (=1219,29.15) | 0.412 | 7.63 (~1168,2693) | 0428 | 890 (-691,2471) | 0264 | 518 (-1341,2377) | 0577

CMV, cytomegalovirus; ENT, ear, nose, throat; HL, hearing loss; PTA, pure-tone average:
*In the table, coefficient refers to the difference in hearing level (at each frequency) for every 1 unit change in the factor examined (independent variable, €., age, severity),
in the model, only age at diagnosis at 500 Hz was significant, i.e, for each month later age of diagnosis, there was a very slight improvement in hearing. For the etiologic
(categorical) factors, the coefficient represents the amount of change in hearing level when the etiologic factor is not present vs. present. In the model, no coefficients
were statistioslly siorificat. L8, rio factors were atsociated with a differerce in hasring level ot ary freciency.
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Reason ineligible
Did not meet hearing threshold inclusion criteria
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Already decided to fit/not fit hearing aids
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Frequency of use | Not atall/rarely, | All day, n=36 (%
n=28 (%)

Hearing loss.
Mild 0(0) 0(0)
Moderate 25 13 (36)
Severe 1(125) 103)
Profound 1(125) 7(19)
Severe-profound* 4 (50) 15 (42)
Device used
BCD 3(375) 16 (44)
HA 3(37.5) 68
2 (25) 14 (39)

Degree of hearing loss is the hearing loss in their poor ear and is categorised
according to the BSA guidelines (see Methods). "All day" includes when the
device was reported to be worn all day in school.





