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Introduction: The use of telehealth for cochlear implant (CI) and hearing aid service provision has the potential to provide efficient, effective, and equitable services to users. However, clinicians require evidence that remote technologies provide care that is equal, or superior to, standard delivery. There are many outcome measures used across audiology, however there is little consensus for a standardized approach to assessment. This systematic review aims to identify the outcome measures to assess remote technologies for CI and hearing aid users, as a first step in a larger project to develop a core outcome set for remote technologies in CI users.

Methods: A systematic search of seven electronic databases was conducted using a search strategy defined by PICOTS for the research question. Eligible studies were in English and published in 2012 onwards. Search strategy, selection, and data collection followed PRISMA 2020 guidelines.

Results: This systematic literature review of 49 articles revealed over 250 discrete outcomes. Outcome measures were grouped into core areas, outcome domains, and outcome sub-domains. Studies assessing remote technology for CI users assessed significantly more outcomes in the ear and labyrinth domain (43% vs. 10%) and studies assessing remote technology in hearing aid users assessed significantly more outcomes in the cognitive (28% vs. 5%) and emotional (35% vs. 10%) functioning domains. Outcome measures within the auditory functioning domain were also significantly different, with CI studies utilizing more speech perception measures (95% vs. 21%) and hearing aid studies utilizing significantly more self-reported outcome measures (73% vs. 19%).

Discussion: The inclusion of hearing aid studies was to ensure that all key outcome domains used within remote hearing rehabilitation were captured, as well as to compare differences in outcome domains between the two user groups. There were significant differences between studies of remote technologies for CI and hearing aid users. These results will inform the ongoing development of a core outcome set for remote technologies in CI users.

Systematic Review Registration: https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=370171, identifier: CRD42022370171.
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1 Introduction

Cochlear implant (CI) care has traditionally been provided face-to-face, often in centralized specialist locations via a fixed schedule of appointments with little opportunity for personalization. Over the last 5 years there has been an increase in digital technology options to deliver hearing services, including CI services (Kim et al., 2021; Muñoz et al., 2021). CI service options include synchronous telehealth options, including intraoperative CI telemetry, implant programming, assessment of speech recognition and electrode-specific measures (Bush et al., 2016), and asynchronous technology to support CI users with regard to management and review (Bush et al., 2016; Philips et al., 2018; Maruthurkkara et al., 2022). The use of telehealth for CI service provision has the potential to significantly improve the ability for CI services to provide efficient, effective, and equitable services to CI users in a personalized manner. However, despite its potential, the use of telehealth to provide CI services remains limited (Ravi et al., 2018; Fletcher et al., 2019; Bennett et al., 2023a; Chong-White et al., 2023).

The move of telehealth services from research to routine practice is often hampered by limited ability to integrate current clinical practices with telehealth provision, both in terms of clinical practice and funding (Morgan et al., 2022). As part of the translation to clinical practice, it is essential to demonstrate that remote service provision provides equivalent, if not superior, CI service compared to the current standard of face-to-face clinical care (D'Onofrio and Zeng, 2021). This is necessary both for regulatory purposes, as well as to ensure that CI service providers and users have sufficient trust and confidence in the outcomes of the telehealth service to consider using it (Bennett et al., 2024). The use of sensitive and clinically relevant outcome measures to evaluate CI service provision and CI performance delivered via remote technologies is vital to facilitate the provision of evidence-based health care services, allowing stakeholders to make informed decisions about how to best care for their patients (Woods and Burgess, 2021).

Within audiology, there are large numbers of outcome measures used to assess the effectiveness of CIs and hearing aids (Granberg et al., 2014; Akeroyd et al., 2015; Boisvert et al., 2020; Neal et al., 2022). For example, a recent review reported 6,714 discrete assessment measures for hearing ability alone, of which 139 were self-report measures (Neal et al., 2022). Yet there is little consensus among research and clinical professionals on which outcome domains should be assessed, let alone which measures should be used (PriceWaterhouseCoopers, 2017; Schaefer et al., 2017; Woods and Burgess, 2021; Allen et al., 2022). This non-standardized approach makes it difficult to compare results across different studies and services, for example in systematic reviews with meta-analyses.

Over the last decade there has been increasing development and use of core outcome sets (COSs; Clarke and Williamson, 2016). A COS is an agreed standardized set of outcome that should be measured and reported as a minimum dataset for a specific condition, ideally with input from end-users including patients, clinicians, and industry (COMET, 2022). There are several benefits of using a COS in addition to standardizing outcomes for systematic review, which include reducing outcome reporting bias, enhancing transparency and accountability in research, and in clinical decision-making including the development of national or international guidelines. Although a core outcome domain set (CODS) has been defined for hearing aids, which was developed with significant input from clients and consumers (Allen et al., 2022) and based on best practice guidelines (Hall et al., 2015), there is nothing similar for CIs.

The overall aim of this research was to develop a COS to evaluate remote technologies delivered within CI services. This was informed by a systematic approach used in the “roadmap” described by Hall et al. (2015), and successfully used by Allen et al. (2022) to develop a CODS for hearing aids. An important first step in this process is to synthesize the current evidence-base. Here, we present a systematic review for remote digital technologies and the associated outcome measures for both CI and hearing aid clients and services. Hearing aid studies were also included within this systematic review to ensure that all key outcome domains used within remote hearing rehabilitation were captured and considered. It was also deemed important to identify and understand any differences in outcome domains between hearing aid and cochlear implant remote technology.

This systematic review goes beyond the CODS developed by Allen et al. (2022) by also including outcome measures. Therefore, the aim of this systematic review is to identify the outcome measures that have been used to evaluate remote technologies for both cochlear implant and hearing aid users, as well as service outcomes for remote technologies.



2 Methods

This systematic review was prospectively registered with The International Prospective Register of Systematic Reviews (PROSPERO; ID: CRD42022370171). The method was guided by The Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) statement 2020 (Page et al., 2021). See Supplementary material 1.


2.1 Eligibility criteria

The inclusion and exclusion criteria were selected to answer the research question in relation to participants, intervention, comparator, outcome, timing and study design (PICOTS; Samson and Schoelles, 2012), as shown in Table 1. Additionally, eligible studies were English-language manuscripts published in 2012 onwards in peer-reviewed academic journals.


TABLE 1 Inclusion and exclusion criteria based on the PICOTS framework.
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2.2 Information sources

An initial systematic literature search was conducted on 24th October 2022 by KN via seven electronic databases: MEDLINE, Embase, CINAHL, PsycINFO, Web of Science, Scopus, and The Cochrane Library. Additional publications were sought by KN and EL via expert consultation, reference lists of relevant publications and citation tracking in Google Scholar. Automated search alerts were set up to capture new publications up until 30th January 2024.



2.3 Search strategy

Medical subject headings (MeSH) and manual search terms were used in conjunction with Boolean operators adapted to the requirements of each electronic database, with advice from an academic librarian at the University of Western Australia. Publications were limited to English and the date range was restricted to 2012 onwards. For the search strategy used in each database, see Supplementary material 2.



2.4 Selection process

Search results were exported from each electronic database to an Endnote library where duplicate publications were removed. Publications were imported into Covidence where two authors (KN and EL) independently performed title and abstract screening against inclusion and exclusion criteria (Table 1). Subsequent full text screening was independently performed by KN and EL with an interviewer agreement of Cohen's κ = 0.577 (95% CI: 0.377–0.777) indicating moderate agreement. Disparities (n = 12) were discussed and resolved with additional reviewers (MF and CS).



2.5 Data collection process

A data extraction template was created in Covidence Review Management Software based on the PICOTS for the study question. Two reviewers (KN and EL) independently extracted data from the included studies. One reviewer (EL) used the cross-checking function in Covidence to check for any discrepancies in the extracted data, of which there were only formatting differences found.



2.6 Data items

Items extracted following the PICOTS framework, including participant characteristics (age, gender, pre/post-lingual hearing loss, duration of hearing loss, hearing device, duration of device use, type of fitting e.g., unilateral, bilateral, and bimodal), intervention characteristics (service and delivery information such as description of remote digital technology, synchronous or asynchronous delivery, hybrid, clinician or client-led services, details of intervention purpose e.g., assessment, monitoring, validating, adjusting, and reporting), comparator characteristics (service and delivery information), outcome characteristics (definition and measurement scales for patient or service outcomes), timing (duration of follow-up), and study characteristics (study design, country, year, and purpose). It was planned that missing data would be requested from study investigators, however, this was not necessary.



2.7 Outcome taxonomy

Study outcome details, including the outcome measure, purpose, description, and unit of measurement, were extracted from all studies, and collated. Similar outcome measures were inductively grouped together (e.g., all measures of speech perception), and then classified deductively into the five core areas (death, physiological/clinical, life impact, resource use, and adverse events) and 38 outcome domains as described in the outcome taxonomy developed by COMET (Core Outcome Measures in Effectiveness Trials) and endorsed by Cochrane (Dodd et al., 2018). The proportion of outcomes from studies of hearing aid and cochlear implant remote digital technology were compared in each outcome domain using the “N-1” chi-squared test (Campbell, 2007). Given the heterogeneity of study outcomes and the purpose of the systematic review, further quantitative analysis and meta-analysis were not performed.



2.8 Study risk of bias assessment

Individual study quality was assessed using the Downs and Black Checklist for Measuring Study Quality that contains 27 questions assessing six domains: study quality, external validity, study bias, confounding and selection bias, and power of the study (Downs and Black, 1998). Twenty-six items are answered yes (assigning a score of 1) or no/unable to determine (assigning a score of 0), and one item is scored yes (2), partially (1), or no (0), resulting in a global score range of 0–28. In line with other systematic reviews, quality categories have been described as excellent (26–28), good (20–25), fair (15–19), and poor ( ≤ 14) (Hooper et al., 2008; Silverman et al., 2012). The checklist has shown good internal consistency (KR-20 = 0.89), test-retest reliability (r = 0.88), inter-rater reliability (r = 0.75) and criterion validity (r = 0.90; Downs and Black, 1998). The risk of bias assessment was performed by EL and 10.2% (n = 5) quality assessments were cross checked by MF.




3 Results


3.1 Study selection

The systematic search yielded 214 publications following the removal of 165 duplicate records (Figure 1). Title and abstract screening removed a further 153 studies, with 61 publications undergoing full-text screening against inclusion and exclusion criteria. Twenty-three studies were excluded for incorrect publication type or language (n = 8), inappropriate intervention characteristics (n = 6), lack of study outcomes (n = 2), incorrect participant sample (n = 5) and duplication (n = 2). Expert identification, searching reference lists and automated search alerts yielded a further 17 studies, of which three were subsequently excluded for not including hearing devices and three were excluded for using incorrect interventions. A total of 49 records were included in qualitative synthesis.
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FIGURE 1
 PRISMA 2020 flow diagram.




3.2 Study characteristics

Twenty-eight studies assessed the outcomes of remote digital technologies for hearing aids, 20 for cochlear implants and one study included both hearing aid and cochlear implant users. The CI and hearing aid cohorts were analyzed separately for this study, giving a total of N = 50 studies used in analysis. Together the studies included 2,724 participants fitted with hearing aids and 624 recipients of cochlear implants. Study publication years ranged from 2012 to 2024 and were conducted in the UK (n = 11), USA (n = 9), Australia (n = 6), Netherlands (n = 6), South Africa (n = 4), Brazil (n = 3), Sweden (n = 2), Turkiye (n = 2), Germany (n = 1), Belgium (n = 1), France (n = 1), Finland (n = 1), Israel (n = 1), Greece (n = 1), Italy (n = 1), and Denmark (n = 1). Study designs included randomized controlled trials (n = 14), pseudo- or non-randomized experimental designs (n = 9), prospective, within-subject, repeated measures studies (n = 12), prospective mixed-method studies (n = 3), qualitative studies (n = 4), a descriptive, cross-sectional study (n = 1), a retrospective cohort study (n = 1), process evaluation (n = 1), and a prospective (n = 1) and retrospective (n = 2) case-control study.

The purpose of the remote digital technologies included hearing aid fitting and programming (n = 15), cochlear implant processor mapping (n = 6), education and communication programs (n = 11), auditory training (n = 4), cognitive training (n = 2), and monitoring of hearing and speech perception (n = 21). Further descriptions of the study sample, participants, remote digital technology, and outcomes are provided in Supplementary material 3.

Together, the 49 studies reported over 250 outcomes which were deductively classified using the COMET taxonomy (Dodd et al., 2018) into core areas (n = 4), and outcome domains (n = 10). The number and percentage of hearing aid and cochlear implant studies are presented for each core area, outcome domain, and outcome sub-domain in Table 2. There were ten studies that reported qualitative results, all of which were categorized into the outcome domains of delivery of care, emotional functioning, and cognitive functioning. Studies of CI remote technologies were present in each of the outcome domains, and hearing aid studies were present in all but the adverse events outcome domain.


TABLE 2 Cochlear implant and hearing aid remote technology and service outcomes grouped into core areas, outcome domains and outcome sub-domains.

[image: Table 2]

The proportion of outcomes in each domain and sub-domain varied between studies of remote technologies for CI users and hearing aid users. Compared to studies with hearing aid users, there were significantly more CI studies that assessed outcomes in the ear and labyrinth outcome domain [X2 (1, N = 50) = 6.96, p = 0.008], and auditory functioning domain [X2 (1, N = 50) = 5.77, p =0.016]. Conversely, there were significantly more hearing aid studies that assessed outcomes in the cognitive functioning domain [X2 (1, N = 50) = 4.20 p = 0.040], and the emotional functioning domain [X2 (1, N = 50) = 4.09, p = 0.043]. There were no significant differences in the proportion of outcomes in the general physiological/clinical domain [X2 (1, N = 50) = 1.39, p = 0.238], delivery of care domain [X2 (1, N = 50) = 0.61, p = 0.437], social functioning domain [X2 (1, N = 50) = 1.48, p = 0.224], perceived health status domain [X2 (1, N = 50) = 0.11, p = 0.740], resource use domain [X2 (1, N = 50) = 0.27, p = 0.605], and adverse events domain [X2 (1, N = 50) = 1.39, p = 0.238].



3.3 Risk of bias in studies

The Downs and Black Checklist for Measuring Study Quality was used to investigate individual risk of bias and study quality for the included publications (Downs and Black, 1998). Ten studies were rated as good quality (Ferguson et al., 2016; Cullington et al., 2018; Gomez and Ferguson, 2020; Tao et al., 2020; Venail et al., 2021; Henshaw et al., 2022; Brewer et al., 2023; Coco et al., 2023; Maidment et al., 2023; Malmberg and Hagberg, 2023), seven as poor quality (de Graaff et al., 2016, 2018; Maidment et al., 2019; Schepers et al., 2019; Ratanjee-Vanmali et al., 2020; Carner et al., 2023; Çelikgün and Büyükkal, 2023) and the remaining 32 studies were rated as fair quality. The Downs and Black results are available in Supplementary material 4.




4 Discussion

This systematic review reported the range and type of outcome domains of remote digital technology for CI and hearing aid users. The findings presented here contribute toward a larger project to develop a COS for remote technologies for CI users. The extensive outcome measures from the 49 studies were consistent with other reviews reporting large outcome diversity (Boisvert et al., 2020; Neal et al., 2022). Outcomes were classified using the COMET taxonomy (Dodd et al., 2018) into core areas, outcome domains, and outcome sub-domains. The proportion of studies in each outcome domain were compared to understand the differences between assessment in remote technology for CI and hearing aid users. Even though CI remote technology is the focus of the ongoing larger COS project, it was important to also gather information about hearing aid outcomes to understand any gaps in outcome assessment in this relatively new area of technology. This ensures that all potential outcome domains have been considered for the future COS development.

Notably, there were several differences in the types of outcomes that were assessed for users of these hearing devices. Within the auditory functioning domain, 95% of studies assessing remote CI technology reported speech perception outcome measures, compared to only 20% of hearing aid remote technology studies. However, when auditory functioning was assessed via self-reported outcome measures, there were a greater number of hearing aid studies assessing these outcomes compared to CI studies (73% and 19%, respectively). This is not particularly surprising as traditionally, CI outcomes have focused on the domains of speech perception. However, there is growing evidence that self-report measures offer a more functional real-world outcome, tapping into different mechanisms of benefit to speech perception outcomes (Dietz et al., 2022).

Whilst auditory functioning outcomes were present in all studies of remote technology for CI users, there was a marked reduction of outcomes across emotional functioning and wellbeing (9.5%) and cognitive functioning (4.8%) with no studies in the social functioning domain. These results are consistent with a scoping review of CI outcomes in adults (Boisvert et al., 2020) in which self-reported measures were dominated by measures of auditory ability. Studies have demonstrated the importance of social, emotional, and cognitive functioning in hearing loss and rehabilitation in general (Kricos, 2000; Knudsen et al., 2010; Barnett et al., 2017) so it is important that these psychosocial and cognitive factors are considered going forward. There was only one study (Cullington et al., 2018) that reported adverse event outcomes for CI remote technology, and none in studies of remote hearing aid technology. This may be due to an absence of adverse events occurring, however, there is a dearth of reporting adverse events in the hearing aid literature, identified in Cochrane reviews where both primary and secondary adverse events are required outcome domains (Barker et al., 2016; Ferguson et al., 2017). Adverse event reporting is more prominent in CI research (Crowson et al., 2020; Jinka et al., 2023), therefore it was surprising that this was not reported more frequently in the studies of remote technologies. Therefore, it is not possible to comment on the safety of a remote technology service delivery, and this may act as a barrier to implementation.

Given the nature of remote technology and services, there may be a need to focus on outcomes that are of specific importance in remote delivery. For example, empowerment has recently emerged as feature of remote technologies, given the additional demands on client technological literacy and self-management (Maidment et al., 2019, 2020; Gomez et al., 2022). As with all new emerging concepts, these outcomes also need to be developed and measured. For example, empowerment for hearing health has been recently conceptualized (Gotowiec et al., 2022). This has led to a new patient reported outcome measure on empowerment (EmpAQ), developed according to best practice COSMIN principles (Prinsen et al., 2018) with hearing aid users (Bennett et al., 2023b). As remote technology becomes more prevalent, there may be other outcomes, such as empowerment, that are revealed to be crucial in understanding the benefits of remote CI services. Therefore, the outcomes and outcome domains presented in this review are limited to those that have been measured to date.

Furthermore, there are other considerations specific to the service delivery of remote technologies that are of particular importance during a time when remote technology and service uptake remain low (D'Onofrio and Zeng, 2021). Service outcomes, collated in the delivery of care domain, can give providers assurance of remote technology efficacy, accuracy, and reliability, and may demonstrate benefits to both clients and services, such as reduced time, convenience, and costs. Some recent studies indicate that audiologists are largely positive toward remote technology within service provision for hearing aids, and that the low uptake is a result of system barriers such as infrastructure, funding, and privacy regulations (D'Onofrio and Zeng, 2021; Bennett et al., 2023a). This positivity from audiologists is not reflected in CI clinics, where there is more ambivalence, although there are similar barriers regarding infrastructure (Ferguson et al., 2023). These barriers sit within the resource use domain, which was one of the few outcome domains that had similar representation in both groups, albeit in only around a third of studies of both CI and hearing aid remote technology (31 and 38%, respectively). It is likely then that there may be a need to continue to assess resource use outcomes until more is known about infrastructure and funding requirements to support remote technologies.

Grouping outcomes using the COMET taxonomy (Dodd et al., 2018) allowed for an initial understanding of what type of client and service information is being assessed for remote technology. A strength of using this taxonomy is the ability to compare outcomes across audiology and wider health fields. A weakness of this method, and of domain classification more widely, is that many outcomes measures do not assess isolated domains. For example, the International Outcome Inventory for Hearing Aids (IOI-HA; Cox and Alexander, 2002) was categorized within the physical (auditory) functioning domain in this systematic review. However, there are items within this measure that are also applicable to the delivery of care domain, perceived health status domain and emotional functioning domain. It is important to therefore consider these domain classifications as “best fit” rather than strict categorizations.



5 Conclusion

In conclusion, there are a wide variety of outcomes that have been identified for digital technologies and services for CI and hearing aid users. These outcomes sit within the physiological and clinical domain, functioning (auditory, cognitive, emotional, and social) domain, perceived health status domain, delivery of care domain, resource use domain, and adverse events domain. There are differences in the way outcomes are measured in studies of CI and hearing aid remote technology and services. Finally, the results from this study will inform next steps in the development of a COS for remote technology and services for CI users.
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Core area
Outcome domain
Outcome sub-domain

Physiological/clinical

n % Cl studies
(N =21)

n % HA studies
(N =29)

Study identifier

Ear and labyrinth outcomes 9 (42.9) 3(10.3)

Electrophysiological 5(23.8) 0 100, 147, 187, 256, 260

Device parameters 5(23.8) 3(103) 12, 34, 226, 100, 71, 183, 187, 148

Life impact

Physical (auditory) functioning 21 (100.0) 22(75.9)

Hearing thresholds 7(33.3) 4(13.8) 148, 183, 187, 145, 147, 256, 260, 73, 79, 91, 226

Speech perception 20 (95.2) 6(20.7) 12, 34, 43, 48, 49, 50, 59, 60, 61, 71, 90, 100, 117, 145, 147, 148, 183, 187,
192, 193, 219, 226, 251, 255, 256, 260

Non-speech sound perception 1(4.8) 0 193

Self-reported hearing ability 4(19.0) 21(72.4) 12, 34, 39, 43, 48,73, 79, 115, 117, 119, 149, 168, 172, 210, 226, 249,
250, 251, 253, 254, 255, 257, 259, 260

Cognitive functioning 1(4.8) 8(27.6)

Working memory and attention 0 4(13.8) 7,91,115,251

Health literacy 0 4(13.8) 73,91, 250, 258

Digital literacy 0 5(17.2) 7,73,91, 138,250

Daily life fatigue 1(4.8) 0 260

Emotional functioning/wellbeing 2(9.5) 10 (34.5)

Mental health 0 2(69) 73,249

Self-efficacy 0 8(27.6) 91, 92, 138, 250, 253, 254, 259

Motivation/readiness 2(95) 4(13.8) 48, 73,91, 252, 253, 254, 260

Expectations 0 1(3.4) 253

Social functioning 0 2(6.9) 250,253

Perceived health status 2(9.5) 2(6.9) 39,48,73

Delivery of care 13 (61.9) 21(72.4)

Related to hearing device 0 9(31.0) 34, 43,73, 168, 210, 226, 250, 254, 259

Related to remote technology/service 14 (66.7) 17 (58.6)

- Self-reported experience (client) 13 (61.9) 17 (58.6) 7,12, 43,48, 49, 50, 60, 71, 73, 79, 92, 100, 117, 138, 145, 147, 148, 149,

157, 174, 187, 210, 219, 250, 252, 253, 256, 257, 259, 260

- Self-reported experience (clinician/facilitator) 2(9.5) 3(10.3) 7,71, 149, 187, 210

- Adherence 5(23.8) 3(10.3) 43,49, 50, 60, 117, 145, 147, 149, 256

- Accuracy and reliability 1(4.8) 1(34) 119, 148

Resource use

Resource use 8(38.1) 9(31.0)

Economic 6(28.6) 8(27.6) 7,12, 34,71, 100, 117, 147, 187, 210, 219, 226, 251, 256, 259

Need for further intervention 3(14.3) 1(34) 119, 145, 148, 256

Adverse events

Adverse events 1(4.8) 0 48

Total N = 50 as one study includes outcomes for both cochlear implants and hearing aids. See Supplementary material 3. Bolded items are outcome domains.
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Inclusion

Iteria

Exclusion criteria

Participants Adults (aged > 18 years) fitted with cochlear implants and/or hearing aids prior Studies focusing on children (<18 years) or where data for adults is not
to or during the study. reported separately. Participants are not fitted with hearing aids and/or
cochlear implants.
Intervention | Remote digital technology, including synchronous delivery, asynchronous Remote digital technology used exclusively for hearing screening.
delivery, and hybrid delivery (e.g., assistant on-site with cochlear implant or
hearing aid user). Purpose of remote digital technology includes, but is not
limited to, hearing related assessments, device performance, device adjustment
and fitting, and subjective reporting.
Comparator | Any (e.g., none, conventional face-to-face delivery). Not applicable.
Outcomes Any patient or service outcome measures. Any study that does not report an outcome or experience measure.
Timing Any (single or multiple data points). Not applicable.
Study design | Retrospective or prospective studies, randomized controlled trials, Articles reporting expert opinions, practice guidelines, case series, case

non-randomized controlled trials, before-and-after studies.

reports, conference abstracts, and book chapters, as well as
non-peer-reviewed research (i.e., gray literature).
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