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Introduction: Bilateral cochlear implantation is the typical intervention for children with severe-to-profound sensorineural hearing loss, but speech perception and hearing outcomes remain variable. This scoping review explores which contextual factors relate to speech perception and hearing outcomes following pediatric bilateral cochlear implantation based on themes aligned with Bronfenbrenner's bioecological systems theory: (1) individual; (2) microsystem; (3) mesosytem; (4) exosystem; (5) macrosystem; and (6) chronosystem.

Method: PRISMA-ScR guidelines were followed to systematically search nine electronic databases with a keyword strategy. Eligible studies were published in English and included an analysis of contextual factors in relation to a behavioral speech perception or hearing outcome measure. Study quality was assessed using Quality Assessment with Diverse Studies (QuADS) criteria and the role of contextual factors in outcomes was explored with a narrative synthesis approach.

Results: Twenty-three research articles met the criteria for inclusion. Contextual factors identified ranged from the proximal to distal context. Contextual factors such as non-verbal cognitive ability, social skills, cochlear implant usage, positive parent-child interactions, educational placement, auditory or oral therapy, ethnicity and prematurity were related to cochlear implant outcomes.

Discussion: Relationships between contextual factors and outcomes were not consistent across developmental time or studies. Study quality and methodological limitations are discussed. Research on outcomes related to bilateral cochlear implantation should actively integrate and examine contextual factors in prospective, longitudinal designs. This approach will facilitate the development of interventions to target specific levels of the bioecological system, thereby improving outcomes for the pediatric bilateral cochlear implant recipient.
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1 Introduction

A cochlear implant (CI) converts sound signals into electrical impulses for transmission to the auditory cortex via an electrode array implanted in the cochlea, providing access to environmental sounds including speech and music (Deep et al., 2019; Macherey and Carlyon, 2014). Since the first UK CI in 1989, the number of implantations has surged. In the UK, over 4,900 children with severe-to-profound sensorineural hearing loss have at least one CI (CRIDE, 2023). Advances in electrode design and preservation methods have improved the likelihood of preserving residual hearing post-implantation (Deep et al., 2019; NICE., 2009; van der Straaten et al., 2021). Candidacy guidelines have also relaxed with evidence that individuals with better pre-implant hearing benefit from CIs (Lovett et al., 2015; Vickers et al., 2015), allowing individuals with some residual hearing to qualify for implantation. Simultaneous bilateral cochlear implantation is now the recommended standard of care in the UK for children with sensorineural hearing loss where bilateral hearing aids do not provide adequate benefit (NICE., 2009).

Despite providing degraded auditory signal representation, including amplitude, temporal, and frequency distortions with inter-electrode variability (Macherey and Carlyon, 2014), CIs produce several beneficial outcomes. Early cochlear implantation for children born with severe-to-profound hearing loss provides access to audition for language development during a critical period of cortical plasticity, especially before 3.5 years of age (Kral and Sharma, 2012; Persic et al., 2020; Sharma et al., 2005, 2002). The efficacy and success of pediatric cochlear implantation is typically measured by speech perception, speech production and language acquisition abilities in children, or functional evaluations of listening in infants. In addition to improved aural/oral language skills, early cochlear implantation supports recipients to develop reading and cognitive skills, as well as social, behavioral and academic skills comparable to hearing typically developing children (Barker et al., 2009; Cejas et al., 2023; Geers et al., 2013; Hoffman et al., 2015; McSweeny et al., 2021; Scherf et al., 2009; Wang et al., 2021).

Despite similar pre-implant factors, there remains considerable unexplained variation in outcomes for CI recipients (Driver and Jiang, 2017; Pisoni et al., 2017). Not all children who receive CIs achieve typical age-appropriate hearing or speaking skills (Litovsky and Gordon, 2016; van Wieringen and Wouters, 2015). In addition, pediatric CI recipients may have comorbid or additional difficulties or diagnoses that negatively impact implantation outcomes (Cejas et al., 2015). Though sensorineural hearing loss has been linked to poorer quality of life (Ronner et al., 2020; Umansky et al., 2011), better audiological and language skills, maternal educational level, and familial support of pediatric CI recipients have all been associated with improved life quality (Silva et al., 2020). Despite the wealth of research on a variety of predictive factors for CI outcomes (Boons et al., 2012; Cejas et al., 2023; Davidson et al., 2019; Geers and Nicholas, 2013; Glaubitz et al., 2021; Ruben, 2018; Tobey et al., 2013), such as age at implantation and inter-implant delay (Sharma et al., 2020), electrode array positioning (Aschendorff et al., 2007), the importance of long-term post-implantation follow-ups (Wie et al., 2020), and unilateral or bilateral implantation (Eskridge et al., 2021), the impact of the child's developmental context on their cochlear implant-related outcomes has been far less explored.

Whether retrospective chart reviews or experimental work, research has often grouped patients by surgical or implant factors, such as age at implant, inter-implant interval, and whether implants were sequentially or simultaneously implanted. Group averages have been compared to determine which factors confer benefit or risk for speech perception and audiological outcomes post-implantation (Boons et al., 2012; Holt et al., 2020). This approach ignores the intra-individual heterogeneity inherent between as well as within patient groups, even when matched for gender, age, hearing and language experience. Individuals are situated within their specific developmental context, encompassing all external factors that are not directly related to the intervention itself, which may contribute directly or indirectly to the intervention outcomes. It remains unclear which contextual factors are developmentally relevant for speech perception or audiological outcomes for the pediatric bilateral CI recipient. The revised Standards for Quality Improvement Reporting Excellence (SQUIRE 2.0) guidelines advocate reporting of context for healthcare interventions (Goodman et al., 2016), to aid with understanding what influences success in healthcare interventions. However, a theoretical framework grounded in developmental context is crucial to assess how various contextual factors shape developmental trajectories and interact over time.


1.1 A developmental approach: contextualizing the individual

There is good reason to consider the ecology of the individual, as CI outcomes will be influenced by the environment in which an individual is situated and the interactions the individual has with others (Bronfenbrenner, 1977). Bronfenbrenner's ecological and bioecological theories emphasize the interdependence of the developing person and the context in which they are developing (Bronfenbrenner, 1977; Bronfenbrenner and Evans, 2000). These theories acknowledge a multitude of factors that interact dynamically and reciprocally to influence the outcomes of the developing person, including process, person, context and time (Bronfenbrenner and Morris, 2006). Since its inception, the bioecological theory and its subsequent iterations have provided a holistic framework for considering how interconnected systems impact on an individual's development. As such, the theory is valuable for considering the range and level at which biopsychosocial contextual factors exert an influence on developmental outcomes for pediatric CI recipients in relation to both within-patient and external environmental factors.

Across various re-iterations of this influential theory (Rosa and Tudge, 2013), Bronfenbrenner described the levels at which the developing individual could be influenced by the context in which they are situated (illustrated in Figure 1): individual (concerning within-person variation), microsystem (most proximal — e.g., family, school or neighborhood), mesosystem (two or more interacting microsystems — e.g., relationships between school and home; how education or healthcare providers interact with the family), exosystem (outside of the direct physical proximity to the developing person — e.g., parental workplace or access to audiology services), macrosystem (most distal — e.g., societal, socioeconomic or cultural influences), and chronosystem (events over the individual's developmental phase; sociohistorical context that the individual develops in). Whilst a bioecological systems approach has been recommended to establish the ecology most conducive to development across cognitive, social and linguistic domains for deaf children (Clark et al., 2019), to our knowledge, Bronfenbrenner's framework has not been actively adopted for the study of post-implant speech perception and audiological outcomes across CI recipients.
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FIGURE 1
 Illustration of Bronfenbrenner's Bioecological Systems Theory with the contextual factors identified in this scoping review (adapted from Rosa and Tudge, 2013).


This framework allows us to conceptualize the systems influencing pediatric outcomes following implantation. Though previous research has not directly adopted this framework, the importance of within-patient variability (individual differences), due to factors like additional diagnoses or neurocognitive functioning (Fortnum and Davis, 1997; Kennedy et al., 2006), has been explored. External or environmental factors have also been associated with CI outcomes, though not necessarily analyzed as part of a holistic developmental framework. Social determinants of health, such as socioeconomic status, home environment and parental education level have been shown to influence language outcomes in previous reviews (Holzinger et al., 2020; Sharma et al., 2020). Beyond the home environment, early educational placements in preschools with an intervention program to support the language development of children with CIs led to improved later language outcomes (Moog and Geers, 2010). These examples indicate that developmental context plays an important role in cochlear implantation outcomes, but no structured framework per se was adopted to systematically analyze the results.

To the best of our knowledge, Bronfenbrenner's framework has been referenced in a limited number of studies investigating the microsystem of family ecology (influence of family composition, functioning, and environment) in relation to language outcomes following cochlear implantation (Davenport and Holt, 2019; Holt et al., 2020). For instance, familial interactions and support are associated with psychosocial and neurocognitive outcomes for children who use hearing aids or CIs, and the authors suggest a bidirectional relationship between the family microsystem and language outcomes (Holt et al., 2020). Despite these indications of the importance of external developmental factors, a lack of developmental theoretical framework has resulted in an absence of consensus on predictive or prognostic factors and mechanisms or their relative importance across development for pediatric CI recipients. Placing the individual in its larger ecology to explore developmental factors related to post-implantation outcomes can yield useful information to optimize support and outcomes for CI recipients. Additionally, it fosters a multidisciplinary approach by incorporating insights from audiology, psychology, education, and social sciences to identify both clinical benefits and social challenges that may influence implantation success.



1.2 The current study

With the dearth of research examining developmentally relevant predictive factors for CI outcomes, this scoping review aims to explore the impact of contextual factors associated with speech perception and hearing outcomes following pediatric bilateral cochlear implantation as part of a wider novel auditory intervention project (Vickers et al., 2021). First, using Bronfenbrenner's ecological systems theory as a framework, we aimed to identify which contextual factors have been studied in relation to speech perception or hearing outcomes in pediatric CI recipients. We focused on speech perception and hearing outcomes rather than language outcomes which relate to comprehension, as it has been argued that these should be differentiated in evaluations (Coene and Govaerts, 2014). Our second aim was to explore the predictive value of identified contextual factors on cochlear implant-related outcomes across development.




2 Method

We followed the Preferred Reporting Items for Systematic reviews and Meta-Analyses extension for Scoping Review (PRISMA-ScR) guidelines (Page et al., 2021; Tricco et al., 2018) to conduct the review.


2.1 Eligibility criteria

Inclusion criteria included: (1) studies published in the English language; (2) a minimum of one participant implanted under the age of 18 years old in studies where both children and adults were included; (3) a minimum of one participant implanted bilaterally in studies where both unilaterally and bilaterally implanted participants were included, and (4) analysis of the effect of a contextual factor in relation to a behavioral speech perception or hearing outcome measure. Age-at-implantation and inter-implant interval are considered important individual predictive contextual factors for CI outcomes but were not included herein as these have been reviewed extensively elsewhere (Sharma et al., 2020).

Studies excluded from the review comprised review articles, conference abstracts and unpublished studies. Studies focusing only on neuroatypical populations (e.g., Goldenhar, Pendred syndrome, Down's syndrome, Autism, intellectual disability, Auditory Neuropathy Spectrum Disorder) without a typically developing implanted group were also excluded, as it is difficult to disentangle the effects of cochlear implantation and neuroatypicality on outcomes. Finally, studies reporting only pure-tone audiological measurements or event-related potentials, as opposed to behavioral hearing or speech perception outcomes, were excluded.

More recent studies tend to have a higher proportion of bilaterally implanted participants because of candidacy criteria changes (NICE., 2009). Better speech perception, sound localization and receptive vocabulary scores have been reported for children with bilateral implants compared to unilateral implants (Lovett et al., 2010; Sparreboom et al., 2015). It is thus possible that the effects observed in the reviewed studies would be attenuated by samples comprising only bilaterally implanted children, but these studies were included to ensure a comprehensive review of the literature. Where implantation type (bilateral or unilateral) was not specified, articles were excluded, as bilateral implantation is only a relatively recent recommendation by the UK's National Institute for Care and Excellence (NICE., 2009).



2.2 Data sources

The following databases were searched for journal articles reporting retrospective or prospective studies published at any time before 25th January 2023: PubMed, WebofScience, Scopus, PsycInfo, PsycExtra, AMED, EMBASE, MEDLINE, and Cinahl.



2.3 Search strategy

A keyword strategy was used to search for articles reporting hearing and speech perception outcomes following pediatric bilateral cochlear implantation, using the National Library of Medicine's Medical Subject Headings (MeSH) database to refine search keywords. The search comprised the keywords: “cochlear implant” or “cochlear implantation” and “child” or “infant” or “pediatric” or “adolescent” or “adolescence” or “teenage” and “hearing outcome” and “speech perception”. We did not include the term “bilateral”, as it failed to consistently identify articles with pediatric bilateral cochlear implant users and would have excluded many studies including both bilateral and unilateral participants.



2.4 Selection process and data extraction

Search results were extracted from the data sources into an EndNote library for removal of duplicates and screening. Studies for inclusion were identified, screened, and reviewed by the first author, and verified by the second author. Study data were extracted, including participant details (N, type of implant, age, where available), the identified contextual factors, behavioral speech perception or hearing outcomes, statistical analyses and study characteristics (study design and country).



2.5 Assessment of quality

The quality of individual studies was assessed using the criteria detailed in the Quality Assessment with Diverse Studies (QuADS) appraisal tool (Harrison et al., 2021). This tool is used to assign each study a score between 0–3 on 13 study quality criteria, such as ‘description of data collection procedure' and ‘strengths and limitations critically discussed', resulting in a maximum score of 39.




3 Results


3.1 Study selection

The systematic search returned 6,549 publications after duplicate publications were removed. Following title and abstract screening, 162 publications were retrieved for full-text screening. Twenty-three of these publications met the eligibility criteria for inclusion in this review, with the PRISMA workflow outlined in Figure 2.


[image: Figure 2]
FIGURE 2
 PRISMA flow chart illustrating identification of the studies for inclusion in the review (adapted from Page et al., 2021).




3.2 Study characteristics

Table 1 outlines the contextual factors explored in relation to pediatric CI recipients' outcomes for each study included in the review. Contextual factors were grouped into themes aligned with Bronfenbrenner's bioecological systems theory: (1) individual (global, cognitive and social development and CI usage); (2) microsystem (parent-child interactions, home environment, education and communication mode); (3) exosystem (regional differences); (4) macrosystem (child and family demographics and socioeconomic factors), and (5) chronosystem (prematurity), as illustrated in Figure 1. Due to the heterogeneity of participant characteristics, outcome measures, and definitions of contextual factors in the studies included herein, a narrative synthesis approach was adopted. Studies were not pooled for effect size calculations and results are instead discussed qualitatively.


TABLE 1 Summary of studies included in the scoping review.
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3.3 Ratings of study quality

Our evaluation of study quality using the QuADS criteria (Harrison et al., 2021) is shown in Table 2. The QuADS tool has demonstrated good face and content validity in systematic reviews of health services research with a kappa of 0.66 for inter-rater reliability (Harrison et al., 2021). The quality of studies was rated by the first author and verified by the second author with discussion to agree all ratings. The two raters scored an average of 23.85 and 23.17 on the QuADS criteria, with the Mean Absolute Difference (MAD) at 0.68. The agreement percentage was thus approximately 97.11%, indicating a very high level of agreement between the two raters.


TABLE 2 Reviewed studies assessed using the QuADS criteria.
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As Table 2 shows, the reviewed studies generally provided a clear description of the methods and research setting, with appropriate data collection tools and analytical methods. No study showed evidence that the research stakeholders (e.g., children with CIs, their caregivers, or educators) were involved in the research design. However, the requirement for patient and public involvement in research is still relatively new from research funders, so this is perhaps unsurprising. Additionally, most studies were retrospective, with limited evidence of sampling or power calculations across studies. Few studies reported explicit research questions or hypotheses. The reviewed studies generally scored low on reporting appropriate justification for selected analytic methods, providing full details about recruitment data (including discrepancies between target and recruitment numbers), or providing theoretical or conceptual underpinnings for the research over and above general reference to broad theories or key concepts in the Introduction to each study. In addition, the studies scored low on providing rationale for choice of data collection tools, and critical discussion of strengths and limitations. In sum, the studies included in this review received an average quality score of 62.53%.



3.4 Contextual factors identified in each theme

Here, we discuss key findings from each theme in relation to speech perception or hearing outcomes and related research.


3.4.1 Theme 1: individual factors

Individual factors concern within-person variation, and the individual factors identified herein encompassed global development, development in cognitive and social domains, and CI usage, with interactions changing over development and across domains. Better expressive vocabulary, non-verbal intelligence, and verbal intelligence were associated with better speech perception in some (Davidson et al., 2019; De Raeve et al., 2015; Niparko et al., 2010), but not all (e.g., Geers et al., 2013) studies. Cognitive skills were significantly associated with open-set phoneme, word and sentence scores at primary school entry (Dettman et al., 2016). However, this relationship changed over time, such that these cognitive skills were only significantly associated with open-set word and sentence scores by the end of primary school.

Less attention has been given to the relationship between global or social development and CI outcomes, but global development measured pre-implantation was not significantly related to auditory performance outcomes (Yang et al., 2020). Social development was specifically related to indexical speech perception (such as emotion identification and talker discrimination), but not linguistic speech perception (Geers et al., 2013). Better indexical speech perception was also associated with younger age at entering mainstream education placements, raising the possibility that age at mainstreaming mediates the association between social skills and speech perception, but these factors were not examined together.

The opportunity to extract data logs indicating granular CI use from individual devices has only emerged over the last two decades. Daily CI use was measured through device data logging or reports from patients, parents and clinicians. Increased CI usage was consistently related to better speech perception outcomes (Cesur et al., 2020; Easwar et al., 2018; Forli et al., 2023; Kleijbergen et al., 2022; Li et al., 2023; Sparreboom et al., 2012; Wiseman et al., 2021). Mean estimates of daily CI use varied from 11.59 ± 2.86 h per day (Easwar et al., 2018) to 12.56 ± 1.87 h per day (Cesur et al., 2020), with most children (85–87%) demonstrating regular daily CI use (Easwar et al., 2018; Friedmann et al., 2015; Marnane and Ching, 2015).

Risk factors associated with inconsistent device use include younger chronological age, presence of additional disabilities, signed language communication mode, lower levels of maternal education, lower socioeconomic status and use of state health insurance (Easwar et al., 2018). Interestingly, greater daily CI usage was a significant predictor of improved parent-reported aural/oral performance (Marnane and Ching, 2015), but the significance of maternal education, socioeconomic status, and communication mode as model predictors diminished when these additional contextual factors were considered.

Speech perception was significantly better for children with longer daily CI use, even when age and insurance status were accounted for (Wiseman et al., 2021). Speech recognition improved for children with regular daily use of their second CI compared to children without regular daily use (Kleijbergen et al., 2022; Li et al., 2023; Sparreboom et al., 2012). A one-hour increase in daily CI use was associated with a mean 2.56% increase in speech perception score (Easwar et al., 2018). Similarly, each hour of CI on-air time resulted in a 5% increase in word recognition score (Cesur et al., 2020). Relationships may be specific to usage of the second CI and age of receiving the second implant in sequential bilateral CI recipients, with second CI use, but not first CI use, significantly related to word recognition scores for the second implant alone (Forli et al., 2023).



3.4.2 Theme 2: microsystem factors

The microsystem encompasses the most proximal elements of the individual's environment, such as family, school or neighborhood. The ecology of the microsystem is the level that has received the most attention in the studies reviewed, with contextual factors including parent-child interactions, maternal education, educational placement, and communication mode. Strong parent-child interactions were associated with better speech perception (Sininger et al., 2010). Communication mode was not significantly related to speech perception (Sparreboom et al., 2012), suggesting that access to language, whether oral or signed, may confer benefits for later speech perception.

Beyond the home environment, mainstream education placements were associated with better speech perception compared to special education placements (Sparreboom et al., 2015). Children in mainstream education attained significantly higher speech recognition scores than children in schools for the deaf (Sparreboom et al., 2015), with younger age at mainstreaming significantly associated with better indexical and linguistic speech perception (Geers et al., 2013). In addition to educational placement, two studies reported a weak effect of additional speech therapy or oral training on speech perception. The effect of speech therapy on a stimulus-repetition task only approached significance (Kleijbergen et al., 2022), and approximately 100 h of oral training was required to attain an age performance speech perception outcome 1 month older (Sininger et al., 2010). It is worth noting that speech therapy or oral training in this context includes interventions by various professionals, and the nature of these interventions can be highly variable.

Both the measurement of maternal or parental education, and speech perception or audiological outcomes, varied considerably across studies, with study-specific relationships reported. Maternal education was a significant predictor of segmental speech perception (Davidson et al., 2019), such as open set word tests in quiet/noise and speech pattern contrasts. However, this relationship was not evident across all tests of speech perception; maternal education did not predict suprasegmental speech perception, such as emotion identification and talker discrimination (Davidson et al., 2019). Furthermore, maternal education did not significantly predict speech discrimination performance (Peng et al., 2019), phoneme scoring in quiet (Kleijbergen et al., 2022), and speech perception in noise or quiet (Sparreboom et al., 2015). Maternal education was significantly associated with parent evaluations of aural/oral performance (Marnane and Ching, 2015), but auditory performance scores were not associated with maternal (le Roux et al., 2016) or parental education (Sharma et al., 2017).



3.4.3 Theme 3: mesosystem factors

The mesosystem comprises two or more interacting microsystems, such as relationships between home and clinic environments. Our systematic review did not identify any studies that examined mesosystem factors. This research gap highlights the necessity of future investigations into how interactions within immediate contexts, including family, school, and peer environments, collectively influence developmental trajectories.



3.4.4 Theme 4: exosystem factors

The exosystem encompasses indirect environments or social systems that influence the individual, such as parental workplace or extended family. The influence of the exosystem was explored in only one study examining the wider regional context on outcomes in Denmark, where 96% of children in the East received bilateral CIs compared to 67% in the West (Percy-Smith et al., 2012). Auditory performance post-implant was comparable between East and West regions of Denmark (Percy-Smith et al., 2012), despite considerable regional differences in parent-reported self-esteem, communication mode, education placement and number implanted bilaterally.



3.4.5 Theme 5: macrosystem factors

The macrosystem is the most distal level, encompassing cultural or societal influences. Cultural, ethnicity and socioeconomic factors were explored at the macrosystem level in the reviewed studies. Poorer speech perception and auditory performance was found in minority ethnic groups in the reviewed studies (le Roux et al., 2016; Wu et al., 2015), though the effects of ethnicity were not disentangled from language spoken at home. In terms of socioeconomic status, this review found no evidence of a relationship with speech perception or auditory performance (Geers et al., 2013; Marnane and Ching, 2015; Sharma et al., 2017). However, speech perception scores of one sibling significantly predicted the second sibling's speech perception (Selleck et al., 2019), which may suggest a joint environmental influence, that could include socioeconomic status. Whilst UK cochlear implantation surgery is routinely performed via the NHS without direct cost to the recipient, healthcare is not equally or freely available in all countries. The relationship between health insurance status and speech perception was investigated in two studies. Notably, while no direct correlation between annual income and speech perception was observed in a pediatric Indian sample (Sharma et al., 2017), younger age at implantation was associated with higher socioeconomic status.



3.4.6 Theme 6: chronosystem factors

Finally, the chronosystem refers to events, changes and transitions over developmental time. Only one study was associated with chronosystem factors, specifically prematurity. Auditory performance scores for premature children were significantly lower than for children born >34 weeks' gestation, even with a minimum of 6 months implant use (le Roux et al., 2016).





4 Discussion

To systematically identify contextual factors associated with outcomes following pediatric bilateral cochlear implantation, we sought to explore factors previously investigated in relation to speech perception or hearing outcomes in pediatric CI recipients. Additionally, we aimed to assess the predictive value of these identified contextual factors on CI outcomes, thereby elucidating the temporal and demographic contexts in which they exert significance.

Individual contextual factors significantly related to CI outcomes included non-verbal cognitive ability, social skills and CI usage. Nonetheless, these relationships were not consistently present across all measures in the identified studies and were found to change across development. Whilst this could suggest that there is a specific early developmental period where, for example, cognitive ability is a strong determinant of outcomes with additional contextual factors mediating the relationship later, the direction of influence was not systematically examined or specified. The impact of CI usage on various outcomes has received increased attention over the last two decades. Regular CI usage was associated with better speech perception and auditory outcomes. This aligns with previous findings from unilaterally implanted children (Fryauf-Bertschy et al., 1997) and from the speech production domain, where the relationship between word production and usage was related to exposure to speech in the listening environment (Glaubitz et al., 2021). However, when CI usage was modeled with additional contextual factors as predictors, this relationship was no longer significant across all studies. This emphasizes the significance of considering multiple contextual factors when assessing the impact of CIs. These contextual factors may interact to mediate irregular CI usage and subsequently influence outcomes.

Positive parent-child interactions, placement in a mainstream education setting, and auditory or oral therapy were the microsystem factors associated with better speech perception outcomes. The research demonstrating a correlation between robust parent-child interactions and enhanced speech perception (Sininger et al., 2010) aligns with findings establishing a link between increased parent-child interactions and improved language outcomes (Niparko et al., 2010). In addition, communication mode was not a significant predictor of speech perception. The disparity in outcomes may be attributed to variations in analysis and measurement techniques employed across studies. For example, while Geers et al. (2017) assessed both the quality and quantity of signed language input, the measurement of communication mode was frequently categorized as a binary or ternary variable (e.g., signed, spoken, or combination). There were also variations regarding which languages meet the criteria for signed language. Choice of communication mode may also reflect other contextual factors in the child's ecology, such as education setting or parental language.

Poorer speech perception was associated with special education placements. Placement in special education settings has similarly been associated with lower receptive vocabulary scores in bilateral CI recipients (Kleijbergen et al., 2022). Whilst studies exploring associations with educational placement were mostly prospective in design, small sample sizes limit the inferences that can be drawn. There may be further unspecified influences on the relationship between educational placement and speech perception, such as additional disabilities (Cejas et al., 2015; Cupples et al., 2018). The relationship between age at mainstreaming and speech perception could be explained by stronger speech perception skills permitting access to mainstream education or resulting from earlier access to mainstream education.

Recent reviews found that auditory verbal therapy related to better CI outcomes (Noel et al., 2023; Percy-Smith et al., 2018). However, the weak relationship between therapy and outcomes in this current review is unsurprising, given that the level of therapy or support offered routinely as part of usual care rehabilitation or through education settings varies considerably and is inconsistently reported or examined across studies. The effect of additional speech therapy or oral training may be small relative to standard rehabilitation therapy offered post-implantation. Additionally, auditory verbal training requires input from both clinicians and parents to be delivered effectively and it is not clear how this interaction within the microsystem may influence therapeutic outcomes.

Maternal education is often used as a proxy for socioeconomic status or familial resources (Hoff, 2003; Jackson et al., 2017). Nonetheless, while highest maternal education level was often reported descriptively, relatively few studies explored its relationship with functional outcomes. The lack of a relationship between CI outcomes and maternal education in most studies reviewed contrasts with findings indicating that maternal education significantly predicted language outcomes at 72 months post-implantation in Norwegian children with bilateral implants (Wie et al., 2020). However, maternal education may be a mediator whose effects on outcomes only become apparent in later development; for example, maternal education was not a significant predictor of language outcomes measured at 48 months post-implant (Wie et al., 2020). Whilst we have situated maternal education in the microsystem, it also exerts an influence on academic outcomes in hearing children (Harding et al., 2015), and there are multiple levels of Bronfenbrenner's framework at which maternal education could moderate or mediate CI outcomes.

No studies exploring contextual factors at the mesosystem level were identified in this review. This could include elements of clinician and educator support to foster a supportive environment for deaf children (Clark et al., 2019), and could indirectly influence CI outcomes. For example, differences in how clinicians interact with, or support, families could mediate later implantation ages for certain children. The family environment may also be shaped by parental self-efficacy and input from early interventionists (Davenport and Holt, 2019; Davenport et al., 2021; Roberts, 2018). Unlike hearing history, which cannot be changed, the family environment offers a unique opportunity for intervention outside of the clinic. For example, parents can be supported with strategies to enrich the home linguistic environment through leveraging parental self-efficacy to intervene, improving CI outcomes (Holt et al., 2020).

One study explored exosystem factors (Percy-Smith et al., 2012), in which regional differences were not significantly associated with auditory outcomes. It is plausible that multiple interacting factors in the microsystem may independently exert an effect but cumulatively cancel each other out. For example, more children in West than East Denmark received therapeutic support in the study. Whether auditory performance is comparable in the East and West because of the additional support received as a Western standard or because generally poorer attainment by Western children necessitated additional interventions is unclear. However, it should be noted that receptive vocabulary and language outcomes were significantly better in East than West Denmark (Percy-Smith et al., 2012), suggesting that relationships between contextual factors are outcome specific, and that exosystem factors may exert greater influence on more distal language outcomes than auditory performance. The paucity of research investigating these factors precludes the formulation of robust conclusions.

Ethnicity was the only macrosystem factor significantly associated with speech perception outcomes. Considering the reported heterogeneity among and within ethnic groups and the lack of focus on intersection with other factors such as socioeconomic status, it is difficult to draw conclusions about demographics per se. Mechanisms of action which could underlie this relationship include differences in culture shaping the linguistic home environment (Masek et al., 2021), bilingualism in the home environment (Dean et al., 2013; Glaubitz et al., 2021), and parental ethnicity (Wu et al., 2015). In a study of children with CIs and Auditory Neuropathy Spectrum Disorder excluded from this review, 10% of children with good speech perception had bilingual home environments, whereas >70% of children with poor speech perception had bilingual home environments (Dean et al., 2013). This could suggest that children with CIs in a bilingual home environment may be at greater risk of poor speech perception, although the sample size did not permit inferential statistical analyses.

Similar findings have been reported in a small study exploring language outcomes in bilingual children (two spoken languages, rather than a spoken and a signed language). Bilingual bilaterally implanted children also performed significantly worse than monolingual bilaterally implanted children in a composite German language measure (Glaubitz et al., 2021). Bilingualism was related to migration backgrounds for eight children in the bilingual group (Glaubitz et al., 2021). As these studies do not comment on the duration, quality or quantity of the language input that the children received in the language of testing, the nature of the relationship between bilingualism and speech perception requires further examination of effect strength, significance, and direction before conclusions can be drawn. Later age at implantation could also be one mechanism through which ethnicity influences CI outcomes. In a retrospective review of Norwegian children excluded from the current review, those with non-Nordic parents were implanted significantly later than children with Nordic parents (Amundsen et al., 2017). Overall, these findings underscore the need for more comprehensive, intersectional studies to clarify how ethnicity interacts with cultural and socioeconomic factors to shape speech perception outcomes.

There were also methodological limitations to testing in an additional language that need addressing. For example, one study in the United States reported that speech perception was significantly poorer for the test group where 58% of the participants were Hispanic, 17% were Caucasian, 17% were multi-ethnicity and 8% were Russian, compared to a control group where 71% of participants were White (Wu et al., 2015). In the test group (N = 12), four children did not speak English, five spoke English as a second language, and seven were bilingual. As all testing was conducted in English, these children would have been disadvantaged and group differences may have been exaggerated, limiting the conclusions that can be drawn.

There was no evidence of socioeconomic status directly influencing speech perception outcomes, although it may exert indirect effects in cases where CIs must be paid for, or through the home and social environment, as evidenced by the significant relationship between sibling's speech perception performance (Selleck et al., 2019). Beyond the reviewed speech perception and hearing outcomes, poorer language outcomes have also been associated with lower household incomes (Niparko et al., 2010). Type of healthcare insurance held was also the only significant predictor of receptive language outcomes for an American pediatric sample (Eskridge et al., 2021). In summary, while socioeconomic status does not appear to directly impact on speech perception outcomes, its indirect influence on language development and access to quality healthcare highlights the critical role of financial and social resources in pediatric auditory and language performance.

With respect to the chronosystem, the finding linking prematurity to poorer auditory performance is consistent with poorer neurodevelopmental outcomes across sensory modalities for premature children (Jarjour, 2015). This finding likely interacts with other levels of Bronfenbrenner's framework such as the microsystem, as non-oral communication mode and placement in non-mainstream education settings was also more likely with NICU admittance (le Roux et al., 2016). The role of social and cultural expectations in chronosystem factors is not fully understood; how individuals respond to life events and transitions is likely to depend on support from the wider ecological system. For example, prematurity may lead to developmental delays that can influence the support which a child is given or how they interact with the environment. Further research is required to understand how factors, such as prematurity, interact with the wider ecology to exert their influence on outcomes such as speech perception, sound localization and auditory performance for children and young people receiving bilateral CIs.


4.1 Limitations and future directions

In this scoping review, we demonstrated that Bronfenbrenner's framework can be effectively used to conceptualize the individual CI recipient in their ecology. We have also highlighted the lack of research examining the relationships between an individual's outcomes and their context, leaving many questions unanswered about how, why and when contextual factors influence the benefit conferred by CIs for each individual. There has been insufficient consideration of the proximal or distal factors that influence development during various stages. The lack of follow-up in some retrospective reviews or prospective studies further exacerbates this issue.

The studies included in this review employed retrospective and prospective designs, including case-control and matched-case control methods. Retrospective studies or chart reviews are commonly employed in healthcare settings and entail the analysis of data primarily collected for clinical purposes rather than research objectives (Hess, 2004). These studies can serve as a means to refine the scope for future prospective investigations (Vassar and Holzmann, 2013), but they are frequently used in place of prospective studies in the field of cochlear implantation research. Thirteen of the 23 studies within this review utilized only retrospective chart reviews, without additional prospective measures. Whilst many of the studies pooled samples across cohorts and clinics, retrospective studies are inherently limited by their design, relying upon the use of medical information that has already been collected for a particular sample (Talari and Goyal, 2020; Vassar and Holzmann, 2013). Thus, these data might not be the most appropriate for examining the factors of interest and might not have been consistently collected across the sample. For example, Easwar et al. (2018) report that five different tests were used to measure speech perception across their sample, making it difficult to assess comparability. The assessment of speech perception and hearing outcomes may also be limited to functional listening in early infancy, with the risk that results cannot be disentangled from language acquisition. The risk of bias also increases with retrospective data, as information regarding clinician gatekeeping or additional variables that may have influenced CI outcomes may not have been recorded. Furthermore, not all studies explicitly describe exclusion and inclusion criteria or attrition from their studies. Additionally, few studies reported power calculations to determine the sample size required, which renders interpretation of the findings challenging, particularly with small sample sizes and in the absence of specific hypotheses and research questions.

The lack of longitudinal data to understand the distal effects of early contextual factor influences is a key limitation across the reviewed studies. Baseline measurements of contextual factors may not accurately reflect the contextual factor at the time of outcome measurement. This is acknowledged to some extent in studies examining the age of entering mainstream education, rather than just the type of education that a child receives at the time of outcome measurement. Although follow-up periods are conducted in numerous studies, the relationships between contextual factors are dynamic, and contextual factors can exert influence at various developmental stages. For example, Wie et al. (2020) emphasize the importance of long-term follow-ups of language outcomes. At a 4-year follow-up, age at implantation was a reliable predictor of language outcomes. However, children with CIs exhibited a relative decline in receptive vocabulary and expressive grammar at a 6-year follow-up compared to their hearing peers. This suggests a non-linear progression of development across language domains. Furthermore, bidirectional effects (where variables influence each other over time) are also rarely investigated but would be crucial to evaluate in relation to development.

Instead of treating contextual factors as variables to be controlled for, researchers must incorporate these factors into study designs to enhance the generalizability and validity of their research. Furthermore, comprehending the interaction between these variables can aid in establishing the mechanisms underlying the success of implants in improving speech perception and audiological outcomes. Studies employing longitudinal prospective designs with rolling enrolment would facilitate a more comprehensive understanding of the influence of each factor across development. For instance, to elucidate the impact of age at implantation on CI outcomes, researchers should examine the factors in a child's environment that make receiving a CI at a later age distinct from receiving one during an earlier developmental phase. Additionally, analyses of longitudinal prospective data would circumvent the current reliance on correlational methods, which lack the capability to analyse directionality or causality.

Whilst retrospective designs may be a pragmatic option when cost and clinician time are prohibitively high, the absence of randomized controlled trials and experimental studies to examine the influence of contextual factors is noteworthy. Randomized controlled trials have less bias than observational designs as differences in outcome can be attributed to the intervention if other variables are randomly distributed between comparison groups. However, whilst randomization ensures baseline characteristics are equally split between groups, contextual factors such as ethnicity cannot be practically manipulated and randomization itself does not preclude other sources of error, such as contextual factors that are not measured. Sullivan (2011) recommends cohort, case-control and matched designs instead. However, not all studies included in this review even included a control group, which precludes valid conclusions. Beyond quantitative studies, qualitative methods have also been successfully used to explore the perspective of the pediatric CI recipient, their parents and teachers with respect to hearing quality of life (Mather et al., 2013a,b). Qualitative research could help identify contextual factors that children, parents and teachers view as influencing their outcomes, especially in combination with quantitative data (i.e., a mixed methods approach).

Homogeneous outcomes should not be expected for CI recipients. The bilateral CI domain is dynamic, with evolving age and suitability criteria, and technological advancements that enhance sound access in noisy environments and optimize bilateral signal balance, all of which could impact reported outcomes. However, it is argued that assessment of the developmental context of CI candidates is necessary to ensure that each child has the requisite ecological support to achieve appropriate outcomes. The lack of research focusing on the mesosystem is a cause for concern. For instance, research has not examined the influence of a clinician's description of anticipated CI outcomes on a parent's decision regarding CI surgery or how a clinician's reference to infant-directed speech impacts the family dynamics. Whilst the clinic and clinician as contextual factors have received less attention, healthcare factors such as workplace culture and awareness can be measured in implementation research (Finch et al., 2024). By pooling data across multiple sites, the power to detect effects and generalize findings can be enhanced. It would be beneficial to investigate the influence of healthcare setting context, clinician's interest and attention, and rehabilitation methods or advice provided on CI outcomes. Although directly evaluating these healthcare settings as contextual factors may be challenging, it is crucial to do so to establish an evidence-based framework for intervening in the child's environment and ensuring the provision of adequate support.

Adopting Bronfenbrenner's bioecological theory presents challenges in understanding human development, due to the interconnections across various environmental layers, from immediate interactions to broader societal forces. This complexity necessitates sophisticated, multi-method research designs, such as hierarchical linear modeling and mixed-method approaches, to comprehensively capture both quantitative trends and qualitative nuances over times. Variations in cultural context and developmental stages further complicate these interactions, making it a challenging yet crucial endeavor to fully comprehend human development. Our review highlights the urgent need to delve into the interactions between developmental factors, which is currently lacking in existing research.




5 Conclusion

In conclusion, this scoping review aimed to identify the developmental contextual factors that significantly influence speech perception and hearing outcomes following pediatric bilateral cochlear implantation. While age at implantation and inter-implant interval have been previously examined, we identified proximal and distal contextual factors associated with CI outcomes. These factors were conceptualized using Bronfenbrenner's bioecological framework, which has demonstrated its utility in evaluating external influences and exploring the interplay of interacting factors to enhance support and outcomes after pediatric cochlear implantation. Although this review employed a narrative synthesis approach due to the heterogeneity of study designs and factors, prospective research should investigate the critical developmental windows within which contextual factors interact. The benefits of CIs are contingent upon multiple contextual factors that should be comprehensively analyzed rather than being selectively removed from prospective, longitudinal designs. This approach will facilitate the development of targeted interventions at various levels of the bioecological system, ultimately improving outcomes for pediatric bilateral CI recipients. Embedding this framework into clinical and research design for children with bilateral CI involves comprehensive evaluations that assess implant performance alongside the child's broader developmental context—including family dynamics, educational support, and community resources—while employing multi-level, longitudinal studies to capture the interplay between biological factors, implant efficacy, and psychosocial influences.
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