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Introduction: Candidacy criteria for cochlear implantation in the United States has expanded to include children with single-sided deafness (SSD) who are at least 5 years of age. Pediatric cochlear implant (CI) users with SSD experience improved speech recognition with increased daily device use. There are few studies that report the hearing hour percentage (HHP) or the incidence of non-use for pediatric CI recipients with SSD. The aim of this study was to investigate factors that impact outcomes in children with SSD who use CIs. A secondary aim was to identify factors that impact daily device use in this population.

Methods: A clinical database query revealed 97 pediatric CI recipients with SSD who underwent implantation between 2014 and 2022 and had records of datalogs. The clinical test battery included speech recognition assessment for CNC words with the CI-alone and BKB-SIN with the CI plus the normal-hearing ear (combined condition). The target and masker for the BKB-SIN were presented in collocated and spatially separated conditions to evaluate spatial release from masking (SRM). Linear mixed-effects models evaluated the influence of time since activation, duration of deafness, HHP, and age at activation on performance (CNC and SRM). A separate linear mixed-effects model evaluated the main effects of age at testing, time since activation, duration of deafness, and onset of deafness (stable, progressive, or sudden) on HHP.

Results: Longer time since activation, shorter duration of deafness, and higher HHP were significantly correlated with better CNC word scores. Younger age at device activation was not found to be a significant predictor of CNC outcomes. There was a significant relationship between HHP and SRM, with children who had higher HHP experiencing greater SRM. There was a significant negative correlation between time since activation and age at test with HHP. Children with sudden hearing loss had a higher HHP than children with progressive and congenital hearing losses.

Conclusion: The present data presented here do not support a cut-off age or duration of deafness for pediatric cochlear implantation in cases of SSD. Instead, they expand on our understanding of the benefits of CI use in this population by reviewing the factors that influence outcomes in this growing patient population. Higher HHP, or greater percentage of time spent each day using bilateral input, was associated with better outcomes in the CI-alone and in the combined condition. Younger children and those within the first months of use had higher HHP. Clinicians should discuss these factors and how they may influence CI outcomes with potential candidates with SSD and their families. Ongoing work is investigating the long-term outcomes in this patient population, including whether increasing HHP after a period of limited CI use results in improved outcomes.
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Introduction

Candidacy criteria for cochlear implantation in the United States has expanded to include children aged 5 years and older with severe-to-profound unilateral hearing loss (UHL), also known as single-sided deafness (SSD). As the procedure becomes more common, research turns toward optimizing outcomes and predicting benefit with cochlear implant (CI) use. These are important factors for identifying appropriate candidates, providing appropriate counseling, and supporting optimal performance with the CI.

There is a great deal of variability when it comes to CI outcomes for pediatric recipients. For that reason, factors that influence auditory and spoken language outcomes among children with bilateral hearing loss have been studied extensively. Factors typically associated with better CI outcomes include bilateral as opposed to unilateral implantation (Sharma et al., 2020; Eskridge et al., 2021), better pre-operative hearing performance (Niparko et al., 2010), quality parent-child interactions (Niparko et al., 2010; Duchesne and Marschark, 2019), favorable social determinants of health (Niparko et al., 2010; Duchesne and Marschark, 2019; Sharma et al., 2020), fewer comorbidities (Duchesne and Marschark, 2019; Sharma et al., 2020), and etiology (Black et al., 2011). Importantly, previous investigations of these factors were specific to children with hearing loss in both ears. It is unclear whether the same patterns would be observed for children with SSD and a CI.

Some factors that are most consistently observed to influence auditory and spoken language outcomes in children with bilateral hearing loss and could potentially impact CI outcomes in cases of SSD are related to time. Younger age at implantation is often cited as an important factor, with those implanted at younger ages achieving better outcomes in language, articulation, and speech recognition (Niparko et al., 2010; Black et al., 2011; Leigh et al., 2013, 2016; Tobey et al., 2013; Miyamoto et al., 2017; Duchesne and Marschark, 2019; Sharma et al., 2020; Chweya et al., 2021; Dettman et al., 2021; Culbertson et al., 2022). Performance has been found to increase with CI use over time (Green et al., 2005). Longer durations of deafness prior to implantation have been found to adversely impact speech recognition (Shea et al., 1990; Green et al., 2005; Park et al., 2021a). With the advent of datalogging, daily device use has emerged as a significant predictor of language and speech recognition (Easwar et al., 2018; Wiseman and Warner-Czyz, 2018; Park et al., 2019; Gagnon et al., 2021); longer daily wear time is associated with better performance. These time factors–age, time since activation, duration of deafness, and time wearing the device–are important to include in studies investigating CI outcomes.

There is discrepancy in the field as to whether cochlear implantation should be recommended for children with SSD who have longer duration of hearing loss. Some suggest restricting implantation in cases of SSD to less than 4 years duration of deafness, likely due to what is known about the development of audition in children with bilateral hearing loss (Rauch et al., 2021; Cushing et al., 2022). However, there is little evidence for these cut-offs in the literature (Cohen and Svirsky, 2019; Kurz et al., 2019; Benchetrit et al., 2021; Nassiri et al., 2022). Binaural hearing abilities continue to improve as children age into elementary school (Vaillancourt et al., 2008; Van Deun et al., 2010; Yuen and Yuan, 2014; Flanagan et al., 2021; Kane et al., 2021). Additionally, maturation of the auditory system has been observed into the teen years (Litovsky, 2015; Corbin et al., 2016). Studies of children with SSD who use CI allude to duration of deafness impacting outcomes, however, duration of daily device use was not included in their analyses (Arndt et al., 2015; Távora-Vieira and Rajan, 2015; Sladen et al., 2017; Zeitler et al., 2019; Rauch et al., 2021). In addition, many of these studies involve fewer than 15 participants with heterogeneous characteristics and varied test batteries. Age at implantation and time since activation are rarely used as a continuous variable in these studies, instead, participants are grouped by ranges of time, such as small groups of 3–4 children implanted between ages 1–3 years, 4–5 years, and over age 5 years (Rauch et al., 2021).

Daily device use was found to encompass 60% of the variability in language outcomes for children with bilateral hearing loss who use CIs (Park et al., 2019), yet it is rarely included as a dependent variable in studies of children with SSD who use a CI. While many studies report daily device use (Arndt et al., 2015; Távora-Vieira and Rajan, 2015; Zeitler et al., 2019; Ehrmann-Mueller et al., 2020; Ganek et al., 2020; Deep et al., 2021; Rauch et al., 2021), few include the amount of time the child listened with the device as a dependent variable. In a study of cortical lateralization in 22 children with SSD using a CI, Lee et al. (2020) found that greater daily device use in children with early onset SSD (e.g., prior to age 4 years) was associated with a change toward more typical lateralization in the brain from the CI ear. For those with later onset of deafness (e.g., after age 12 years), CI use was on average 3.8 h shorter than in the early onset group. Device use in general helped to keep the normal hearing ear from showing abnormal cortical responses, but limited use did not improve deterioration of the auditory pathways in the CI ear. The strengthening of auditory pathways continued over time for the early-onset group as well, however, the authors did not note the effects of age at test, age at onset, or duration of deafness.

Daily device use has been shown to influence CI performance in children with bilateral hearing loss (Easwar et al., 2018; Wiseman and Warner-Czyz, 2018; Park et al., 2019; Gagnon et al., 2021). The patterns of daily device use may differ for children with SSD than for children with bilateral hearing loss since children with SSD have the input from the normal-hearing ear to compare to the input from the CI. Children with SSD may perceive a lack of benefit or find the electric signal to be bothersome as compared to their normal-hearing ear, resulting in a lack of daily device.

The Hearing Hours Percentage metric (HHP) was developed in 2019 as a method to contextualize the amount of time CI users have access to sound as compared to their typically hearing peers (Park et al., 2019). It is calculated by finding the average amount of sleep for a typically developing child by age (Galland et al., 2012) and subtracting it from 24 h to establish the number of hours a child of a certain age is awake and hence has access to sound. The hours of device use is divided by the average awake time to calculate the HHP, the percentage of typical awake time that a child using a CI has access to sound. The influence of HHP for pediatric CI users with SSD remains unknown. In the case of SSD, the HHP would provide information about what percentage of the day is devoted to bilateral as opposed to unilateral hearing.

At our center, candidacy for cochlear implantation is considered for each ear individually. Therefore, children with various hearing loss configurations and threshold levels who are unable to benefit from acoustic amplification are considered for implantation. Since these children do not always have a profound hearing loss associated with deafness, we refer to these children as having unilateral hearing loss (UHL). Children with UHL are unique in that they have already established networks for spoken language development; thus one of the goals of CI use is to rehabilitate binaural hearing. It stands to reason that the amount of time they spend with bilateral input would be a significant factor impacting outcomes. The primary aim of the current study is to investigate time-related factors that may affect word recognition in the CI ear alone and spatial release from masking in children with UHL who receive a CI (UHL + CI; time since activation, duration of deafness, HHP, and age at activation). The secondary aim is to define time-related factors that impact daily device use in this population (age at testing, time since activation, duration of deafness, and the onset of deafness).



Materials and methods


Data acquisition

The clinical database was queried to identify children with UHL who received a CI before 18 years of age. Queried data included onset of moderate-to-profound UHL (congenital, progressive, or sudden), duration of UHL prior to implantation, age at CI activation, HHP at each post-activation visit, age at each visit, and all speech recognition data from monaural (CI-alone) and bilateral (CI plus NH-ear) listening conditions.

The test battery at the study site for pediatric CI recipients with UHL includes measures of speech recognition with the CI-alone and in the combined listening condition, as recommended by the American Cochlear Implant Alliance task force and endorsed by the American Academy of Audiology (Park et al., 2022). Briefly, speech recognition with the CI-alone is assessed with a recorded 50-word CNC list (Peterson and Lehiste, 1962). The materials are presented via direct audio input (DAI) and the children are allowed to adjust the input volume to a comfortable level while listening to practice stimuli. This method has been found to provide valid results (Sevier et al., 2019), particularly when compared to using contralateral masking in children with UHL (Park et al., 2021b) and has been used in other pediatric UHL + CI studies (Deep et al., 2021). Performance is scored as the percentage of words repeated correctly. Speech recognition in the combined condition (CI plus the contralateral normal-hearing ear) is evaluated with a spatial hearing task in a sound booth using the recorded BKB-SIN test materials (Bench et al., 1979) presented at 60 dBA. Performance is evaluated in two target-to-masker configurations: (1) speech and masker collocated from the front speaker (0° azimuth) and (2) speech from the front and masker directed 90° toward the NH-ear. This condition poses a challenge for patients with UHL. Performance is scored as the dB SNR-50 where the listener recognizes approximately 50% of the target speech. For the present study, benefit was evaluated as the spatial release from masking (SRM), which is the improvement in speech recognition when the masker is offset from the target speech. SRM was calculated by subtracting the score obtained in the spatially separated condition from the score obtained in the collocated condition.



Data analysis

Two linear mixed-effects models evaluated time-related effects on performance in children with UHL + CI. One model evaluated the effects on CNC word scores, transformed to RAU, and the other on SRM. Both models included time since activation, duration of deafness, HHP, and age at activation as potential predictors. Two children were excluded from the speech recognition analyses due to outlier status. They were the only children in the sample who were implanted under 3 years of age–both undergoing implantation before 12 months of age due to meningitis. Each participant had multiple points included in the analysis since data were obtained from multiple post-activation visits, yielding a total of 198 data points from 50 subjects for the CNC analysis and 97 data points from 50 subjects for the SRM analysis. Subject was included as a random factor to account for this.

A linear mixed-effects model evaluated the influence of age at testing, time since activation, duration of deafness, and the onset of deafness on HHP. Similar to the speech recognition analyses, each participant had multiple points included in the analysis. There were a total of 562 data points from 97 subjects. R statistical software (R Core Team, 2021) was used with the subject as a random factor. Time since activation and duration of deafness were Log2 transformed for all analyses due to violations of normality. Age at activation and was also Log2 transformed in the speech recognition analysis to address normality violations. All analyses allowed for the evaluation of each individual variable while controlling for the other variables in that model.




Results


Factors that influence performance

Descriptive data are listed in Table 1. The database query identified 97 patients who underwent cochlear implantation at the study site between 2014 and 2022. The median time since activation at the point of data collection was 6 months for the full dataset (range = 2 weeks–6.7 years). Age at activation ranged from 6 months to 17.7 years (Median = 5.9 years) and duration of deafness ranged from 2 months to 14.0 years (Median = 3.7 years). Children implanted under 5 years of age and children with greater than 10 years of deafness were implanted off-label.


TABLE 1    Participant demographics.
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The results of the linear mixed-effects model assessing the factors that influence CNC word scores with the CI alone are listed in Table 2 and plotted in Figure 1 using standard percent correct units. Estimated correlations of fixed effects are available in Supplementary Table 1. Children in this model ranged from 3.8 to 17.9 years of age (M = 8.3 years, SD = 1.1). The mean CNC word score obtained in the CI ear alone was 39.6% (SD = 23.4). A significant positive relationship with CNC words was observed for both time since activation (Median = 1.0 year, IQR = 0.5–1.9, p < 0.001) and HHP (M = 55.4%, SD = 23.2, p = 0.003). Age of activation was not a significant predictor of CNC word scores (p = 0.052). There was a significant negative correlation between the duration of deafness (Median = 3.6 years, IQR = 2.4–4.9) and CNC words scores (p = 0.035). Together, these results indicate that better CNC word scores are observed for pediatric CI users with UHL who have shorter durations of deafness prior to implantation, a longer time period since activation, and a higher HHP. Age at activation did not significantly predict word recognition in this cohort.


TABLE 2    Results of the linear mixed-effects model investigating factors that influence word recognition in the cochlear implant (CI) ear alone.
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FIGURE 1
Effects of time since activation [(A); p < 0.001], Hearing Hours Percentage [HHP; (B); p < 0.001], age at activation [(C); p = 0.052], and duration of deafness [(D); p = 0.003] on CNC word scores. All variables were treated as continuous variables in the analysis but are separated into categories by quartiles for illustration. CNC words were converted to RAU prior to analysis. Duration of deafness, age at activation, and time since activation were Log2 transformed prior to analysis. All are shown here as with traditional units.


Results of the linear mixed-effects model assessing the influence of the time-related factors (i.e., time since activation, duration of deafness, age at activation, and HHP) on SRM are listed in Table 3 and plotted in Figure 2. Estimated correlations of fixed effects are available in Supplementary Table 2. Children in this model ranged from 4.1 to 17.9 years of age (M = 8.0 years, SD = 3.2. The only factor reaching significance in this model was HHP (M = 54.9%, SD = 23.7, p = 0.043). Time since activation (Median = 1.0 year, IQR = 0.7–2.0, p = 0.392), duration of deafness (Median = 3.8 years, IQR = 0.5–5.4, p = 0.795), and age at activation (Median = 5.8 years, IQR = 4.6–8.0, p = 0.767) did not have a significant influence on children with UHL + CI.


TABLE 3    Results of the linear mixed-effects model investigating factors that influence sentence recognition in spatially separated noise.
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FIGURE 2
Effects of time since activation [(A); p = 0.639], Hearing Hours Percentage [HHP; (B); p = 0.043], age at activation [(C); p = 0.767], and duration of deafness [(D); p = 0.795] on spatial release from masking (SRM) when the masker is directed toward the better hearing ear. All variables were treated as continuous variables in the analysis but are separated into categories by quartiles for illustration. Duration of deafness, age at activation, and time since activation were Log2 transformed prior to analysis. All are shown here with traditional units.




Factors that influence device use

As HHP was the only factor associated with outcomes in both above models, we decided to investigate the factors that may influence wear time. The results of the linear mixed-effects model assessing time since activation, duration of deafness, age at test, and onset of hearing loss on HHP are presented in Table 4 and plotted in Figure 3. Estimated correlations of fixed effects are available in Supplementary Table 3. The age at test ranged from 0.6 to 17.9 years. The mean HHP was 52.1% (SD = 23.6). There was a significant negative correlation with HHP and both time since activation (Median = 0.9 years, IQR = 0.2–1.2, p < 0.001) and age at test (M = 7.5 years, SD = 3.6, p < 0.001). Onset of deafness was also significantly negatively correlated with HHP (p = 0.001). Post hoc comparisons with Bonferroni corrections applied found no significant difference in device use between those with congenital (M = 52.9%, SD = 22.8) or progressive losses (M = 46.3%, SD = 27.0; p = 0.771). Children with sudden hearing losses (M = 59.4%, SD = 23.4) had a 13.1 unit higher HHP than those with progressive losses (p = 0.001) and a 6.5 unit higher HHP than those with congenital hearing losses (p = 0.010). Duration of deafness (Median = 3.7 years, IQR = 1.7–5.5) was not a significant factor in CI use when controlling for other variables (p = 0.577). Taken together, these findings suggest that children with UHL + CI wear their devices less as they age and as they move further from their activation day. Children with congenital and progressive deafness wear their devices less than those with a sudden onset of deafness. Duration of deafness does not appear to significantly impact daily device use.


TABLE 4    Results of the linear mixed-effects model investigating factors that influence Hearing Hours Percentage (HHP) in children with UHL + CI.
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FIGURE 3
Effects of time since activation [(A); p < 0.001], onset of deafness [(B); p = 0.001], age at test [(C); p < 0.001], and duration of deafness [(D); p = 0.577] on Hearing Hours Percentage (HHP). Independent variables of age, time, and duration were treated as continuous variables in the analysis but are separated into categories by quartiles for illustration. Duration of deafness and time since activation were both Log2 transformed prior to analysis. All are shown here as transformed data with traditional units.





Discussion

The primary aim of this study was to evaluate time factors that influence patient performance in children with UHL + CI. In this study, better word recognition was observed for pediatric CI users with UHL with longer time since activation, more hours of daily CI use, and shorter durations of deafness. Age at implantation did not significantly predict CNC word recognition with the CI in this sample. This may be due to the variability in the onset of severe-to-profound UHL.

Interestingly, the only time factor found to be associated with the amount of SRM children with UHL + CI experienced was HHP. An HHP value gives an estimation of how much time is dedicated to bilateral versus unilateral hearing each day. Inclusion of HHP values in future studies that assess true binaural hearing abilities (e.g., binaural squelch) may help to better understand the bilateral listening experience in this patient population. A consideration of the present data set is the use of the BKB-SIN, which has been shown to have a high degree of variability in children (Holder et al., 2016). Quality of life measures may be important to include as well as recent research suggests that children with longer durations of deafness and older age at implantation report subjective benefit (Zeitler et al., 2023). There is a need for other clinically applicable measures of binaural hearing abilities that are appropriate for children.

The second aim of this study was to define factors that impact daily device use in the pediatric UHL + CI population. The mean HHP of this cohort was found to be only 52%. Previous studies of device use in children with bilateral hearing loss have historically used hours of use rather than proportion of waking hours. Conversion from mean hours of use and mean age to HHP in those studies reveals an average HHP between 55 and 60% (Easwar et al., 2018; Wiseman and Warner-Czyz, 2018; Park et al., 2019; Deep et al., 2021), not particularly higher than the HHP found in this UHL cohort. Polonenko et al. (2017) surmised that the mean 6.2 h/day device use in their study of children with SSD + CI was shorter than what is typically seen in children with bilateral hearing loss. As that was a longitudinal study it is difficult to calculate the mean age of the participants, however, the first datalog was collected at a mean of 6.25 years of age. Conversion of 6.2 h of use and 6.25 years of age results in a 43% HHP, a number quite a bit lower than in other studies, including the current work.

Duration of deafness was not found to impact HHP. Age at test and time since activation, however, were both negatively correlated with HHP. Older children wore their devices for a shorter period of waking hours and overall use decreased over time. This finding is in contrast to other studies (Polonenko et al., 2017; Ganek et al., 2020; Deep et al., 2021) that stated that older children wore their devices more and use was consistent over time. While these studies reported datalogs of a much smaller number of children than the present work, the authors also relied on hours of use rather than HHP. As children are awake more as they age, it may be that HHP decreased in those samples. The maximum duration of time since activation in the present work was 6.7 years while the maximum in previous studies was 3.7 years. Additionally, our findings controlled for other factors (i.e., age at activation, duration of deafness, age at test, time since activation, and onset of hearing loss). Therefore, a 5-year-old child with a 3-year duration of sudden hearing loss prior to implantation and who had been using a CI for 1 year would have a higher HHP (predicted to be 91.2%) than a 14-year-old with a 3-year duration of sudden hearing loss prior to implantation and 1 year of CI use (predicted to be 31.8%).

The interplay of daily device use and performance is complicated. Does lack of use lead to poorer outcomes, or do poorer outcomes lead to a lack of device use? As plotted in Figure 4, our data suggests that it is likely the former. In this cohort, word recognition increased while HHP decreased. Following this decrease in use, CNC word scores decrease slightly over time but are mostly stable. Similar trends are noted for SRM, however, there is a larger decrease in the amount of SRM observed after the decline in daily device use is noted. For both measures, there is a slight increase in HHP observed in the later teen years. Future research investigating long-term daily device use and outcomes will be important as these children progress to adulthood.


[image: image]

FIGURE 4
Interaction between Hearing Hours Percentage (HHP) with CNC word scores (A) and spatial release from masking [SRM; (B)] as participants age.


Like other studies, we surmise that psychosocial factors play a role in the wear time of older children (Thomas et al., 2017; Deep et al., 2021). Adolescence brings social change and challenges that can make it difficult to accept an assistive device (Borman and Schneider, 1998; Blakemore and Mills, 2014). In cases of UHL, children can communicate with only one ear and no one needs to be made aware of their disability. When they receive a CI, wearing the external device makes the disability obvious and draws attention to their differences. Interestingly, this is not unique to hearing technology. Children with Type 1 Diabetes are less compliant with intervention in their teen years (Weissberg-Benchell et al., 1995) as are teens who use ankle-foot orthotics for walking support (Wingstrand et al., 2014). These findings draw attention to the need for appropriate counseling of candidates and recipients in this age group. Studies of adult CI recipients with UHL report that non-users tend to have unrealistic expectations pre-operatively and are overwhelmed with the amount of rehabilitation recommended for optimal outcomes (Távora-Vieira et al., 2020). In this study children with UHL + CI who had a sudden onset of hearing loss used their CI for a larger portion of their day than children with congenital or progressive hearing loss. This is not surprising as they have grown accustomed to bilateral hearing while their contemporaries are accustomed to unilateral hearing.

This study provides evidence of the impact of time variables on pediatric UHL + CI outcomes and the importance of daily device use. We have been able to present a large, diverse cohort of children with UHL + CI with maximum durations of deafness as long as 14 years, a maximum of over 6 years since activation, and a wide implantation age of 6 months to 17.9 years. When considering cochlear implantation for the pediatric UHL + CI candidate, duration of deafness should be an important part of counseling. The evidence presented here, however, does not support precluding CI consideration based on age or duration of deafness. The present data suggest that increasing daily device use positively influences outcomes. This is a factor that can be manipulated and potentially shaped through counseling on realistic expectations. Pediatric patients with UHL entering their teen years, should have realistic goals, a thorough understanding of what full-time device use means, knowledge of what the device looks like, and certainty that they are willing to commit to wearing the external device before deciding to pursue a CI.
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