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General Abstract

Introduction: Auditory neuropathy spectrum disorder (ANSD) is a disorder characterized by
impaired temporal coding of acoustic signals due to a deficiency in neural synchrony or neural
transmission. Despite variations in speech perception outcomes within both patients and studies,
current evidence demonstrates that children with ANSD, who use hearing aids (HAs) or cochlear
implants (Cls), generally achieve speech perception performance comparable to peers with
sensorineural hearing loss (SNHL). However, limited studies have reported factors that have
prognostic value for auditory intervention outcomes. The objectives of this doctoral thesis,
consisting of three consecutive associated projects on children with ANSD, were (1) to determine
factors with predictive value for post-intervention (CIs and/or HAs) outcomes through a
retrospective study, (2) to systematically summarize and critically appraise existing evidence of
the prognostic value of early auditory electrophysiologic tests and MRI findings for CI outcomes
through a systematic review (SR), and (3) to systematically overview, summarize, and critically

appraise evidence of CI outcomes through an umbrella review of current SRs (overview of SRs).

Methods: For the first project, the records of 38 children with ANSD between 5 and 18 years old,
63.20% males, who used Cls (71%) and/or HAs, identified at the Children's Hospital of Eastern
Ontario (CHEO) were reviewed. For the second and third projects, the SRs were guided by the
PRISMA 2020 statement, and electronic databases were searched without restrictions on language,
publication status, or year of publication. In the second project, studies on children with ANSD
(including those with cochlear nerve deficiency [CND]), cochleovestibular nerve (CVN)
abnormalities, or SNHL reporting the relevance of preoperative and/or postoperative electric
compound action potential (eCAP), electric auditory brainstem response (¢éABR), and/or MRI
results to CI outcomes were included. The methodological quality and strength of evidence were



Zahra Jafari Doctoral Thesis

assessed using the Crowe Critical Appraisal Tool (CCAT) and Grading of Recommendations,
Assessment, Development, and Evaluation (GRADE) tool, respectively. In the third project, all
SRs that reported CI outcomes in children with ANSD were included. The methodological quality
of the selected SRs was evaluated using the Assessment of Multiple Systematic Reviews 2
(AMSTAR-2) checklist, and the risk of bias in evidence was assessed using the Risk of Bias in

Systematic Reviews (ROBIS) tool.

Results: In the retrospective chart review (first project), ages at HL diagnosis and CI activation
and the length of follow-up with CI/HA showed a significant relationship with open-set speech
perception outcomes (i.e., the scores of Phonetically Balanced Kindergarten [PBK] test with word
and phoneme speech materials and Hearing in Noise Test [HINT] in quiet and noise conditions).
Using a Forward Linear Multiple Regression Model, the length of follow-up with CI/HA and
bilateral amplification showed prognostic value for speech perception performance. In the second
project, 25 papers were included in the review. While it was difficult to draw a firm conclusion
about the eCAP findings, current evidence strongly supports the prognostic value of eABR and
MRI for post-CI speech perception outcomes. According to the eight SRs selected for the third
project, children with ANSD achieve CI outcomes comparable to their peers with SNHL.
However, in children with postsynaptic ANSD (i.e., those with CND), cochlear nerve hypoplasia
is associated with better speech recognition outcomes compared to cochlear nerve aplasia,

especially in the absence of additional disabilities and/or medical comorbidities (ADs/MCs).

Conclusion: Children with ANSD, especially those without cochlear nerve aplasia and ADs/MCs,
achieve speech perception outcomes comparable to their peers with SNHL. In addition, age at HL
diagnosis, age at CI activation, the length of follow-up with CI/HA, bilateral amplification, and

eABR and MRI findings are associated with or have predictive value for intervention outcomes.
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The findings of the SRs should be interpreted with caution given the low quality of evidence and

risk of bias in the studies selected for SRs.

Keywords: Auditory neuropathy spectrum disorder; Cochlear nerve deficiency; Cochlear implant;
Hearing aid; Speech perception; Follow-up period; Electric compound action potential; Electric

auditory brainstem response; Magnetic resonance imaging; Prognostic value; Predictor; Outcome.
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Résumé Général

Introduction: Le trouble du spectre de la neuropathie auditive (TSNA) est un trouble caractérisé
par une détérioration de 1I’encodage temporel des signaux acoustiques en raison d'une dégradation
de la synchronisation ou de la transmission neurale. Malgré une variation dans les résultats aux
tests de perception de la parole chez les patients et dans les études, les données actuelles
démontrent que les enfants atteints du TSNA avec une perte auditive permanente (PA), qui utilisent
des aides auditives (AAs) ou des implants cochléaires (ICs), atteignent généralement des
performances de perception de la parole comparables a celles de leurs pairs atteints de perte
auditive neurosensorielle (PAN). Cependant, parmi un ensemble de facteurs potentiels, peu
d'études ont rapporté des facteurs ayant une valeur pronostique pour les résultats de l'intervention
auditive. Les objectifs de cette thése de doctorat, composée de trois projets associés consécutifs
sur des enfants atteints de TSNA, étaient (1) de déterminer les facteurs ayant une valeur prédictive
pour les résultats post-intervention (ICs ou AAs) par le biais d'une étude rétrospective, (2) résumer
systématiquement et évaluer de maniere critique les preuves existantes de la valeur pronostique
des évalauations électrophysiologiques auditves précoces et des conclusions de I'IRM pour les
résultats de 1'IC par le biais d'une revue systématique (RS), et (3) passer systématiquement en
revue, résumer et évaluer de manicre critique les RS actuelles sur les résultats de 1'IC par le biais

d'une revue générale (vue d'ensemble des RS).

Méthodes: Pour le premier projet, les dossiers de 38 enfants atteints de TSAA agés de 5 a 18 ans,
63,20 % de sexe masculin, qui utilisaient des IC (71 %) et/ou des AH, identifiés au Centre
hospitalier pour enfants de I'est de I'Ontario (CHEO), ont été¢ examinés. Pour les deuxiéme et
troisieme projets, les RS ont été guidées par les lignes directrices PRISMA établies en 2020, et les

bases de données électroniques ont été consultées sans restriction de langue, de statut de
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publication ou d'année de publication. Dans le cadre du deuxiéme projet, les études portant sur des
enfants atteints de TSNA (y compris ceux présentant une déficience du nerf cochléaire [DNC]),
d'anomalies du nerf cochléo-vestibulaire (NCV) ou de PAN et faisant état de la pertinence des
résultats préopératoires et/ou postopératoires du potentiel d'action électrique composé (eCAP), des
potentiels évoqués auditifs électriques du tronc cérébral (PEATC-e) ou de I'IRM par rapport aux
résultats de 1'IC ont été prises en compte. La qualit¢ méthodologique et la puissance des données
probantes ont été évaluées a l'aide de l'outil Crowe Critical Appraisal Tool (CCAT) et de 1'outil
Grading of Recommendations, Assessment, Development and Evaluation (GRADE),
respectivement. Dans le cadre du troisiéme projet, tous les rapports de synthése faisant état de
résultats en matiere d'IC chez les enfants atteints de troubles du spectre des neuropathies auditives
ont ét¢ inclus. La qualité méthodologique des RS sélectionnées a été évaluée a l'aide de la liste de
contrdle AMSTAR-2 (Assessment of Multiple Systematic Reviews 2), et le risque de biais dans

les données probantes a été évalué a 1'aide de I'outil ROBIS (Risk of Bias in Systematic Reviews).

Résultats: Dans I'examen rétrospectif des dossiers (premier projet), I'dge au moment du diagnostic
de la perte auditive et de 1'activation de 1'IC, ainsi que la durée du suivi de 'lC/AA, ont montré une
relation significative avec les résultats de la perception de la parole choix ouvert (c.-a-d. les
résultats du test PBK (Phonetically Balanced Kindergarten) avec les mots et phonémes et du test
HINT (Hearing in Noise Test) dans les conditions de silence et de bruit). En utilisant un modele
de régression linéaire multiple par étapes, la durée du suivi de I'lC/AA et de l'amplification
bilatérale a démontré une valeur pronostique pour la performance de la perception de la parole.
Dans le cadre du deuxiéme projet, 25 articles ont été sélectionnés pour étre examinés. Bien qu'il
ait été difficile de tirer une conclusion ferme sur les résultats de 1'eCAP, les données probantes

actuelles soutiennent fortement la valeur pronostique des PEATC-e et de 'IRM pour les résultats

Vi
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de la perception de la parole post implantation (IC). D'apres les huit RS sélectionnés pour le
troisiéme projet, les enfants atteints de TSNA obtiennent des résultats en matic¢re d'IC équivalents
a ceux de leurs pairs atteints de PAN. Cependant, chez les enfants souffrant d'un TSNA
postsynaptique (Majoritairement de DNC), lI'hypoplasie du nerf cochléaire est associée a de
meilleurs résultats en matiére de reconnaissance de la parole que I'aplasie du nerf cochléaire, en

particulier en l'absence de handicaps supplémentaires ou de comorbidités médicales (HSs/CMs).

Conclusion: Les enfants atteints de TSNA, en particulier ceux qui n'ont pas d'aplasie du nerf
cochléaire et de HSs/CMs, obtiennent des résultats en matiere de perception de la parole
équivalents a ceux de leurs pairs atteints de PAN. De plus, 1'age au moment du diagnostic de la
perte auditive, I'dge au moment de l'activation de I'IC, la durée du suivi avec I'[C/AA,
l'amplification bilatérale et les résultats des PEATC-e et de I'IRM sont associés aux résultats de
l'intervention ou ont une valeur prédictive a cet égard. Les résultats des RS doivent étre interprétés
avec prudence, compte tenu de la faible qualité des données probantes et du risque de biais dans

les études sélectionnées pour les RS.

Mots-clés: Trouble du spectre de la neuropathie auditive; Déficience du nerf cochléaire; Implant
cochléaire; Aide auditive; Perception de la parole; Période de suivi; Potentiels d'action électriques
composés; Potentiels évoqués auditifs électriques du tronc cérébral; Imagerie par résonance

magnétique; Valeur pronostique; Prédicteur; Résultat.

Vi
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Chapter 1

General Introduction

Auditory neuropathy (AN) is a disorder characterized by impaired temporal encoding of
acoustic signals due to dysfunction in the peripheral auditory system with consequent reduction of
auditory perception (Santarelli et al., 2021). Over time, the term AN has changed to auditory
neuropathy/dyssynchrony (Berlin et al., 2003) and then auditory neuropathy spectrum disorders
(ANSD) (Hayes and Sininger, 2008) to encompass variations in auditory findings, resulting from
variations in medical findings, etiologies, or involved anatomic sites (Hall, 2015). Although exact
statistics are not yet available, ANSD is rare in the well-baby population, with no more than three
per 10,000 births (Bielecki et al., 2012; Hall, 2015; Korver et al., 2012; Rance and Starr, 2011;
Starr and Rance, 2015). ANSD is seen in 40% of children with a history of neonatal intensive care
unit (NICU) admission (Rea and Gibson, 2003), and genetic disorders play a significant role in
ANSD pathogenesis, with nearly one-half of all children with ANSD falling into this group
(Gardner-Berry et al., 2019; Hall, 2015; Madden et al., 2002; Manchaiah et al., 2011). Also, ANSD
accounts for 4% to 5% of all children with permanent hearing loss (HL), and 10% to 15% of
school-age children with severe to profound sensorineural hearing loss (SNHL) (Bielecki et al.,

2012; Mittal et al., 2012).



Zahra Jafari Doctoral Thesis

Two basic mechanisms are involved in the disruption of neural activity in ANSD at the
auditory brainstem level: (1) “deficiency in neural transmission” or reduced number of activated
auditory nerve fibers or deafferentation and (2) “deficiency in neural synchrony or dyssynchrony”
(Berlin et al., 2003; Chaudhry et al., 2020; Rance and Starr, 2015; Starr et al., 1996). Based on the
anatomic locus of dysfunction and audiologic, electrophysiologic, and genetic findings, ANSD is
broadly classified into “presynaptic and postsynaptic disorders”. In presynaptic ANSD (auditory
synaptopathy or auditory dyssynchrony) such as otoferlin mutations, the disease involves inner
hair cells (IHCs) or ribbon synapses. In postsynaptic ANSD, dysfunction can occur at multiple
sites along the auditory nerve pathway, including unmyelinated auditory nerve dendrites or
auditory ganglion cells and their myelinated axons and dendrites. While demyelination leads to
dysfunction in conduction velocity causing dyssynchrony (i.e., deficiency in neural synchrony),
axonal degeneration results in reduced auditory input to the brainstem (i.e., deficiency in neural
transmission). In central ANSD, the lesion site is located at the brainstem level, including
cerebellopontine angle tumors, such as vestibular schwannomas and meningiomas (Chaudhry et
al., 2020; Hall, 2015; Rance and Starr, 2015; Shearer and Hansen, 2019). The involvement of each
of these anatomic sites or a combination of them can lead to deficits in neural synchrony and/or
neural transmission and severely affect auditory temporal processing (He et al., 2015; Rance et al.,

2004; Santarelli et al., 2021).

ANSD has a heterogeneous clinical profile, encompassing a wide range of acquired,
genetic (syndromic/non-syndromic), and congenital etiologies (Manchaiah et al., 2011). Various
risk factors or diseases may contribute to ANSD, such as perinatal and neonatal factors (e.g.,
hypoxia, hyperbilirubinemia, and ototoxic drug exposure), genetic and hereditary etiologies,

demyelinating diseases, and neurodegenerative disorders (Chaudhry et al., 2020; Hall, 2015;
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Rance and Starr, 2015). Approximately 27% to 33% of children with ANSD show evidence of
cochlear nerve deficiency (CND) (e.g., due to CHARGE or Waardenburg syndrome) (Holcomb et
al., 2013; Huang et al., 2012). CND is characterized by a very abnormal auditory nerve structure,
including a small (hypoplastic) or absent (aplastic) cochlear nerve as revealed by high-resolution
magnetic resonance imaging (MRI) (Hall, 2015; Roche et al., 2010). In addition, 30% of children
with ANSD demonstrate at least one additional disability other than HL (Ching et al., 2013a; Hall,

2015).

Regarding pathogenic mechanisms of ANSD, while non-syndromic auditory neuropathies
primarily impact the auditory nerve, syndromic auditory neuropathy involves multiple cranial and
peripheral nerves. The primary cause of non-syndromic auditory neuropathy is compromised
synaptic transmission (Saidia et al., 2023). Various genes have been implicated in causing non-
syndromic auditory neuropathy, leading to what is referred to as genetic auditory synaptopathy
(Moser and Starr, 2016). These genetic abnormalities result in specific forms of auditory

neuropathy with distinct mechanisms (Moser and Starr, 2016; Saidia et al., 2023):

e Otoferlin-DFNB9: Mutations in the OTOF gene, which encodes otoferlin, lead to autosomal
recessive profound prelingual deafness. Otoferlin plays a crucial role in calcium-triggered
synaptic exocytosis in inner hair cells (IHCs). Variants in the OTOF gene cause defects in
neurotransmitter release and auditory signal transduction (Petersen and Willems, 2006).

e VGLUT3-DFNAZ25: Genetic mutations affecting the SLC17A8 gene, which encodes vesicular
glutamate transporter 3 (VGLUT3), result in non-syndromic autosomal dominant deafness.
VGLUTS3 is responsible for loading glutamate into synaptic vesicles, and mutations lead to
failure in activating the auditory pathway, despite normal outer hair cell (OHC) activity (Ruel

et al., 2008).
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Cav1.3-SANDD: Mutations in the CACNAI1D gene, responsible for encoding the Cav1.3 L-
type calcium channel, cause sensory and neurological disorders including deafness. Cavl.3
channels are essential for sound-evoked neurotransmitter release at the IHC synapse (Shearer
and Hansen, 2019).

CABP2-DFNB93: Calcium-binding protein 2 (CABP2) modulates calcium channels in IHCs.
Mutations in the CABP2 gene lead to autosomal-recessive non-syndromic hearing impairment.
The impaired synaptic transmission is attributed to altered calcium influx at the IHC synapse
(Shearer and Hansen, 2019).

DIAPH3-AUNAL: Auditory neuropathy, non-syndromic, autosomal dominant 1 (AUNALI)
results from a point mutation in the DIAPH3 gene. This mutation causes overexpression of the
DIAPH3 protein, leading to progressive hearing loss due to the alteration of the assembly and
maintenance of actin filaments in IHC stereocilia (Surel et al., 2016).

Syndromic auditory neuropathies are associated with other neurological conditions and

often affect multiple neural systems (Manchaiah et al., 2011; Saidia et al., 2023):

Charcot—Marie—Tooth: Autosomal-dominant Charcot—Marie—Tooth is a hereditary peripheral
polyneuropathy with hearing impairment as a symptom. Demyelinating neuropathies (CMT
Type 1) display altered ABRs and speech perception, suggesting defective cochlear
neurotransmission (Rance et al., 2012b).

Autosomal-Dominant Optic Atrophy (DOA): DOA, characterized by optic nerve degeneration,
also features hearing loss in some cases. The OPA1 gene, associated with DOA, has variants
related to hearing impairment. Auditory neuropathy may underlie hearing issues in DOA

(Maeda-Katahira et al., 2019).
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e Leber Hereditary Optic Neuropathy (LHON): LHON, a mitochondrial genetic disease,
primarily affects vision. However, auditory neuropathy is also observed in patients (Ceranic¢
and Luxon, 2004).

e Friedreich’s Ataxia: Friedreich’s ataxia, involving a mutation in the FXN gene, leads to both
impaired movement coordination and hearing impairment, particularly affecting auditory
neural responses (Rance et al., 2012a).

e Mohr—Tranebjaerg Syndrome: This syndrome involves progressive dystonia, visual
impairment, and deafness. Neuronal loss with preserved outer hair cells (OHCs) is noted, and
mutations in the TIMMS8A/DDP1 gene are responsible (Wang et al., 2019).

ANSD is characterized by inconsistency in audiologic results. In behavioral audiometry,
hearing thresholds may vary from levels within normal limits to severe to profound SNHL
(Sininger and Oba, 2001). While no specific audiogram shape is common (except for low tone loss
and flat audiograms in adults), poor speech perception performance, especially in the presence of
background noise, is frequent (Madden et al., 2002; Sininger and Oba, 2001; Starr et al., 1996). In
addition, audiometric results might be unreliable in some patients, showing fluctuations over time
(Madden et al., 2002). In auditory electrophysiological assessments, severely abnormal or no
detectable compound action potentials (CAP) and auditory brainstem responses (ABR) are
expected. However, individuals with ANSD show normal otoacoustic emissions (OAEs) and
robust cochlear microphonic (CM) responses, which are inconsistent with typical cochlear
(sensory) HL or are evidence of normal outer hair cell (OHC) function (Madden et al., 2002;

Sininger and Oba, 2001; Starr et al., 1991; Starr et al., 1996; Starr and Rance, 2015).

Hearing aids (HAs) are extensively prescribed for people with permanent SNHL to

compensate for reduced hearing thresholds. Cochlear implants (Cls) are often recommended for

5
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individuals with severe and profound SNHL and are characterized as a common hearing
intervention for children with ANSD, irrespective of HL severity. Overall, Cls are an effective
form of remediation for children with ANSD (Walker et al., 2016), and may function better than
HAs in speech sound transmission supporting the formation of fundamental aspects of spoken

language and verbal communication (Myers and Nicholson, 2021).
Theoretical/Conceptual Framework

According to existing evidence, children with ANSD with different degrees of permanent
HL who use HAs or CIs may attain speech perception outcomes equivalent to their peers with
SNHL (Bo et al., 2022; Ching et al., 2018; Fernandes et al., 2015; Gardner-Berry et al., 2019;
Humphriss et al., 2013; Myers and Nicholson, 2021). However, amplification outcomes show
considerable variability within both patients and studies (Bo et al., 2022; Cupples et al., 2018;
Myers and Nicholson, 2021; Peng et al., 2017; Rajput et al., 2019; Rance and Starr, 2015; Vesseur
et al., 2018). This heterogeneity/inconsistency largely results from diversity in the lesion site and
multiple demographic, auditory, and medical factors contributing to outcomes such as additional
disabilities and/or medical comorbidities (ADs/MCs), age at HA fitting, age at CI activation,
bilateral amplification, the length of follow-up with CI/HA, cognitive function, socioeconomic
status, sex, and maternal education (Bo et al., 2022; Ching et al., 2013c; Hall, 2015; Myers and
Nicholson, 2021; Starr and Rance, 2015). In addition, sample size (higher likelihood of
overestimating intervention effect in studies with low sample sizes) (Dechartres et al., 2013; Zhang
et al., 2013), study design (the risk of selection bias in non-randomized studies) (Sterne et al.,
2022), and diversity in outcome measures (i.e., a variety of behavioral and/or electrophysiological

assessments) (Bo et al., 2022; Myers and Nicholson, 2021; Peng et al., 2017; Vesseur et al., 2018)
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are among known factors contributing to inconsistency in existing evidence. Similar to children
with SNHL, better outcomes in ANSD are associated with receiving hearing interventions before
three years of age (Ching et al., 2013a; Ching et al., 2013b; Niparko et al., 2010). Although there
is existing evidence for the benefits of HAs and ClIs for children with ANSD (Bo et al., 2022;
Myers and Nicholson, 2021; Peng et al., 2017; Vesseur et al., 2018), studies on factors with

prognostic value for intervention outcomes are limited.

Among diverse contributing factors to heterogeneity in patients and inconsistency in the
literature (Bo et al., 2022; Cupples et al., 2018; Myers and Nicholson, 2021; Peng et al., 2017;
Rajput et al., 2019; Rance and Starr, 2015; Vesseur et al., 2018), the lesion site plays a prominent
role in ANSD (Bo et al., 2022; Ching et al., 2013a; Hall, 2015; Myers and Nicholson, 2021; Starr
and Rance, 2015). For this reason, high-resolution MRI is considered the gold standard in
identifying evidence of CND. In addition, both intraoperative and postoperative electric compound
action potential (eCAP) and electrically evoked auditory brainstem response (eABR) are
commonly used to determine the excitability of the cochlear nerve (CN) and may have predictive
value for functional outcomes of electric amplification (Nada et al., 2022; Trecca et al., 2020).
While the results of several studies in children account for the prognostic value of MRI (Jeong and
Kim, 2013; Kari et al., 2022) and intraoperative and/or postoperative electrophysiologic results
(Dutt et al., 2021; Gibson et al., 2009; Yamazaki et al., 2015) for CI outcomes, some studies do
not support this finding (Chao et al., 2016; Nikolopoulos et al., 2000). Overall, given the diversity
of findings, it is unclear where the body of research stands, what the limitations and perspective
of future research are, and how existing evidence can help clinicians with decision-making and

counseling parents about CI candidacy.
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During the past decade, several systematic reviews (SRs) were published on CI outcomes
in children with presynaptic and/or postsynaptic ANSD (Bo et al., 2022; Humphriss et al., 2013;
Myers and Nicholson, 2021; Peng et al., 2017; Rance and Starr, 2015; Vesseur et al., 2018).
However, current evidence demonstrates a range of CI outcomes in children with ANSD from no
significant difference relative to peers with SNHL (Bo et al., 2022) to poor auditory performance
in a fraction of children with postsynaptic involvement or evidence of CND (Gibson and Sanli,
2007; Roush etal., 2011; Teagle et al., 2010). In general, given the breadth of findings, it is difficult
to draw firm conclusions regarding the CI benefits for children with ANSD, the limitations of
existing evidence, future research directions, and the use of current knowledge in decision-making

and counseling with parents about CI candidacy.

Based on current evidence, the framework of this doctoral thesis was outlined to research
and systematically review the factors that have predictive value for CI outcomes, summarize
research limitations, and identify areas for future research. This doctoral thesis on "cochlear

implantation outcomes in children with ANSD" aims to:

1. To characterize factors with prognostic value for post-intervention outcomes.

2. To systematically summarize and critically appraise current evidence on the prognostic
value of early auditory electrophysiologic tests (i.e., intraoperative and/or postoperative
eCAP, and eABR) and MRI findings for post-implantation speech perception outcomes in
children with ANSD.

3. To systematically summarize and critically appraise current SRs of CI outcomes in children

with ANSD and clarify directions for future research.

In alignment with these three objectives, we hypothesize that:
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1. The length of follow-up with CI/HA, age at CI activation, ADs/MCs, and using two
ClIs/HAs contribute to post-intervention outcomes (the first objective and hypothesis

were covered in the first project/publication).

2. Combined electrophysiologic and MRI findings have predictive value for CI outcomes

(the second objective and hypothesis were covered in the second project/publication).

3. Most children with ANSD can benefit from Cls, especially children with presynaptic
ANSD, without ADs/MC:s (the third objective and hypothesis were covered in the third

project/publication).

Summary Review of the Literature

Behavioral Predictors of CI Outcomes

Despite several studies on CI outcomes in children with ANSD, studies on factors that have
prognostic value for CI outcomes are limited. Table 1 summarizes the findings of two studies on
predictors of post-CI speech perception outcomes and indicates the diversity of predictors among

studies.

In a prospective study of 451 children with HAs (70%) or CIs (30%) in Australia (i.e., the
Longitudinal Outcomes of Children with Hearing Impairment [LOCHI] study), of whom 47 (10%)
had ANSD, predictors of intervention outcomes were investigated for children with permanent HL
who received hearing services before three years of age (Ching et al., 2013Db). In this study, female

sex, higher maternal education, and lower age at CI activation were positively associated; and the
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presence of ADs was negatively associated with better three-year outcomes. In addition, there was

no difference in the factors that predicted better outcomes in children with ANSD and those with

SNHL (Ching et al., 2013b). In a similar study in South Africa, predictors of CI outcomes were

investigated in 301 children from five CI programs with a minimum of six months of CI use (le

Roux et al., 2016). Among contributing factors, the use of two Cls was a strong predictor for better

auditory performance and speech production scores, oral mode of communication, and mainstream

education. NICU admission and prematurity were associated with lower auditory performance and

speech production scores, and a higher probability of non-oral communication and non-

mainstream education. The presence of one or more ADs was indicative of poor outcomes in

speech production and educational placement. As shown in Table 1, the outcome predictors

identified in these two studies were rather different, highlighting a wide range of demographic,

environmental, cultural, socioeconomic, and medical factors contributing to speech perception

outcomes.

MRI and Electrophysiological Predictors of CI Outcomes

Preoperative  MRI FEvidence: The ANSD clinical diagnosis is based on (a) objective
electrophysiological measures of cochlear hair cells and auditory nerve function, (b) imaging of
auditory nerve/brainstem, and (c) behavioral audiological assessments. Approximately one-third
of children with ANSD are identified with CND (i.e., aplasia and hypoplasia). CND was initially
described in 1997 (Casselman et al., 1997). Aplasia and hypoplasia are defined based on MRI

findings. Patients with CND often present with associated labyrinthine abnormalities, with widely

10
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varying degrees of severity (Peng et al., 2017). Moreover, they are at higher risk of intracranial
abnormalities and deficits in the central nervous system (CNS) (Hall, 2015). Based on the MRI

results:

e The cochlear nerve is considered normal if it is the same size or larger than the facial nerve
(Casselman et al., 1997).

e The nerve is deficient if it is smaller than the facial nerve (i.e., hypoplasia). In this case,
the nerve is described as small or rudimentary.

e The nerve is considered absent if not seen on axial, coronal, or sagittal images (i.e., aplasia)
(Glastonbury et al., 2002). In addition, a small nerve beyond scanner resolution may be
considered absent.

Likewise, the cochlear nerve canal (CNC) is characterized as normal if the vertical or
transverse diameter is four millimeters or more (Glastonbury et al., 2002), narrow if the diameter
is two to three millimeters (Jackler et al., 1987), and stenotic if less than two millimeters
(Valvassori and Pierce, 1964). Measurements are taken from the narrowest portion of CNC.
Overall, Cls are always conducted on children with CND before offering auditory brainstem

implants (ABI) (Wolfe, 2020).

In a study in Australia, Walton et al. (2008) used MRI findings to divide children with
ANSD into two groups, including 15 children with CND and 39 children without CND. The two
groups were compared in speech perception scores one-year post-implantation. Intraoperative
eABR was abnormal in 13 out of 15 (87%) children with CND relative to 9 out of 39 (23%)
children without CND. Children in both groups with abnormal eABR had significantly lower
speech perception scores, and eABR results were significantly reduced in children with CND

compared to those without CND. The findings of this study suggested a higher rate of abnormal

11
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eABR and poor speech perception outcomes in children with CND relative to children without

CND (Walton et al., 2008).

Table 1. Studies on predictors of amplification outcomes

Study Country  Study Sample AgeatHL  Age at Age at  Predictors

design size diagnosis HAs CIs
(months) (months) (months)
Ching  Australi  Pros 451 in 6.00 8.90 17.70  Presence of ADs,
et al. a total, 47 (8.20) (8.80) (9.00)  female sex, higher
2013b children maternal education, age
with at CI
ANSD
le South Retro 301 16.10 NR 45.60  Use of two Cls, oral
Roux Africa (10.00) (32.50) mode of
et al. communication,
2016 mainstream education,
NICU admission,

prematurity, ADs,
ethnicities other than

Caucasians

ADs: additional disabilities, ANSD: auditory neuropathy spectrum disorder, CI: cochlear implant, HA: hearing aid,
HL: hearing loss, NICU: neonatal intensive care unit, Pros: prospective, Retro: retrospective.

Electric Compound Action Potential (eCAP): eCAP, which is similar to the first wave of ABR, is
an electrophysiological test that measures the auditory nerve response to electrical stimulation after
the insertion of CI electrodes. Neural response telemetry (NRT), neural response imaging (NRI),
or auditory nerve response telemetry (ART) is a technique used to measure eCAP intraoperatively.

eCAP results within normal limits are suggestive of the potential success of the cochlear implant

12
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and help verify the proper placement and function of electrodes (Cosetti et al., 2010; Sawaf et al.,

2022).

In the Peterson et al. (2003) study, NRT was recorded in all children with ANSD and peers
with SNHL, and the two groups showed no significant difference in NRT findings and speech
performance scores. In another study on 16 children with ANSD and their peers with SNHL, the
two groups performed equally in speech recognition tests in both quiet and noise conditions (Attias
et al., 2017). However, the ANSD group showed a significant decline in NRT results (i.e.,
significantly lower electrical thresholds for each electrode, lower comfortable levels, lower mean
electrical dynamic range, and lower mean predicted NRT thresholds [tNRT] for basal and apical
electrodes) compared to the control group. tNRT is usually estimated using either linear
extrapolation of the amplitude growth function, or visual detection of the smallest measurable
neural response (Lai et al., 2009). In the Cosetti et al. (2010) study on a large group of children
and adults with SNHL (n = 97), no relationship was found between tNRT responses and open-set

speech performance at 1-year post-CI.

Pre/postoperative eABR: eABR 1is characterized by three positive peaks (ell, elll, and eV)
generated from the auditory nerve, cochlear nucleus, and possibly neurons in the lateral lemniscus
or inferior colliculus. Wave I is usually hidden by stimulus artifacts and preamplifier distortion.
eABR has a larger amplitude and shorter latency compared to acoustic ABR and shows a steeper
latency-intensity function (Firszt et al., 2002; Gordon et al., 2006). Preoperative eABR is an
electrophysiological diagnostic assessment that assists in (1) determining whether the cochlear
nerve is electrically excitable, (2) identifying which ear is the most appropriate ear for
implantation, (3) characterizing the site of pathology in ANSD, and 4) providing clinicians with

information about the prognosis of Cls (Gibson and Sanli, 2000; Kim et al., 2008). However,
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inconsistencies are observed in the literature on the prognostic value of intraoperative eABR in
post-CI outcomes. For example, in Gibson et al. (2009) study on children with severe to profound
SNHL as well as in Dutt et al. (2021) study on children with ANSD, better speech perception
scores were associated with higher eABR waveform scores (Dutt et al., 2021; Gibson et al., 2009)
(eABR waveform scoring method: 3 = present ell, elll, eIV-V; 2 = absent ell, present elll, and
elV-V; 1 =only present eIV-V; 0 = absent all waves). In two other studies on children with ANSD
(Jeong and Kim, 2013) and SNHL (Nikolopoulos et al., 2000), eABR, however, was not a reliable
predictor of post-CI speech perception abilities. In Walton et al. (2008) study, lower speech
perception scores were found in children with abnormal eABR irrespective of the existence of
CND (Walton et al., 2008). In Jeon et al. (2013) study, eABR was not detected in more than half
of children with ANSD. In addition, children with ANSD and present eABR showed variability in

wave V latency and amplitude as well as CI outcomes.

In a retrospective study by Yamazaki et al. (2015) on 19 children with CND, both MRI and
eABR measures were individually associated with CI outcomes. The authors concluded that the
combination of MRI and eABR results was a proper approach to classifying poor, moderate, and
good CI outcomes. For example, all children with cranial never VII (CN7) greater than CN§ and
no eV achieved postoperative CAP scores < 3, while children with CN7 equal or smaller than CN8

and present eV had CAP scores > 3.

Amplification Outcomes in Children with ANSD

According to the American Academy of Audiology (AAA) pediatric amplification
guidelines, children with ANSD may or may not progress in speech understanding with

amplification (AAA, 2013). It is well-accepted that the lack of auditory stimulation during the
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critical period of spoken language development results in delays in auditory, speech, language,
social, emotional, and cognitive development (Dillon et al., 2013; Robertson et al., 2009;
Yoshinaga-Itano et al., 1998). Since the beginning of EHDI programs, findings of several studies
indicate the benefits of EHDI for speech perception outcomes in ANSD (Ambrose et al., 2014;

Cowan et al., 2018; Cupples et al., 2018; Tomblin et al., 2015; Wolfe, 2020).

Management of ANSD is challenging and requires the involvement of a team of medical
and non-medical professionals from audiology, speech-language pathology, medicine (e.g.,
otolaryngology, pediatrics, neurology), genetics, and sometimes occupational and physical therapy
(due to additional disabilities) (Hall, 2015). Depending on the lesion site and auditory and speech
perception performance, management options could be different from no amplification at all to
frequency modulating (FM) systems, HAs, and Cls (Humphriss et al., 2013). Conventional HAs
may be used to amplify the acoustic signal and improve speech audibility in ANSD. According to
AAA Pediatric Amplification Guidelines, a HA trial is recommended for children with permanent
HL when behavioral hearing thresholds interfere with speech perception at conversational levels
(Walker et al., 2016). Although HAs may be beneficial for speech recognition in mild to moderate
hearing loss 2001), they may not be effective due to poor processing of auditory temporal cues in
ANSD (Berlin et al., 2010; Ching et al., 2013c; De Siati et al., 2020; Kaga, 2016; Rance, 2005;
Rance et al., 2002; Starr et al., 1996). Indeed, conventional HAs amplify the signal but are unable
to overcome impaired speech comprehension due to neural dyssynchrony. For example, in a large
multicentric study, Berlin et al. (2010) reported the outcomes of HAs (n = 85) and Cls (n =49) in

children and adults with ANSD. While HAs were described as offering good benefit, some benefit,
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little benefit, and no benefit by 3.53%, 10.59%, 24.71%, and 61.17% of individuals, respectively,

successful speech recognition outcomes were reported in 85% of CI recipients.

CIs consist of a surgically implanted device and an externally worn speech processor. The
internal processor takes advantage of the tonotopic organization of the basilar membrane and
transfers processed information to electrodes located at different positions within the cochlea.
Stimulation of these electrodes provides localized excitation of cochlear nerve fibers leading to the
discrimination of the corresponding pitch information required to comprehend speech (Katz et al.,
2015). Cochlear implantation is one of the most successful neuroprosthetic devices in
rehabilitation (Kuchta, 2007; Lim et al., 2009). This success rate results from the fact that the
perception of auditory information is largely based on temporal processing, which can be properly
transmitted by only a few electrodes (Kuchta, 2007). In addition, the auditory nerve is better
stimulated and synchronized with electric stimulation relative to acoustic stimulation (Chaudhry
et al., 2020). A CI bypasses the cochlear and synaptic parts of the auditory system and directly
stimulates spiral ganglion neurons. This direct electrical transmission of auditory signals to the
brain provides greater support for the development of fundamental hearing and speech perception
skills (Chaudhry et al., 2020; Shearer and Hansen, 2019). CIs are a feasible option when children
show poor progress with properly fitted HAs (JCIH, 2019). While most children with SNHL can
achieve typical rates of speech, language, and academic development (Leigh et al., 2011), the CI
outcomes of children with ANSD vary widely (Bo et al., 2022; Cupples et al., 2018; Myers and
Nicholson, 2021; Peng et al., 2017; Rajput et al., 2019; Rance and Starr, 2015; Vesseur et al.,

2018), and demonstrate a direct association with the lesion site(s). Thus, close examination of
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auditory behavioral, electrophysiological, and MRI findings is essential to decide on proper

auditory interventions (Rance and Starr, 2015).

Presynaptic ANSD and CI: Individuals with a presynaptic form of auditory neuropathy, due to the
loss of IHC and/or dysfunction or abnormality of IHC ribbon synapses, predominately achieve
good CI outcomes similar to their peers with SNHL (Fayad and Linthicum, 2006, Rance and Starr,
2015; Rodriguez-Ballesteros et al., 2003; Santarelli et al., 2015). In these patients, electrically
evoked auditory potentials (i.e., e€CAP and eABR) reflect an increase in the number of fibers

activated and/or their synchrony of discharge (Rance and Starr, 2015).

Postsynaptic ANSD and CI: Due to the diversity of the lesion site in postsynaptic ANSD (i.e.,
auditory nerve dendrites, dendrites and axons, ganglion cells, myelin, auditory nerve, and/or
brainstem), different pathological mechanisms (i.e., diminished auditory nerve fibers,
dyssynchronous nerve activity, hypoplasia/aplasia, and/or conduction disorders) and variable
degrees of neural disruption are expected. Some patients may have speech perception equivalent
to their peers with SNHL, while others may achieve no auditory perception of electrical stimulation
or functionally useful hearing. Other patients may progress between these two (Bo et al., 2022;
Chaudhry et al., 2020; Humphriss et al., 2013; Peng et al., 2017; Rance and Starr, 2015; Vesseur

etal., 2018).

A Short Overview of the Following Chapters

This doctoral thesis entails three consecutive associated projects on children with ANSD,
consistent with the three primary objectives of the thesis. Chapter 2 (i.e., the first project) presents

the results of a retrospective chart review to determine factors with predictive value to post-
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intervention (Cls and/or HAs) outcomes. In this project, the records of 38 children with ANSD,
who used Cls and/or HAs, identified at the Children's Hospital of Eastern Ontario (CHEO) were
reviewed. Chapter three (i.e., the second project) is an SR of existing evidence over the prognostic
value of early auditory electrophysiologic tests and MRI findings for CI outcomes, and chapter 4
(i.e., the third project) is an overview of existing SR on CI outcomes in children with ANSD. For
the second and third projects, the SRs were guided by the PRISMA 2020 statement, and electronic
databases were searched without restrictions on language, publication status, or year of
publication. In the second project, studies on children with ANSD, cochleovestibular nerve (CVN)
abnormalities, or SNHL reporting the relevance of preoperative and/or postoperative eCAP,
eABR, and/or MRI results to CI outcomes were included. The methodological quality and strength
of evidence were assessed using the Crowe Critical Appraisal Tool (CCAT) and Grading of
Recommendations, Assessment, Development, and Evaluation (GRADE) tool, respectively. In the
third project, the methodological quality of the selected SRs was evaluated using the Assessment
of Multiple Systematic Reviews 2 (AMSTAR-2) checklist, and the risk of bias in evidence was
assessed using the Risk of Bias in Systematic Reviews (ROBIS) tool. The last chapter of the
current thesis (i.e., chapter five) summarizes the findings of the three projects and limitations in

existing evidence and provides grand conclusions and directions for future research.
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Abstract

Introduction: Existing evidence supports the benefits of cochlear implants/hearing aids (CI/HA)
for children with auditory neuropathy spectrum disorder (ANSD). However, evidence is limited

regarding factors with predictive value for intervention outcomes in children with ANSD.

Methods: The records of 38 children with ANSD using Cls (71%) and/or HAs identified at the

Children's Hospital of Eastern Ontario (Ottawa, Canada) were reviewed.

Results: In children with congenital or early-onset hearing loss (HL), the mean age at HL
diagnosis, HA fitting, and CI activation was 5.68, 18.43, and 29.43 months, respectively. A
significant difference was observed between ages at HL diagnosis and CI activation (p <0.001).
Younger age at HL diagnosis and CI activation and longer duration of follow-up with CI/HA were
significantly associated with better open-set speech perception outcomes (i.e., the scores on
Phonetically Balanced Kindergarten Test-Words and Phonemes and Hearing in Noise Test in quiet
and noise conditions). In an analysis using a Forward Linear multiple Regression Model, a longer
follow-up period and bilateral amplification showed prognostic value for higher speech perception

test scores.

Conclusions: In children with ANSD, a longer follow-up with CI/HA and bilateral amplification
have prognostic value for better intervention outcomes. Taking into account the role of other
contributing factors could provide a stronger estimate of variables with predictive value for hearing

Intervention outcomes.

Keywords: Auditory neuropathy spectrum disorder; Cochlear implant; Hearing aid; Speech

perception; Intervention outcome; Bilateral amplification; Follow-up period; Prognostic value.
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Introduction

Auditory neuropathy spectrum disorder (ANSD) is observed in 4% to 5% of all degrees of
hearing loss, and 10% to 15% of school-age children with severe to profound sensorineural hearing
loss (SNHL) (Bielecki et al., 2012; Mittal et al., 2012). ANSD is characterized by hearing
impairment despite normally functioning outer hair cells (OHCs) (Shearer and Hansen, 2019). In
clinical audiology, ANSD is characterized by normal otoacoustic emissions (OAE) and/or cochlear
microphonics (CM), indicating normal cochlear function, accompanied by an abnormal
transmission of auditory signals from cochlear synapses to the brain as evidenced by absent or
severely abnormal auditory brainstem responses (ABRs) (Rance and Starr, 2015; Shearer and
Hansen, 2019). The lesion site causing ANSD may vary from the presynaptic site of release of
glutamate in the inner hair cells (IHCs) to the cochlear synapse, the postsynaptic site of
neurotransmitter stimulation, the site of initiation of the excitatory postsynaptic potential (EPSP)
at the terminal dendrite, or sites along the spiral ganglion, which affect auditory signal transmission
along the auditory nerve to the brain (Rance and Starr, 2015; Shearer and Hansen, 2019). In ANSD,
deficiency in neural transmission (due to a reduced number of activated auditory nerve fibers or
deafferentation) and/or neural dyssynchrony (due to progressive demyelination) are the two basic
mechanisms that contribute to the disruption of neural activity and temporal resolution deficits at
the auditory brainstem level (Rance and Starr, 2011; Starr and Rance, 2015). Temporal resolution
is the ability to perceive changes in stimuli over time, for example, to detect a brief gap between
two sounds or amplitude fluctuations in a continuous sound (Rance, 2005). Individuals with ANSD
typically show difficulty with the temporal processing of sound resulting in impaired speech

perception, especially in background noise (Hood, 2021; Rance, 2005).
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The etiology of ANSD is complex and can broadly be classified into acquired and genetic
factors (Manchaiah et al., 2011). A wide range of acquired factors, such as perinatal conditions
(e.g., hyperbilirubinemia, hypoxia, preterm birth, low birth weight, and mechanical ventilation),
neurometabolic disorders, immune disorders, and ototoxic drug exposure may contribute to ANSD
(Hall, 2015; James et al., 2020; Manchaiah et al., 2011). More than 40% of patients with ANSD
have a genetic predisposition (Manchaiah et al., 2011; Saidia et al., 2023), including autosomal
recessive (OTOF, PJVK), autosomal dominant (OPA1, MPZ, ATP1A3, SLC17A8, DIAPH3), X-
linked (AIFM1), and maternally inherited mitochondrial mutations (Huang et al., 2022; Saidia et

al., 2023).

Intervention and management for ANSD are challenging and require a team approach
including parental education about ANSD management (Hall, 2015; Wolfe, 2020). Hearing
technology interventions for ANSD vary according to individual cases due to the extent of the
lesion and disease severity (Myers and Nicholson, 2021). The most common auditory options
include maximizing the signal-to-noise ratio (SNR) to enhance speech perception in noise or
amplifying sound with hearing aids (HAs) or cochlear implants (CIs) (Starr and Rance, 2015;
Wolfe, 2020). Conventional HAs may be used to amplify the acoustic signal and improve speech
audibility in ANSD. The American Academy of Audiology (AAA) Pediatric Amplification
Guidelines recommend a HA trial for children with reliable, permanent HL that interferes with
speech perception at conversational levels (Walker et al., 2016). However, HAs may not be an
appropriate option for many patients with ANSD as making sounds louder does not improve the
processing of auditory temporal cues (Berlin et al., 2010; Ching et al., 2013a). Cochlear
implantation has revolutionized the care for individuals with severe to profound hearing loss (HL).

Given that the perception of auditory information is largely based on temporal processing, which
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can be successfully transmitted by only a few electrodes (Kuchta, 2007), CIs are the standard of
care for many patients with ANSD (Shearer and Hansen, 2019). The CI bypasses the lesion site
(i.e., IHCs and cochlear synapses) and directly stimulates the spiral ganglion neurons. Further,
compared to acoustic stimulation, electric stimulation is superior in stimulating and synchronizing
auditory nerve fibers (Shearer and Hansen, 2019), which enhances neural synchrony and allows

the development of fundamental speech and hearing skills (Chaudhry et al., 2020).

Similar to children with SNHL, better outcomes in children with ANSD are associated with
receiving hearing interventions (ClIs or HAs) before three years of age (Ching et al., 2013a; Ching
et al., 2013b; Niparko et al., 2010). According to the literature, various factors contribute to
intervention outcomes such as the lesion site, age at HL diagnosis, additional disabilities and/or
medical comorbidities (ADs/MCs), age at CI activation, using one or two Cls, length of follow-up
with CI/HA, and sex (Bo et al., 2022; Cupples et al., 2018; Myers and Nicholson, 2021; Peng et
al., 2017; Rajput et al., 2019; Rance and Starr, 2015; Vesseur et al., 2018). Although the majority
of children with ANSD may attain speech, language, and communication abilities equivalent to
their peers with SNHL (Madden et al., 2002; Mason et al., 2003; Rance and Barker, 2009;
Santarelli et al., 2015; Shallop, 2002; Teagle et al., 2010; Zeng and Liu, 2006), a subgroup of
children with cochlear nerve deficiency (CND) may attain minimal benefits from CIs and show
limited progress in developing functionally useful auditory communication skills (Gibson and
Sanli, 2007; Roush et al., 2011; Teagle et al., 2010). While existing evidence demonstrates the
benefits of HAs and ClIs (Bo et al., 2022; Myers and Nicholson, 2021; Peng et al., 2017; Vesseur
et al., 2018), factors with prognostic value for intervention outcomes have been less studied. The
objectives of the present study were to determine the relationship between open-set speech

perception outcomes and ages at HL diagnosis, CI activation, and length of follow-up with CI/HA
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and to identify factors that have predictive value for open-set speech perception outcomes. We
hypothesized that post-intervention outcomes would be affected positively by age at CI activation,
using bilateral amplification, and the length of follow-up with CI/HA; and negatively by ADs/MCs

and admission to the neonatal intensive care unit (NICU)).
Methods
Participants

This retrospective chart review was conducted at the Children’s Hospital of Eastern
Ontario (CHEO) in Ottawa, Canada in 2023. Chart review and data extraction at CHEO was
approved by both CHEO REB (Protocol No: 22/83X) (Appendix I) and the University of Ottawa
Office of Research Ethics and Integrity (Ethics File Number # H-11-22-8149) (Appendix II). The
records of all children diagnosed with ANSD (n = 38) using CIs and/or HAs between 2000 and
2022 were included in this study. The ANSD diagnosis was based on inconsistency in audiologic
findings in the clinical setting, consisting of present OAEs and/or CMs, absent or severely
abnormal ABR, and various degrees of SNHL irrespective of present OAEs and/or CMs (Hayes
and Sininger, 2008). Of the 27 children with CIs, MRI reports were available for 24. Only one
child was identified as CND (bilateral hypoplasia). Children with less than six-month use of HAs
and/or CIs were not included in the study. For data extraction, both electronic and paper records
were reviewed by two research assistants independent of the authors. The list of data extracted for
this study was: age, HL characteristics (i.e., degree of HL, the onset of HL, age of HL diagnosis),
CI/HA characteristics (i.e., type of Cls or HAs, the use of one or two CIs/HAs, age at HA fitting,
and age at CI activation), medical conditions (i.e., ADs/MCs, NICU history, and preterm birth),
results of open-set speech perception scores (i.e., outcome measures), and the length of follow-up

with CI/HA.
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Outcome Measures

The outcome measures in this study were the tests of open-set speech recognition
consisting of the Phonetically Balanced Kindergarten (PBK) test using both monosyllabic word
(PBK-W) and phoneme (PBK-P) speech materials, and the Hearing in Noise Test for children
(HINT-C) using sentence materials in both quiet and noise conditions. For the PBK test, recorded
speech materials including 25 monosyllabic words (PBK-W) and 80 phonemes (PBK-P) were
presented at 60 dB SPL (He et al., 2015). The HINT test sentences were administered in both quiet
and noise conditions with speech-shaped noise at 10 and 5 dB SNRs (HINT-10 and HINT-5,
respectively) at 60 dB SPL (Eisenberg et al., 2016). All speech perception tests were administered
in a sound booth in the clinical setting. In the chart review, the length of follow-up with CI/HA
was defined based on the most recent follow-up session with speech perception test results
reported. Therefore, this measure refers to the difference between the date of HA fitting (for
children using HAs) or the date of CI activation (the first CI in children with Cls), and the date of

test administration.

Statistical Analysis

Statistical analysis was conducted with SPSS Statistics 26.0 at a significance level of 0.05
or better. Univariate analysis of variance test was used to compare age at HL diagnosis, age at
HAs, and age at CI activation in children with and without a history of NICU admission, preterm
birth, or ADs/MCs. The Spearman’s rank correlation coefficient test was used to assess the
correlation between outcome measures (i.e., speech perception test scores) and age at HL
diagnosis, age at CI activation, and the length of follow-up with CI/HA. A regression of speech

perception outcome measures with age as a single independent variable was conducted to ensure
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that the correlations presented in Figure 1 were not solely influenced by the year of birth of a few
older children (i.e., the potential impact of birth year on the results). As the regression did not yield
significance (p > 0.136), it was concluded that the year of birth had no significant impact on the

reported relationships.

To identify variables with prognostic value for intervention outcomes, a Forward Linear
multiple Regression Model was employed. The variables included were age at HL diagnosis, age
at HA fitting, age at CI activation, length of follow-up with CI/HA, onset of HL, use of bilateral

amplification, history of NICU admission, preterm birth, ADs/MCs, and sex (Appendix III).
Results

The present retrospective study reports the results of 38 children with ANSD, including 24
(63.2%) males and 14 (36.8%) females aged 5 to 18 years old. The HL onset was reported as
congenital or early-onset, late-onset, or unknown in 23 (60.50%), 9 (23.70%), and 6 (15.80%)
children, respectively. Table 1 summarizes the demographic and audiologic characteristics of
children included in this study, consisting of case number (27 with CIs and 11 with HAs), sex,
device type/intervention (Cls or HAs), age at HL diagnosis (months), age at HA fitting (months),
age at CI activation (months), the length of follow-up with CI/HA (months), preoperative HL

degree, ADs/MCs, and history of preterm birth (PB) and NICU admission.
Ages at HL. Diagnosis, HAs, and Cls

Table 2 presents the mean, median, standard deviation, and range of ages at HL diagnosis,
HA fitting, and CI activation based on the onset of HL, i.e., congenital or early-onset, late-onset,
and unknown. In comparing the three ages in children with congenital or early-onset hearing loss

(F=29.52, p <0.001, partial n>= 0.557, and power = 1.00), no significant difference was observed
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between age at HL diagnosis and age at HA fitting (p = 0.061). However, the difference between

age at HL diagnosis and age at CI activation was significant (p < 0.001).
Impact of NICU Admission, Preterm Birth, and ADs/MCs

Of the total 38 children with ANSD, 15 (39.47%) had a history of NICU admission, 18
(47.36%) had a history of PB, and 23 (60.52%) had ADs/MCs. Table 3 demonstrates the mean,
median, and SD of age at HL (months), age at HAs (months), and age at CIs (months) in children
with or without a history of NICU, PB, or ADs/MCs. There was no significant difference between
children with or without a history of NICU admission (p > 0.152), PB (p > 0.676), or ADs/MCs (p

> 0.628) in age at HL diagnosis, age at HAs, and age at CI activation.
Open-set Speech Perception Test Scores

Table 4 exhibits the mean, median, SD, and range of test scores for PBK-W, PBK-P, HINT
in quiet, and HINT in noise with 10 and 5 dB SNRs. The average length of follow-up with CI/HA
was 98.77 months (SD = 57.57, median = 101.50, range = 6.00 to 198.00), including 105.72
months (SD = 61.34, median = 123.00, range = 6.00 to 198.00) for children with CIs and 87.54

months (SD =48.67, median = 91.00, range = 6.00 to 168.00) for children with HAs.
Factors Correlating to Speech Perception Outcomes

Age at HL diagnosis showed a significant negative correlation with PBK-P scores (r = -

0.582, p = 0.023, n = 14) (Figure 1A).

Age at CI activation showed a significant negative correlation with PBK-W scores (r = -
0.634, p=10.011, n=20), and HINT-10 (r =-0.675, p = 0.039, n = 13) and HINT-5 (r = -0.606, p

=0.048, n = 13) sentence test scores (Figures 1B, 1C, and 1D, respectively).
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A significant positive correlation was found between the length of follow-up with CI/HA
and open-set speech recognition using the PBK-W test (r=0.512, p = 0.021, n = 20), PBK-P test

(r=0.702, p=0.005, n = 14), and HINT test in quiet (r = 0.695, p = 0.009, n = 13) (Figure 2).

Predictors of Intervention Outcomes

A Forward Linear multiple Regression Model, including 10 potential contributors, was
used to determine factors with predictive value for intervention outcomes. Table 5 summarizes the
results of statistical analyses, including the variables identified with a significant prognostic value
for intervention outcomes, regression coefficient (R square), F and p magnitudes, and standardized
coefficient Beta. For example, among the list of potential contributors included in the regression
model, “the length of follow-up with CI/HA” was the only factor that showed a significant
contribution (r = 0.448, p = 0.005) to the PBK-W results. Based on the regression coefficient, it
could be interpreted that 44.80% of the outcome (i.e., PBK-W score) was explained by the follow-
up period. In addition, the positive magnitude of the beta value (0.66) was indicative of improved
speech perception performance with increased length of the intervention follow-up. The same
results were obtained for the PBK-P test (regression coefficient = 62.70%), corroborating the
predictive value of the length of follow-up with CI/HA for speech perception outcomes. However,
for the HINT test in both quiet and noise (10 and 5 dB SNRs) conditions, “bilateral amplification”
was the factor that showed significant prognostic value. According to the regression coefficient
values, bilateral amplification explained 60.50% of the HINT score in quiet, 41.80% with 10dB
SNR, and 77.20% with 5dB SNR. Likewise, the positive magnitude of the beta values (0.778,
0.695, and 0.850) suggested improved speech perception performance with increased follow-up

duration.

42



Zahra Jafari Doctoral Thesis

Discussion

The primary objective of the present retrospective study was to investigate the factors that
have a significant impact on post-intervention speech perception outcomes in children with ANSD.
In this study: 1) There was a significant difference between age at HL diagnosis and age at CI
activation. A history of NICU admission, PB, and ADs/MCs had no significant impact on these
ages. 2) Open-set speech perception test scores were positively associated with lower age at HL
diagnosis and age at CI activation, and longer follow-up with CI/HA. 3) A longer follow-up period
demonstrated prognostic value for better PBK test scores (using both word and phoneme speech
materials), and bilateral amplification showed a predictive value for higher HINT test scores in
both quiet and noise conditions. The model identified no other predictors that could add to the
impact of the follow-up period and bilateral amplification. In the following paragraphs, the main

findings are discussed.
Age at HL Diagnosis and Hearing Interventions and the Impact of Risk Factors

Table 6 summarizes the age at HL diagnosis (Ching et al., 2013a; Ching et al., 2013b;
Fitzpatrick et al., 2011; Harrison and Roush, 1996; Jafari et al., 2007; Kittrell and Arjmand, 1997,
le Roux et al., 2016; Ozcebe et al., 2005; Prendergast et al., 2002), age at HA fitting (Ching et al.,
2013a; Ching et al., 2013b; Fitzpatrick et al., 2011; Harrison and Roush, 1996; Jafari et al., 2007;
Kittrell and Arjmand, 1997; Ozcebe et al., 2005; Prendergast et al., 2002), and age at CIs (Budenz
et al., 2013; Ching et al., 2013a; Ching et al., 2013b; Fitzpatrick et al., 2011; Kontorinis et al.,
2014; le Roux et al., 2016) reported in similar studies on children with ANSD (Budenz et al., 2013;
Kontorinis et al., 2014) or SNHL (Budenz et al., 2013; Fitzpatrick et al., 2011; Harrison and Roush,
1996; Jafari et al., 2007; Kittrell and Arjmand, 1997; le Roux et al., 2016; Ozcebe et al., 2005;

Prendergast et al., 2002). In our study, these three ages in children with congenital or early-onset
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HL (5.68, 18.43, and 29.43 months) were comparable to most previous studies, except for Ching
et al. studies (2013) on children with SNHL or ANSD who were diagnosed with HL and received
ClIs/HAs before three years of age in an EHDI program (Ching et al., 2013a; Ching et al., 2013b).
In all but one study (Budenz et al., 2013), a fraction of children had ADs/MCs. The frequency of
ADs/MCs in our study was higher than the values reported in past studies, and this factor had no
significant impact on the three ages reported. In the Harrison and Roush (1996) study on children
with SNHL, higher degrees of HL (severe to profound vs. mild to moderate) and the presence of
ADs/MCs were associated with earlier ages at HL diagnosis and HA fitting. Our findings should
be interpreted with caution due to a low sample size of children with ANSD, with an increased
rate of ADs/MCs compared to previous reports, suggesting the need for further studies in the

future.

Early sensory deprivation can cause significant brain reorganization resulting from
compensatory and cross-modal neural plasticity (Kupers and Ptito, 2014; Merabet and Pascual-
Leone, 2010). According to neurodevelopmental studies, the childhood period below age 4 years,
especially the first two years of life, is the most sensitive period for spoken language development,
when the brain, including the central auditory nervous system, exhibits maximum plasticity (Kral
and Sharma, 2012; Sharma and Campbell, 2011). Since the beginning of early hearing detection
and intervention (EHDI) programs, extensive evidence in ANSD supports the benefits of early
identification and, more importantly, early intervention with HAs and/or CIs (Ambrose et al.,
2014; Cowan et al., 2018; Cupples et al., 2018; Tomblin et al., 2015; Wolfe, 2020). For more than
half a century, the Joint Committee on Infant Hearing (JCIH) has advocated for EHDI (Myers and
Nicholson, 2021). It is well-accepted that the lack of auditory stimulation during the critical period

of spoken language development results in delays in auditory, speech, language, social, emotional,
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and cognitive development (Dillon et al., 2013; Robertson et al., 2009; Yoshinaga-Itano, 1999;
Yoshinaga-Itano et al., 1998). Thus, identifying demographic, socioeconomic, and clinical factors
(i.e., facilitators and barriers) that affect EHDI is the key. Findings of studies indicate that in
addition to audiologic (e.g., progressive hearing loss) or complex medical conditions (Fitzpatrick
et al., 2011), other factors such as socioeconomic status, parental education (Omar et al., 2022a;
Omar et al., 2022b), race/ethnicity, primary language (Kothari et al., 2015; Lieu et al., 2020; Zhang
et al., 2020), and the burden of distance for access to CI (Cheung et al., 2023; Noblitt et al., 2018)
can significantly influence early intervention and aural rehabilitation programs in the pediatric

population.

Correlation Between Speech Perception Scores with Age at HL Diagnosis, Age at Cls,

and the Follow-up Period

In the present study, open-set speech perception test scores were negatively associated with
ages at HL diagnosis and CI activation and positively associated with the length of follow-up with
CI/HA. Our findings on the contribution of earlier ages at HL diagnosis and CI activation, and a
longer follow-up period to speech perception performance are aligned with past evidence of the
impact of auditory deprivation and long-term use of hearing amplification on spoken language
development in children with congenital or early onset HL. For example, in two studies (Daneshi
et al., 2018; Liu et al., 2014), children with ANSD who received Cls before 24 months of age
achieved higher scores in the Categories of Auditory Perception (CAP) test and Speech
Intelligibility Rating (SIR) test compared to children who were implanted after 24 months of age.
In a systematic review with a narrative synthesis of evidence (Bruijnzeel et al., 2016) on implanted

children with follow-up periods ranging from 6 months to 9 years, cochlear implantation before
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24 months was found to be beneficial according to the scores of PBK and consonant-nucleus-
consonant (CNC) tests. In addition, implantation before 12 months was associated with better
speech production (using Diagnostic Evaluation of Articulation and Phonology and Infant-Toddler
Meaningful Auditory Integration Scale [IT-MAIS]), auditory performance (the CAP-II score), and
receptive language scores (based on the Preschool Language Scale combined with oral and written
language skills and Peabody Picture Vocabulary Test). In another similar review, language
outcomes for children implanted after 12 months decreased with the increased age of implantation
(Ruben, 2018). In a study investigating cortical maturation, measured by P1 cortical auditory
evoked potential (CAEP) latency, P1 CAEP latency was significantly correlated with children’s
scores on the IT-MAIS. P1 CAEP responses were present in all children after implantation (Cardon
and Sharma, 2013), compared to previous studies suggesting that only 50 (Rance et al., 2002) to
75% (Sharma et al., 2011) of ANSD children with HAs showed CAEP responses. It was concluded
that children fitted with CIs under two years of age were more likely to show age-appropriate
CAEP responses within six months after implantation, suggesting a possible sensitive period for

cortical auditory development in ANSD (Cardon and Sharma, 2013).

The importance of early HL diagnosis and early hearing intervention is associated with the
fact that the brain has high synaptic plasticity during childhood that progressively declines with
age. This decline results from developmental mechanisms such as attenuated synaptic conductivity
and the maturation of inhibitory neurons (Kolb and Muhammad, 2014). This age-related neural
development shapes sensory object discrimination (Kral et al., 2019). In addition, brain
development is highly modulated by sensory inputs and profoundly reshaped by the lack of one

sensory modality (Bavelier and Neville, 2002; Merabet and Pascual-Leone, 2010). According to
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MRI studies, early auditory deprivation leads to reduced white matter volume and integrity in the
primary and secondary auditory cortex and spoken-language brain areas (Hribar et al., 2014; Karns
et al., 2017). The extent of structural neuroplasticity is an index of poor speech-language
performance in late CI recipients (Simon et al., 2020). In addition, auditory processing deficits due
to functional intra-modal changes (e.g., the reduction of tonotopy, dynamic range, temporal
resolution, and sensitivity to binaural cues) occur, which severely degrade the acuity of the
auditory signal perceived (Kral et al., 2019; Kral et al., 2017). The findings of studies reviewed
here underscore the crucial role of the sensitive period of auditory and spoken language
development; a time limit of below 4 years, especially within the first two years of life (Kral and
Sharma, 2012; Sharma and Campbell, 2011; Shirvani et al., 2016), in which the central auditory

system is highly plastic, and CI surgery could result in optimal outcomes (Kral et al., 2019).

Factors with Prognostic Value for Speech Perception Outcomes

We used a Forward Linear multiple Regression Model to determine the factors showing
significant prognostic value for post-intervention outcomes. Among the 10 variables included in
the regression model (i.e., age of HL diagnosis, age at fitting HAs, age at CI activation, follow-up
period, the onset of HL, using one or two CIs, NICU history, preterm birth, additional
disabilities/medical comorbidities, and sex), a longer follow-up with CI/HA and bilateral
amplification were the two factors that showed prognostic value for better speech perception
outcomes (i.e., PBK and HINT test scores). The regression model identified no additional factors
that could add to the predictive value of follow-up duration and bilateral amplification. Limited
studies have reported the use of statistical models in identifying predictors of intervention

outcomes. In a prospective study by Ching et al. (2013b) on 451 children in Australia with HL
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(30% with CIs, 10% with ANSD), age at CI activation, absence of ADs, higher maternal education,
and female sex were reported as predictors for post-CI outcomes. In a subsequent report by the
same research group on language outcomes (Ching et al., 2017), the benefit of early intervention
for language development increased as hearing loss increased. Children who received
amplification at age 24 months had lower language scores than those fitted at 3 months, and
children who received Cls at 24 months had lower language scores than those implanted at 6
months. In a retrospective study by le Roux et al. (2016) on 301 children with CIs (3.5% with
ANSD) from five CI programs in South Africa, using two Cls, ADs/MCs, mainstream education,

and ethnicities other than Caucasian contributed to post-CI outcomes.

The output of the regression model depends on the sample size and the number of factors
included in the model. In our chart review, the study population included children with ANSD,
and we did not access further relevant information in children’s records (e.g., socioeconomic
status, maternal education, and mode of communication at home), which might have contributed
to the outcomes. An interesting finding in the present study was the significant contribution of the
length of follow-up with CI/HA to the PBK (word and phoneme) test scores and using bilateral
amplification to HINT (in quiet and with 10dB and 5dB SNRs) test scores. The findings for the
PBK test may indicate that in the long term, the length of follow-up with CI/HA is a stronger factor
contributing to outcomes than other influential variables such as age at CI activation and
ADs/MCs. The findings for the HINT test might be associated with the HINT test's higher

complexity due to the use of sentence materials and competing noise.

The strength of this study was in reporting the role of several key contributing factors to

the open-set speech perception test scores in a sample of children identified with ANSD. These
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findings could be useful for health-related professionals in decision-making for EHDI, as well as
in counseling or guiding parents of children with HL, especially those who are candidates for ClIs.
The study also had several limitations including a lack of a control group, genetic background, and
information about other potential contributors (e.g., maternal education, mode of communication
at home, socioeconomic status), as well as low sample size and missing data on speech perception
outcomes (i.e., not all children had all test scores available), which could affect the findings, and

their likely impact should be taken into account.

Conclusions

In this retrospective study, we reviewed three critical ages in providing aural rehabilitation
services for children with ANSD, the impact of ADs/MCs on these ages, and the factors
contributing to open-set speech perception outcomes. More than two-thirds of children with ANSD
used CIs. In children with congenital or early-onset HL, a significant difference was identified
between age at HL diagnosis and age at CI activation, and factors such as NICU admission, PB,
or ADs/MCs had no significant impact on these ages. However, lower ages at HL diagnosis and
CI activation, and longer follow-up with CI/HA were significantly associated with better open-set
speech perception outcomes, and longer follow-up duration and bilateral amplification showed
prognostic value for speech perception outcomes. Our findings suggest that in children with
ANSD, lower ages of HL diagnosis and CI activation, long-term amplification use, and bilateral
amplification are associated with better intervention outcomes. Prospective studies and
consideration of other potential contributors (i.e., demographics, genetics, and cognitive factors)

may help provide a better estimate of the factors affecting ANSD intervention outcomes.
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Figure 1. Correlation between age at HL diagnosis (A) and age at CI activation (B to D) with open-
set speech perception test scores. CI: cochlear implant, HINT: Hearing In Noise Test in quiet and
with two signal-to-noise ratios (SNR) of 10 and 5 dB, HL: hearing loss, and PBK-P: Phonetically

Balanced Kindergarten test with phoneme stimuli.
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A. Correlation between PBK-W and follow-up period B. Correlation between PBK-P and follow-up period
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Figure 2. Correlation between the length of follow-up with CI/HA and open-set speech perception
scores. CI: cochlear implant, HA: hearing aid, HINT: Hearing In Noise Test (in quiet), PBK:
Phonetically Balanced Kindergarten test with both word (PBK-W) and phoneme (PBK-P) speech

materials.
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Table 1. Demographic characteristics of children with ANSD

Doctoral Thesis

1D Sex Device CI/HA Age at HL Age at HAs  Age at CIs Follow-up Degree of ADs/MCs PB NICU
mode diagnosis (month) (month) period HL admission
(month) (month)
cn F Nucleus CI632  Bimodal 87.69 90.48 149.36 6 S-P o .
CI2 F Nucleus CI532 Uni-R 4.80 13.15 31.30 20 P o o .
CI3 F Nucleus CI532 Bi 23.63 NR 24.63 31 P
Cl4 F AB HiRes 90K Uni-L 20.21 22.08 29.93 NR S-P N .
CI15 F AB HiRes 90K Bi 5.29 12.62 17.94 172 S-P i
CI16 F AB HiRes 90K Uni-R 6.51 NR 62.46 133 P o
Cc117 F NF CI24RE Bi 1.00 7.62 11.70 123 P
CI8 F AB HiRes Bi 7.85 NR 16.16 198 P N .
Ultra CI
HiFocus
C19 F AB HiRes 90K Uni-R 18.00 36.00 155.10 49 S-P
C110 F AB HiRes 90K Bi 122.76 123.47 142.88 21 Mo-S o
CI11 F AB HiRes Bi 12.12 13.50 30.03 182 NR
Ultra CI
HiFocus
CI112 M Nucleus CI532  Bimodal 18.63 20.24 193.80 20 S-P o o .
C113 M Nucleus CI512 Bi NR NR 43.99 36 NR o i .
CI14 M MedEI Mil1000  Uni-R 3.71 5.55 30.62 75 S-P .
Concerto
CI15 M AB HiRes 90K Bi 4.50 NR 11.04 82 P
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CI16 M NF CI24RE Uni-R 2.20 16.62 31.30 70 P
C117 M AB HiRes 90K Uni-L 143.64 144.95 156.58 56 Mo
CI18 M AB HiRes 90K Bi 5.45 14.19 27.20 142 S-P
CI119 M Nucleus CI512 Uni-L 4.60 10.38 57.69 133 S-P
CI20 M Nucleus CI512 Bi 33.48 34.00 52.70 147 S-P
CI121 M AB HiRes 90K Bi 13.90 14.85 19.38 165 S-P
CI122 M NF CI24RE Bi 29.21 34.27 55.69 159 S-P
CI123 M NFCI24RE Bi 22.34 23.16 25.46 132 P
CI24 M AB HiRes 90K Uni-R 13.73 14.65 17.97 NR NR
CI25 M AB HiRes 90K Uni-R 5.49 7.89 49.25 105 S-pP
CI26 M AB HiRes 90K Bi 6.60 10.02 14.69 194 S-P
C127 M AB HiRes 90K Bi 1.00 11.66 20.24 142 NR
HA1 F Phonak Sky Uni-L 591 14.39 149.36 168 R: Mi-S
M90-SP L: Mi-P
HA2 F Phonak Sky Bi 5.55 7.33 NA 121 Mo-S
V70P
HA3 F Phonak Sky NR 2.83 11.66 NA 44 Mi-S
B50P
HA4 M Oticon Safari Uni-R 3.06 3.98 NA 132 S
600 P
HAS M Oticon Safari Bi 8.15 26.87 NA 91 Mo-S
600 P
HAG6 M NR Uni-1 24.00 25.00 NA 86 R:N
L:P
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HA7 Phonak Sky Bi 49.22 52.37 NA 124 Mi-S
Q50-SP

JAS Phonak iLink S Bi 7.52 17.87 NA 66 Mi-S
311 Forte NB

HA9 Phonak Naida NR 22.54 24.15 NA 27 R: Mi-P
SV Sp L: Mi-S

HA10 Phonak Sky Uni-L 4.90 49.71 NA 98 R: Mi
M50-PR L: Mi-Mo

HA11 Oticon Opn S2 Bi 1.54 91.60 NA 6 R:N

L:P

Bi: bilateral, CI: cochlear implant, F: female, HA: hearing aid, L: left ear, m: male, Mi: mild, Mo: moderate, NA: not applicable, NF: Nucleus
Freedom, NR: not reported, P: profound, R: right ear, S: severe, Uni: unilateral.
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Table 2. Age at HL diagnosis, HA fitting, and CI activation based on the onset of HL

Onset of HL Age at HL Diagnosis (months) Age at HAs (months) Age at CIs (months)
(N=38) (N=38) (N=27)

n Mean SD Median Range n Mean SD Median Range n  Mean SD  Median Range

Congenital 23 5.68 4.07 5.29 1.0- 20 1843 19.85 12.88 398- 15 2943 1594 2993  11.04-
or early- 20.21 91.60 62.46

onset

Late-onset 9 39.11 40.65 24.00 13.73- 9 40.82 40.72 25.00 14.65- 6 5463 52.60 39.08 17.97-

143.64 144.95 156.58
Unknown 5 5414 4838 23.63 18.00- 4 67.54 4791 63.24  20.24- 6 11829 67.70 146.12 24.63-
122.76 123.47 193.80

CI: cochlear implant, HA: hearing aid, HL: hearing loss, SD: standard deviation.

67



Zahra Jafari

Table 3. Mean age at HL diagnosis, HA fitting, and CI activation in children with a history of NICU, preterm birth, or ADs/MCs

Doctoral Thesis

Risk Age at HL Diagnosis (months) Age at HAs (months) Age at CIs (months)
factors Yes No Yes No Yes No

Mean  Media SD Mean Media SD Mean Media SD Mean Media SD Mean Media SD Mean Media SD

n n n n n n

NICU 10.8 7.22 8.52 26.1 7.52 39.1 206 1662 112 369 1626 419 473 3130 506 59.8 3032 56.2
(n= 4 6 7 3 9 0 2 7 7 7 4
15/38)
PB (n= 20.4 6.60 37.6 202 1292 272 305 1573 36.7 304 2208 323 599 3130 62.6 499 3032 449
18/38) 4 0 9 5 8 3 0 6 7 9 6 8
ADs/MC 229 6.55 37.7 16.5 7.85 213 304 1485 37.1 305 2051 292 57.6 3130 53.6 499 2504 555
s (n= 5 7 6 9 5 2 6 9 4 1 1 5
17/27)

ADs/MCs: additional disabilities/medical comorbidities, HA: hearing aid, HL: hearing loss, NICU: neonatal intensive care unit, PB: preterm birth,

SD: standard deviation.
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Table 4. Scores for five open-set speech perception tests

Speech perception test scores N Mean Median SD Range

PBK-W 20 91.40 94.00 9.20 68.00-100
PBK-P 14 94.28 94.50 4.44 85.00-100
HINT-quiet 13 96.38 98.00 5.67 82.00-100
HINT-10dB SNR 13 90.91 93.00 8.43 73.00-100
HINT-5dB SNR 13 87.53 92.00 11.02 71.00-100

HINT: hearing in noise test in quiet and with two signal-to-noise ratios (SNR) of 10dB and 5dB, PBK:
Phonetically Balanced Kindergarten test with word (PBK-W) and phoneme (PBK-P) speech materials, SD:
standard deviation.
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Table 5. Results of a Forward Linear multiple Regression Model to identify variables contributing to speech perception outcomes

Doctoral Thesis

Speech perception test  Predictor Regression F p Standardized p
scores coefficient coefficient Beta

PBK-W Follow-up period 0.448 11.562 0.005 0.700 0.014
PBK-P Follow-up period 0.525 6.625 0.042 0.724 0.034
HINT in quiet Bilateral amplification 0.605 10.723 0.014 0.778 0.024
HINT - 10dB SNR Bilateral amplification 0.418 7.455 0.026 0.695 0.012
HINT - 5dB SNR Bilateral amplification 0.772 20.750 0.002 0.850 0.002

CI: cochlear implant, HINT: Hearing in Noise Test in quiet and with two signal-to-noise ratios (SNR) of 10dB and 5dB, PBK: Phonetically Balanced

Kindergarten test with word (PBK-W) and phoneme (PBK-P) speech materials.
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Table 6. Mean age at HL diagnosis, HA fitting, and CI activation in previous studies on children with SNHL or ANSD

Study Country Study design Sample ADs/MCs Degree/type of HL Age at HL Age at HAs Age at CIs
size (%) diagnosis (months) (months)
(months)
Present Study Canada Retrospective 23 60.80% Mild to 5.68 (4.04)* 18.43 29.43
profound/ANSD (19.85) (15.94)
le Roux et al. South Retrospective 122 Yes, % NR  Severe to 16.10 NA 45.60
2016 Africa profound/SNHL (10.00) (32.50)
Kontorinis et al. UK Retrospective 27 30% Profound/ ANSD NA NA 35.40 (19-
2014 68)
Budenz et al. USA Retrospective 17 No Profound/ANSD NA NA 34.06
2013 (17.53)
17 No Profound/SNHL NA NA 32.35
(18.08)
Ching et al. Australia Prospective 47 30% Mild to 3.30(2.20)  6.20(3.50) 18.20(6.60)
2013a severe/ANSD
Ching et al. Australia Prospective 451 24% Mild to profound 6.00 (8.20)  8.90(8.80) 17.70(9.00)
2013b
Fitzpatrick et al. Canada Retrospective 43 9.30% Profound/SNHL 9.0 (5.10-  11.30 (6.60- 22.30
2011 (2 with ANSD) 15.80) 17.40) (15.10-
34.70)
Jafari et al. 2007 Iran Retrospective 86 47.7% Severe to 15.20 20.50 NA
profound/SNHL (16.80) (11.10)
Ozcebe et al. Turkey 199 Yes, % NR  Severe to 19.40 26.50 NA
2005 profound/SNHL (11.60) (14.80)
Prendergast et USA Prospective 72 Yes, % NR  Severe to 14.58 11.13) 19.05 NA
al. 2002 profound/SNHL (11.57)
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Kitteral and USA Retrospective 291 30% Severe to 20.20 31.70 NA
Arjmand, 1997 profound/SNHL
Harrison and USA Prospective 331 No, (n=42) Mild to 22.00 28.00 NA
Roush, 1996 moderate/SNHL (15.00) (13.00)
No, (n=118) Severe to 13.00 16.00 NA
profound/SNHL (10.00) (13.00)
Yes, (n=39) Mild to 12.00 22.00 NA
moderate/SNHL (27.00) (28.00)
Yes, (n=132) Severe to 12.00 15.00 NA
profound/SNHL (14.00) (13.00)

® Values in parenthesis show the standard deviation (SD) or range.

ADs/MCs: additional disabilities and/or medical comorbidities, ANSD: auditory neuropathy spectrum disorder, CI: cochlear implant, HA: hearing

aid, HL: hearing loss, NA: not applicable, NR: not reported, SNHL: sensorineural hearing loss.
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Abstract

Purpose: MRI, electric compound action potentials (eCAP), and electric auditory brainstem
responses (€ABR) are among the routine assessments performed before and/or after cochlear
implantation (CI). The objective of this review was to systematically summarize and critically
appraise existing evidence of the prognostic value of eCAP, eABR, and MRI for predicting post-

CI speech perception outcomes in children.

Method: The present systematic review (SR) was guided by the PRISMA 2020 statement. Three
electronic databases (ProQuest, PubMed, and Scopus) were searched with no restrictions on
language, publication status, or year of publication. Studies on children identified with
sensorineural hearing loss (SNHL), auditory neuropathy spectrum disorders (ANSD), cochlear
nerve deficiency (CND), or cochleovestibular nerve (CVN) abnormalities reporting the relevance
of eCAP, eABR, and/or MRI results to CI outcomes were included. Methodological quality and
strength of evidence were assessed by the Crowe Critical Appraisal Tool (CCAT) and the Grading

of Recommendations Assessment, Development, and Evaluation (GRADE) tool, respectively.

Results: Of the 25 included studies, the relevance of eCAP, eABR, and/or MRI findings to CI
outcomes was reported in 10, 11, and 11 studies, respectively. The studies were strongly in support
of the prognostic value of eABR and MRI for post-CI outcomes. However, the relevance of eCAP

findings to speech perception outcomes was uncertain.

Conclusions: Despite promising findings, these should be interpreted with caution given the
observational, retrospective design of the included studies, the heterogeneity of the population,

and limited control of confounding factors in the included studies.

Keywords: Electric compound action potentials; Electric auditory brainstem responses; MRI;
Auditory neuropathy spectrum disorder; Cochlear nerve deficiency; Cochlear implant; Speech

perception; Predictor
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Introduction

Cochlear implants (CI) are one of the most successful neuroprosthetic devices in
neurorehabilitation (Kuchta, 2007; Lim et al., 2009). Compared to other sensory implants, the
advantage of a CI results from the fact that the perception of auditory information is largely based
on temporal processing that can be effectively transmitted by only a few electrodes. In contrast,
the function of other sensory systems, especially the visual system, is based on the processing of
multiple components (e.g., the object’s form, texture, motion, depth, color, and Iuminance)
(Kandel et al., 2021), implicating more individual channels to transmit information. The output of
this complex signal processing, however, might not provide the expected resolution (Kuchta,
2007). In addition, the auditory nerve fibers are better stimulated or synchronized with electric
stimulation relative to acoustic stimulation (Chaudhry et al., 2020). The CI bypasses the cochlear
and synaptic parts of the auditory system, which might be involved with inner ear abnormalities
or auditory neuropathy spectrum disorder (ANSD), and directly stimulates the spiral ganglion
neurons, leading to the transmission of electrical signals to the midbrain (Shearer and Hansen,
2019). Compared to acoustic stimulation, direct nerve stimulation enhances neural synchrony,
which allows the development of fundamental speech and hearing skills (Chaudhry et al., 2020).
Further, CI technology entails various fitting strategies that allow simplifying the early device
programming proportionate to years of auditory deprivation or the needs of children with
additional disabilities. In the long term, the fitting program can be modified according to periodic

assessments of CI outcomes (Wilson, 2011; Wilson et al., 2011).

The CI is currently the intervention option of choice for most children with severe to

profound sensorineural hearing loss (SNHL), especially those who show poor progress with
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properly fitted hearing aids (HAs) (JCIH, 2019). ANSD is an auditory disorder that is characterized
by the involvement of the peripheral auditory system leading to impaired temporal coding of
acoustic signals and impaired auditory perception (Santarelli et al., 2021). It has a heterogeneous
clinical profile, encompassing various acquired, genetic, and congenital aetiologies (Chaudhry et
al., 2020; Hall, 2015; Rance and Starr, 2015). Children with ANSD frequently show poor progress
with HAs (Breneman et al., 2012). Based on the anatomic locus of dysfunction and audiologic and
electrophysiologic findings, ANSD is broadly classified into “presynaptic and postsynaptic
disorders”. In presynaptic ANSD (or auditory synaptopathy, auditory dyssynchrony) such as
otoferlin and DIAPH 3 mutations, the lesion site is the inner hair cells or ribbon synapses. In
postsynaptic ANSD (e.g., due to OPA1 gene mutation in syndromic dominant optic atrophy
[DOA+], or PM22 and MPZ gene mutations in Charcot-Marie-Tooth disease type A [CMT 1A]
and type B [CMT 1B], respectively) (Chaudhry et al., 2020), dysfunction can occur at multiple
sites along the auditory nerve pathway, including unmyelinated auditory nerve dendrites or
auditory ganglion cells and their myelinated axons and dendrites (Hall, 2015; Rance and Starr,

2015).

Like children with SNHL, better outcomes for ANSD are associated with receiving Cls
before three years of age (Ching et al., 2013a; Ching et al., 2013b; Niparko et al., 2010). Although
most children with SNHL can achieve typical rates of speech, language, and academic
development with CIs (Leigh et al., 2011), the post-CI speech perception performance of children
with ANSD is highly variable (Bo et al., 2022; Cupples et al., 2018; Myers and Nicholson, 2021;
Peng et al., 2017; Rajput et al., 2019; Rance and Starr, 2015; Vesseur et al., 2018). Although the
majority of children with ANSD can achieve speech understanding, language development, and
communication outcomes equivalent to their peers with SNHL (Madden et al., 2002; Mason et al.,

76



Zahra Jafari Doctoral Thesis

2003; Rance and Barker, 2009; Santarelli et al., 2015; Shallop, 2002; Teagle et al., 2010; Zeng and
Liu, 2006), a subgroup of children with cochlear nerve deficiency (CND) may attain minimal
benefit from Cls and fail to develop functionally useful auditory communication skills (Gibson
and Sanli, 2007; Roush et al., 2011; Teagle et al., 2010). CND was initially described in 1997
(Casselman et al., 1997). It is characterized by a very abnormal auditory nerve structure, including
a small (hypoplastic) or absent (aplastic) cochlear nerve, which is identified with a high-resolution
MRI (Hall, 2015; Roche et al., 2010). In addition, almost one-third of children with ANSD have

at least one additional disability other than hearing loss (Ching et al., 2013a).

In ANSD, among various contributing factors to heterogeneity in patients and
inconsistency in the literature (e.g., the lesion site, comorbid symptoms, additional disabilities, age
at CI activation, duration of CI use, cognitive function, socioeconomic status, sex, and maternal
education) (Bo et al., 2022; Cupples et al., 2018; Myers and Nicholson, 2021; Peng et al., 2017;
Rajput et al., 2019; Rance and Starr, 2015; Vesseur et al., 2018), the lesion site plays a prominent
role (Bo et al., 2022; Ching et al., 2013a; Hall, 2015; Myers and Nicholson, 2021; Starr and Rance,
2015). For this reason, high-resolution MRI is considered the gold standard in identifying
postsynaptic ANSD and evidence of CND. In addition, both intraoperative and postoperative
electric compound action potential (¢CAP) and electrically evoked auditory brainstem response
(eABR) are commonly used to determine the excitability of the cochlear nerve (CN) and may have
predictive value for functional outcomes of electric amplification (Nada et al., 2022). While some
existing findings support the prognostic value of MRI (Jeong and Kim, 2013a; Kari et al., 2022)
and intraoperative and/or postoperative electrophysiologic results (Dutt et al., 2021; Gibson et al.,

2009; Yamazaki et al., 2015) for CI outcomes, other studies do not support this application (Chao
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et al., 2016; Nikolopoulos et al., 2000). The objective of this review was to systematically
summarize and critically appraise existing evidence on the prognostic value of early auditory
electrophysiologic measures (i.e., intraoperative and/or postoperative eCAP and eABR) and MRI
findings for post-CI speech perception performance in children diagnosed with ANSD,
cochleovestibular nerve (CVN) abnormalities, or SNHL. We hypothesized that combined

electrophysiologic and MRI findings would have predictive value for CI outcomes.

Method

Search Strategy

The comprehensive literature search was guided by the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) 2020 statement (Page et al., 2021) (Appendix
IV). Three electronic databases were searched from their inception dates to July 2023: ProQuest,
PubMed, and Scopus. The following combined search terms were used to identify relevant
evidence: 1) “neural response telemetry” OR “neural response imaging”, OR “auditory nerve
response telemetry” AND “cochlear implant” AND “speech perception”, 2) “electric compound
action potential” AND “cochlear implant” AND “speech perception”, 3) “electric auditory
brainstem response” AND “cochlear implant” AND “speech perception”, and 4) “MRI” AND
“cochlear implant” AND “speech perception”. References to included studies were manually
checked for missing articles in the database search. Both published reviews and preprints were
examined if applicable. The search had no restrictions on language, publication status, or year of
publication. The SR protocol was established before the conduct of the review and uploaded to the
PROSPERO international prospective register of systematic reviews
(https://www.crd.york.ac.uk/PROSPERO, registration number: CRD42023408883).
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Inclusion and Exclusion Criteria

The criteria for inclusion in the systematic review were defined in terms of participants,
interventions, comparators, outcomes, and study designs (PICOS) (Morgan et al., 2018) as follows:
(P) studies on children identified with SNHL, ANSD, and/or CVN abnormalities who were using
one or two Cls, (I) tests of intraoperative or postoperative eCAP (including studies reporting neural
response telemetry [NRT], auditory nerve response telemetry [ANRT] or neural response imaging
[NRI]), and/or eABR, and/or pre-implantation MRI; (C) peers with SNHL with CIs or no control
group; (O) speech perception performance based on the results of standard speech and/or language
tests and/or standard, relevant questionnaires; and (S) randomized controlled trials (RCTs), or
cross-sectional, case-control, retrospective, or prospective studies with or without a control group.

Reviews, books, case reports, and editorials were excluded.
Literature Screening and Data Extraction

Duplicates were eliminated using Endnote software (Thomson Reuters, Philadelphia,
Pennsylvania, USA, version X7). The final papers were selected through a three-stage process:
title screening, abstract screening, and full-text screening. Papers that did not meet the inclusion
criteria were excluded from each section. In the case of uncertainty, first, the abstracts and then
the full texts were screened. The three stages were independently reviewed by two reviewers (ZJ

and AK). Overall, there was complete agreement between the reviewers on the included papers.
Quality Assessment

The Crowe Critical Appraisal Tool (CCAT) was used for quality measurement (Crowe et
al., 2012) (Appendix V). The CCAT is one of the few instruments that has undergone both

reliability and validity evaluations and applies to appraising different research designs (Crowe and
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Sheppard, 2011; Crowe et al., 2012). In each paper, eight aspects including preliminaries,
introduction, design, sampling, data collection, ethical issues, results/findings, and discussion are

evaluated using a 6-point rating scale (from zero to five for each category), and the total score is

40 (Jafari et al., 2021).
Assessing the Certainty of Evidence

The Grading of Recommendations Assessment, Development, and Evaluation (GRADE)
tool (Guyatt et al., 2008) was used to rate the quality of evidence for each outcome. The quality of
evidence reflects the extent to which we are confident that an estimate of the effect is correct.
Using GRADE, the quality of evidence is rated for each outcome across studies or for a body of
evidence, not for every study as a single unit (Schiinemann et al., 2013). A set of five domains
constructs the GRADE approach to rate the quality of evidence including 1) studies’
methodological limitations (the judgment that the findings of included studies for a given outcome
are adequately protected against bias based on the design and conduct of the studies), 2)
indirectness of evidence (how closely available evidence measures an outcome of interest), 3)
imprecision (when studies include relatively few patients and few events and have a wide
confidence interval [CI] or standard deviation [SD] around the estimate of the effect), 4)
inconsistency (the degree of similarity in the direction and/or magnitude of effects across
individual studies), and 5) publication bias (when authors, journals, or both decide to publish or
report research findings based on their direction or magnitude of effect). Although the quality of
evidence represents a continuum, the GRADE approach results in one of four grades: high (high
confidence that the true effect lies close to the effect estimate), moderate (moderate confidence in
the effect estimate), low (limited confidence in the effect estimate), or very low (very little

confidence in the effect estimate) (Schiinemann et al., 2013). For this SR, we used the GRADE
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approach recommended to assess the certainty in evidence when a meta-analysis could not be
performed and data are summarized narratively (Murad et al., 2017). The certainty in evidence

was assessed by one main researcher (ZJ) and then verified by another (AK).

Results

Systematic Review

The database search yielded 1,887 papers, including 1,027 duplicate records that were
removed (Figure 1). After screening titles, 816 more records were eliminated including out-of-
scope papers (n = 480), reviews (n = 145), abstracts (n = 91), posters (n = 16), case reports (n =
35), editorials (n = 5), and books (n = 44). Out-of-scope papers refer to publications that did not
meet the inclusion criteria (i.e., PICOS). This initial screening resulted in a set of 44 papers.
Subsequently, 18 more papers were eliminated during the screening of abstracts, consisting of out-
of-scope publications = 15, reviews = 1, and case reports = 2. Of the 26 studies remaining for full-
text review, 1 paper was removed because of evidence of duplicate publication (i.e., the paper that
was removed (Kim et al., 2011) was part of a larger study published later (Jeong and Kim, 2013b)),
leaving 25 studies appropriate for narrative analysis (Tables 1, 2, and 3). The reference lists for
the selected publications were also hand-searched for any additional related publications. No

further related articles, however, were found.

Characteristics of the Included Studies

Tables 1, 2, and 3 summarize the characteristics of articles included in the systematic
review, consisting of the first author and year of publication, country of origin, participants (the
total number, age, and sex, per subgroup if applicable), age at CIs (month), type of CI device, use

of one or two Cls (unilateral or bilateral), follow-up period (date of outcome measures from CI
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activation per month), electrophysiologic results (intraoperative and/or postoperative eCAP and/or

eABR), MRI results, and summary of primary findings.

eCAP Measures: Table 1 provides a summary of studies reporting the prognostic value of eCAP
for CI outcomes. Of the 10 included studies (eight retrospective (Buchman et al., 2011; Cosetti et
al., 2010; Fulmer et al., 2011; Guedes et al., 2007; Jeong and Kim, 2013a; Song et al., 2010; Teagle
etal., 2010; Valero et al., 2012) and two prospective (Attias et al., 2017; Motasaddi Zarandy et al.,
2018)), four were on children with ANSD (Attias et al., 2017; Fulmer et al., 2011; Jeong and Kim,
2013a; Teagle et al., 2010), three on children with CND (Buchman et al., 2011; Song et al., 2010;
Valero et al., 2012), two on children with SNHL (Cosetti et al., 2010; Motasaddi Zarandy et al.,
2018), and one did not report the etiology of hearing disorder for the study population (Guedes et
al., 2007). Two of the studies on children with ANSD had a matched control group with SNHL
(Attias et al., 2017; Valero et al., 2012). The sample size of the included studies ranged from 10
(Fulmer et al., 2011; Motasaddi Zarandy et al., 2018) to 97 (Cosetti et al., 2010), and the follow-
up time was between 6 (Motasaddi Zarandy et al., 2018) to 72.08 (Jeong and Kim, 2013a) months.
Of the 10 included studies, intraoperative and/or postoperative eCAP tests were reported in four
(Buchman et al., 2011; Cosetti et al., 2010; Guedes et al., 2007; Teagle et al., 2010) and six (Attias
etal., 2017; Buchman et al., 2011; Fulmer et al., 2011; Jeong and Kim, 2013a; Motasaddi Zarandy
et al., 2018; Song et al., 2010; Valero et al., 2012) studies, respectively. To evaluate the CI
outcomes, studies used a wide range of standard behavioral assessments and/or questionnaires
including the Mono-syllabic Word Test (MWT), Categories of Auditory Performance (CAP) test,
Speech Intelligibility Rating (SIR) test, Bamford-Kowal-Bench (BKB) sentence test, Phonetically
Balanced Kindergarten (PBK) test, early speech perception (ESP) test, Word Intelligibility by

Picture Identification (WIPI) test, Glendonald Auditory Screening Procedure (GASP) test,
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consonant identification test, Consonant-Nucleus-Consonant (CNC) test, lexical neighborhood test
(LNT), Multi-syllable Lexical Neighborhood Test (MLNT), Newsha developmental scale, and

Infant-Toddler Meaningful Auditory Integration Scale (IT-MAIS).

eABR Measures: Table 2 summarizes the main characteristics of 11 studies, one prospective
(Nikolopoulos et al., 2000) and 10 retrospective (Gibson et al., 2009; Jeon et al., 2013; Jeong and
Kim, 2013a; Jin et al., 2013; Kim et al., 2008; Motasaddi Zarandy et al., 2018; Song et al., 2010;
Valero et al., 2012; Walton et al., 2008; Yamazaki et al., 2015), reporting the prognostic value of
eABR for CI outcomes. Of the 11 included studies, three were on children with SNHL (Gibson et
al., 2009; Nikolopoulos et al., 2000; Walton et al., 2008), four on children with ANSD (Jeon et al.,
2013; Jeong and Kim, 2013a; Valero et al., 2012; Walton et al., 2008), two on children with CND
(Jin et al., 2013; Yamazaki et al., 2015), and one on children with CVN abnormalities (Kim et al.,
2008). The sample size of the included studies varied between 11 (Jeon et al., 2013) and 245
(Gibson et al., 2009). Studies varied widely in the follow-up period (i.e., equal to or more than six
months). In the majority of the included studies, the follow-up time was equal to or greater than
12 months. eABR was recorded intraoperatively (Gibson et al., 2009; Jin et al., 2013; Nikolopoulos
et al., 2000; Wang et al., 2015; Yamazaki et al., 2015) or postoperatively (Jeon et al., 2013; Jeong
and Kim, 2013a; Kim et al., 2008; Valero et al., 2012; Walton et al., 2008) in an equal number of
studies (n=15). The studies used a variety of standard behavioral assessments and/or questionnaires
as outcome measures consisting of MWT, open-set and closed-set speech tests, the logatome test
(64 vowel-consonant-vowel [VCV] words), ESP, GASP for word and sentence tests, WIPI, CAP,
SIR, BKB phoneme and word tests, long and short vowel recognition tests, LNT phoneme test,

Melbourne speech perception score (MSPS) test, minimal pair test, lowa sentence test,
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Northwestern University children’s perception of speech (NUCHIP) test, Connected Discourse

Tracking (CDT) test, MLNT, LNT, and IT-MAIS.

MRI Findings: Table 3 provides a summary of 11 retrospective articles on children with CND
(Birman et al., 2016; Chao et al., 2016; Chung et al., 2018; Han et al., 2019; Jeong and Kim, 2013a;
Teagle et al., 2010; Valero et al., 2012; Yamazaki et al., 2015) or CVN abnormalities (Gaurav and
Rajguru, 2019; Jeong and Kim, 2015; Kari et al., 2022) reporting on the prognostic value of MRI
measures for CI outcomes. The number of participants varied between 10 (Chao et al., 2016) and
59 (Jeong and Kim, 2015) across the studies. Among the included studies, only one study on
children with CND had a control group with SNHL (Chao et al., 2016). To assess CI outcomes,
studies used various standard behavioral tests and/or questionnaires including speech awareness
thresholds (SAT), open-set MWT, picture vocabulary test, ESP, WIPI, GASP, CNC word test,
Hearing in Noise Test (HINT), AZBio sentence lists, CAP, BKB phoneme and word tests, LNT,

MLNT, MAIS, and IT-MAIS.

Given the high level of heterogeneity of the included studies, especially in terms of the
characteristics of the study populations, age at Cls, follow-up periods, and outcome measures, a

meta-analysis was not conducted, and the findings were narratively discussed.

Methodological Quality of Evidence

The included studies were assessed for methodological quality using CCAT (Crowe et al.,
2012). Table 4 summarizes each study’s total score as well as the scores for each of the eight
components of CCAT. The methodological quality of the included studies varied between 50.0
and 82.5% (mean: 68.50%). The CCAT total score was equal to or higher than 70% in 12 studies.
The studies were deficient in several aspects, particularly study design (e.g., not reporting potential

sources of selection bias and confounding variables), sampling (i.e., not reporting the sampling
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method, suitability of the sampling method, the method of sample size calculation, the suitability
of sample size, and/or inclusion and exclusion criteria), data collection (i.e., not reporting
incomplete or lost data and how their impacts were taken into account), ethical considerations (i.e.,
not reporting informed consent, ethical approval, funding, and/or conflicts of interest), data
presentation (i.e., not reporting demographic and other characteristics of participants, suitability
of statistical analyses and interpretation of findings, and potential statistical adjustments applied
to consider the impact of confounding factors), and discussion (i.e., not addressing potential bias

or confounding, study limitations, and/or suggestions for future research).
Certainty of Evidence

The GRADE tool was used to narratively synthesize the certainty in the evidence for each
of the three primary outcomes (Table 5). For the first outcome, the prognostic value of eCAP for
CI outcomes, evidence was rated with “low certainty” in the domains of methodological
limitations, imprecision, and inconsistency, and with “high certainty” in the domains of
indirectness and publication bias. For two other outcomes, the prognostic value of eABR and MRI
for CI outcomes, evidence was rated with “low certainty” for methodological limitations and

imprecision, and with “high certainty” for inconsistency, indirectness, and publication bias.
Discussion

In this systematic review, studies on the prognostic value of intraoperative and/or
postoperative eCAP and/or eABR, and preoperative MRI for post-CI speech perception outcomes
were reviewed. Although current evidence was not firmly in support of the predictive value of
eCAP, the eABR findings (e.g., eV latency, eV threshold, or eABR morphology/presence) were
predominantly predictors of post-CI outcomes. Similarly, in MRI studies, irrespective of the lesion

site (SNHL, ANSD, CND, or CVN abnormalities), the MRI findings (e.g., internal auditory canal
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[TAC] midpoint diameter, number of auditory nerve fibers in IAC, cochlear nerve canal [CNC]
diameter, and/or the area ratio of cochlear nerve [CN] to facial nerve [FN]) were predictors of
post-CI speech perception performance. In the following paragraphs, the findings for each
measurement tool are discussed taking into account the methodological quality and certainty of

the evidence.
Prognostic Value of eCAP Findings to CI Outcomes

ECAP is an electrophysiologic test that measures the auditory nerve response to electrical
stimulation after the insertion of CI electrodes, and it is similar to the first wave of ABR. NRT is
a technique used to measure eCAP intraoperatively or postoperatively. In children with SNHL,
NRT results within normal limits are an indication of the proper placement and function of
electrodes and the potential success of the implant. Although eCAP recording is an integral part
of initial device activation and post-CI follow-ups (Cosetti et al., 2010; Sawaf et al., 2022), the
number of studies reporting the prognostic value of eCAP to speech perception outcomes is
limited. Of the 10 included publications on children with SNHL (Cosetti et al., 2010; Motasaddi
Zarandy et al., 2018), ANSD (Attias et al., 2017; Buchman et al., 2011; Jeong and Kim, 2013a;
Teagle et al., 2010), and CND (Buchman et al., 2011; Song et al., 2010; Valero et al., 2012), the
findings of half of the studies did not support the prognostic value of eCAP for CI outcomes (Attias
et al., 2017; Cosetti et al., 2010; Fulmer et al., 2011; Motasaddi Zarandy et al., 2018; Song et al.,
2010). For example, in the Cosetti et al. study (2010) on children with SNHL, predicted NRT
(tNRT), representing amplitude growth function per electrode, was not correlated with open-set
speech performance tests 12 months post-CI. A similar finding was reported by Morasaddi et al.
(2018) on NRT hearing thresholds. Likewise, in the Attias et al. study (2017) on children with

isolated ANSD (without additional disabilities or comorbidities) and a matched control group with
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SNHL, despite reduced NRT electric thresholds (T), comfortable levels (C), dynamic range (DR),
and tNRT in children with ANSD relative to peers with SNHL, the two groups were similar in
auditory and speech recognition test scores in both quiet and noise. In the Folmer et al. (2011)
study on children with ANSD, who had comorbidities, and matched control peers, the two groups
were similar in eCAP recovery rate and speech recognition threshold (SRTs). Similarly in the Song
et al. (2010) study on children with CND, the rate of recording stable eCAP in intraoperative and

postoperative measures was not representative of speech perception scores (Song et al., 2010).

In contrast, in five studies, the eCAP findings were associated with speech performance
outcomes (Buchman et al., 2011; Guedes et al., 2007; Jeong and Kim, 2013a; Teagle et al., 2010;
Valero et al., 2012). In two of the studies, children with robust eCAP responses had better speech
perception scores (Guedes et al., 2007; Jeong and Kim, 2013a). In the Valero et al. (2012) study
on children with CND (hypoplasia), eCAP and speech perception performance were monitored at
CI activation and every three months up to 24 months. Initial eCAPs were mostly absent and
showed no improvement in post-CI measurements, corresponding with no improvement in speech
performance scores in subsequent follow-ups. Buchman et al. (2011), also, compared the rates of
recording eCAP and speech perception scores in three groups of children identified with
incomplete partition-enlarged vestibular aqueduct (IP-EVA), hypoplastic malformations, and
CND. Open-set speech perception was achieved in all children with IP-EV A, half of the children
with hypoplastic malformations, and 19% of children with CND, and eCAP was absent in 61%,
33%, and 4% of children, respectively. Overall, robust eCAP recording was associated with higher
speech perception scores, and non-oral communication strategies were more common in children
with hypoplastic malformations (69%) and CND (95%) compared to children with IP-EVA (18%).

In another study from the same research group on children with ANSD who had comorbidities
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(42% with prematurity), only half of the children demonstrated open-set speech perception
abilities, and robust eCAP responses were a predictor of open-set speech perception scores (Teagle
et al., 2010). Similarly, in the Jeong and Kim (2013) study on children with ANSD, robust eCAP

recording was associated with good speech performance scores.

eCAP represents the synchronous firing of a population of electrically stimulated auditory
nerve fibers (He et al., 2017). Given the lesion site in ANSD, particularly in children who were
diagnosed with CND, the likelihood of abnormal or absent eCAP is greater compared to children
with SNHL (Moser and Starr, 2016). Extensive studies have shown that the long-term use of Cls
leads to plasticity in auditory neural pathways and brain cortical areas involved in spoken language
processing (Kral and Sharma, 2012; Ramsden, 2002), and children with ANSD can achieve open-
speech performance scores similar to their peers with SNHL (Bo et al., 2022; Myers and
Nicholson, 2021; Peng et al., 2017). This evidence refers to the idea that very early auditory
electrophysiologic responses (i.e., eCAP) might not be a good representation of the level of neural
plasticity in auditory pathways and speech-related cortical areas subsequent to long-term electric
stimulation, which could lead to improvement in speech performance scores. This possibility could
be an explanation for the inconsistency in eCAP findings in this review, at least partly. Future

longitudinal eCAP studies with sufficient power may provide further clarity in this regard.

Prognostic Value of eABR Findings for CI Outcomes

EABR is a diagnostic electrophysiologic test that is defined by three positive peaks (i.e.,
ell, elll, and eV) that are generated from the auditory nerve, cochlear nucleus, and neurons in the
lateral lemniscus or inferior colliculus, respectively. Compared to acoustic ABR, eABR is

characterized by larger amplitudes, shorter latencies, and a steeper latency-intensity function
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(Firszt et al., 2002; Gordon et al., 2006). Wave I is usually hidden by stimulus artifacts and
preamplifier distortion (Nada et al., 2022). Pre-operative eABR is traditionally used 1) to
determine whether the CN is electrically excitable, 2) to identify which ear is the most appropriate
ear for implantation, 3) to characterize the lesion site in ANSD, and 4) to provide clinicians with

information about the prognosis of CIs (Gibson and Sanli, 2000; Kim et al., 2008).

In the present systematic review, all (Gibson et al., 2009; Jeon et al., 2013; Jin et al., 2013;
Kim et al., 2008; Song et al., 2010; Valero et al., 2012; Walton et al., 2008; Wang et al., 2015;
Yamazaki et al., 2015) but one (Jeong and Kim, 2013a) of the 11 studies reporting eABR results
on diverse groups of children with Cls were indicative of the relevance of eABR findings to speech
perception outcomes irrespective of the lesion site. For example, in 4 studies, a significant
correlation was found between eV threshold and/or amplitude and speech recognition scores
(Wang et al., 2015), or speech perception scores were reduced in those with absent or severely
abnormal eABR results (Gibson et al., 2009; Nada et al., 2022; Song et al., 2010; Walton et al.,
2008). Likewise, studies on children with ANSD, in particular with evidence of CND, and in a
study on children with CVN abnormalities (Kim et al., 2008), absent or abnormal eV (e.g., severely
delayed (Valero et al., 2012; Yamazaki et al., 2015) and increased threshold (Jin et al., 2013; Kim
et al.,, 2008) were predictive of poor or low speech performance outcomes. Overall, it can be
concluded that current evidence is supportive of the prognostic value of eABR to post-CI speech
perception performance outcomes. In addition, this finding supports that compared to eCAP, eV,
which is recorded from higher parts of the auditory brainstem, can better reflect the occurrence of
neural plasticity in auditory pathways and cortical areas subsequent to long-term electric

amplification.
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Prognostic Value of MRI Findings to CI Outcomes

The clinical diagnosis of ANSD is based on a) objective electrophysiological measures of
cochlear hair cells and auditory nerve function, b) imaging of CN and brainstem, and c) behavioral
audiological assessments (Hall, 2015; Rance and Starr, 2015). Approximately one-third of children
with ANSD are identified with CND (i.e., aplasia or hypoplasia) (Casselman et al., 1997; Hall,
2015; Roche et al., 2010). Children with CND often present with associated labyrinthine
abnormalities, with widely varying degrees of severity (Peng et al., 2017). Moreover, they are at a
higher risk for intracranial abnormalities and deficits in the central nervous system (CNS) (Hall,
2015). Based on MRI results, the CN is considered normal if it is the same size or larger than FN
(Casselman et al., 1997). The CN is deficient if it is smaller than FN (i.e., hypoplasia). In this case,
the nerve may be described as small (reduced size) or rudimentary (unbranched CVN complex).
The nerve is considered absent (aplasia) if it is not seen on axial, coronal, or sagittal images
(Glastonbury et al., 2002). In addition, the cochlear nerve canal (CNC) is characterized as “normal”
if the vertical or transverse diameter is 4 mm or more (Glastonbury et al., 2002), “narrow” if the
diameter is 2 to 3 mm (Jackler et al., 1987), and “stenotic” if the diameter is less than 2mm
(Valvassori and Pierce, 1964). Measurements are taken from the narrowest portion of the CNC.
Overall, the results may be surprisingly good if functioning CN fibers are displaced onto the

adjacent vestibular nerve or facial FN (Wolfe, 2020).

In the present review, the findings of all 11 included studies on children with, CND
(Birman et al., 2016; Chao et al., 2016; Chung et al., 2018; Han et al., 2019; Jeong and Kim, 2013a;
Valero et al., 2012; Yamazaki et al., 2015), ANSD (Teagle et al., 2010), or other CVN
abnormalities (Gaurav and Rajguru, 2019; Jeong and Kim, 2015; Kari et al., 2022) provide

evidence of the prognostic value of MRI for CI outcomes. For instance, in children with CND, a
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smaller diameter of CN compared to FN (Birman et al., 2016; Chao et al., 2016; Chung et al.,
2018; Jeong and Kim, 2013a; Valero et al., 2012; Yamazaki et al., 2015) and a smaller area ratio
of CVN to FN at the cerebellopontine angle (CPA) (Han et al., 2019) were associated with lower
scores on speech perception tests and/or related questionnaires. In a recent study by Kari et al.
(2022) on children with CVN abnormalities, among various potential contributing factors, health
status, IAC midpoint diameter, and the number of nerves in the IAC were predictors of aided
hearing thresholds and SATs. After adjusting the statistical analysis for health status
(comorbidities or additional disabilities), the contribution of the IAC midpoint diameter and the
number of nerves in the IAC to implantation outcomes remained significant (Kari et al., 2022). In
another study, MRI abnormalities (i.e., demyelination of white matter of the brain, Mondini’s
dysplasia, communicating hydrocephalus, asymmetrical cochlear size, and features of mastoiditis)
were associated with lower speech perception outcomes 12 months post-CI (Gaurav and Rajguru,
2019). In summary, according to MRI findings, although children with CND or abnormal CVN
can benefit and, at times, achieve open-set speech recognition with Cls, those with hypoplasia tend
to achieve better speech performance outcomes relative to those with aplasia. In fact, compared to
hypoplasia, children with aplasia are more likely to receive little or no benefit from a CI (Peng et

al., 2017; Vesseur et al., 2018).

It should be noted that despite the relevance of eABR and MRI findings to speech
perception abilities, the studies included in this systematic review reported remarkable variability
of outcomes among children with CND and CVN abnormalities (Bo et al., 2022; Peng et al., 2017;
Vesseur et al., 2018). In this regard, evidence of CND or CVN abnormalities, especially the
absence of CN on MRI may not entirely rule out the benefit of Cls. For example, in Yamazaki et

al. (2015) study, in a series of 19 children with CND, one child with no eABR achieved a CAP
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score of six. This finding suggests that the functional capacity of an abnormal CN may not be
completely appreciated with current neuroimaging and electrophysiologic technology, and serves
as a reminder that it is important to consider other contributing factors to CI outcomes. Regarding
the latter point, in addition to the lesion site, several other factors can influence spoken language
development (e.g., developmental delay, additional disabilities or comorbidities, socioeconomic
status, the linguistic capacity of the family, age at implantation, duration of CI, and maternal
education), however, their role was not considered in most studies reviewed or their impacts were
not adjusted in the statistical analysis. These confounding factors can significantly impact the
overall language development of children with severe to profound hearing loss (Bo et al., 2022;

Wolfe, 2020), and their contribution to CI outcomes needs to be considered in future studies.

The follow-up period is another key contributing factor to CI outcomes. Long-term
monitoring of eABR has shown evidence of plasticity (reduced latency and decreased amplitude)
in the auditory brainstem (Gordon et al., 2003), which may result from improved synaptic efficacy
or myelination (Nada et al., 2022). In this review, the follow-up periods varied widely both within
the study population in every single study and among the included studies, which could be an
important source of variability in electrophysiologic results and CI outcomes resulting in

inconsistency in the literature.

The diagnosis of severe to profound SNHL can be both devastating and confusing for many
parents, particularly children who are diagnosed with CND and CVN abnormalities and/or with
additional disabilities or comorbid conditions. Families require substantial counseling regarding
the implications of these special conditions on spoken language development, and their
expectations need to be managed carefully. Moreover, the MRI and electrophysiologic results need

to be taken into account carefully when making recommendations to families on what intervention
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is most appropriate, especially for children with aplasia for whom expectations for spoken

language are low (Kari et al., 2022).

Cross-Modal Plasticity and Poor Speech Perception QOutcomes

Early sensory deprivation can lead to massive brain reorganization due to compensatory
and cross-modal plasticity (Merabet and Pascual-Leone, 2010). Neurodevelopmental studies in
infants with severe to profound hearing loss underline a time limit below age 4 years, and
especially the first two years of life, as the sensitive period for spoken language development, in
which the central auditory system exhibits its maximum plasticity (Kral and Sharma, 2012; Sharma
and Campbell, 2011). Early severe to profound SNHL drives drastic intra-modal changes that
severely degrade the acuity of auditory signals leading to anatomical and functional changes in
sensory-deprived primary and secondary auditory areas (Finkl et al., 2020) and spoken language-
related brain regions (Kral et al., 2019; Kral et al., 2017). In children with severe to profound
SNHL, functional neuroimaging evidence indicates the response of the auditory regions (e.g.,
Heschl's gyrus, superior temporal gyrus, and planum temporale) to stimuli from intact modalities,
particularly vision and tactile, as compensatory mechanisms (Almeida et al., 2015; Benetti et al.,
2018; Buckley and Tobey, 2011; Ding et al., 2015; Karns et al., 2012; Li et al., 2015; Sadato et al.,
2005; Shiell et al., 2016; Smith et al., 2011). The extent of this cross-modal plasticity depends on
the onset age and duration of auditory deprivation (Li et al., 2013). In addition, according to
functional resting-state neuroimaging studies, recording a high level of spontaneous neural activity
from auditory cortical areas before CI is evidence of occupied auditory and language brain areas
with other sensory modalities and is a predictor of poor CI outcomes (Lee et al., 2007). In children
with CND, especially those with aplasia and other brain abnormalities, because of neural damage

leading to unsuccessful use of hearing aids and possibly a higher degree of auditory deprivation
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before receiving Cls, a higher extent of cross-modal plasticity is expected to contribute to poor CI

outcomes for spoken language.
Study Limitations and Directions for Future Research

In this systematic review, there was substantial heterogeneity among included studies in
chronological age, age at CI, follow-up periods, and outcome measures that might have affected
outcomes. This heterogeneity did not allow us to conduct meta-analyses, resulting in a narrative
discussion and interpretation of the findings. In assessing the strength of evidence, the included
studies were predominately deficient in terms of study design, sampling, data collection, and
ethical considerations. Of the 25 publications reviewed, 14 had samples below 25 participants.
“Small-study effects” refer to the fact that interventions with limited sample sizes (small-study
bias) are susceptible to inflated effect size estimates and publication bias, and may have resulted
in more extreme treatment effects (Button et al., 2013). This impact could be partly explained by
lower methodological quality in small trials (Turner et al., 2013). Thus, caution should be taken in
the interpretation of systematic reviews involving small studies. Although this review was
primarily focused on the impact of the lesion site, several other factors might have affected the
outcomes such as comorbid symptoms, additional disabilities, age at activation of Cls, using one
or two Cls, duration of CI use, cognitive function, socioeconomic status, sex, and maternal
education (Bo et al., 2022; Ching et al., 2013a; le Roux et al., 2016). These factors were not in the
scope of the included studies and their impact was not examined. All the included publications
were observational studies, 21 retrospective and 4 prospective. Observational studies are more
prone to the risk of selection bias and confounding (e.g., additional disabilities, comorbid
symptoms, and socioeconomic status) (Hammer et al., 2009). In addition, studies relying on

retrospective chart reviews are at risk of selection bias due to factors such as inconsistency in
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administrative data recording, misclassification bias in outcome events, and missing data (Norris
et al., 2014; Prada-Ramallal et al., 2019), and their impact on the overall quality of the studies
should be acknowledged. Taken together, prospective study designs, which allow control over
confounding factors, with adequate sample sizes and sufficient power to estimate intervention

effects are recommended for future research.
Conclusions

This review aimed to systematically summarize and critically appraise existing evidence
on the predictive value of intraoperative and/or postoperative eCAP and eABR as well as
preoperative MRI findings to post-CI speech perception performance outcomes. Of the 25 included
studies, the relevance of eCAP, eABR, and MRI findings to CI outcomes in children was reported
in 10, 11, and 10 studies, respectively. While the predictive value of eCAP findings for CI
outcomes was uncertain, the eABR and MRI findings supported their prognostic value for post-CI
speech perception outcomes. This finding may help clinicians and the CI team in the process of
decision-making for CI candidacy and consultation with the family. However, due to the
observational, retrospective design and limited sample sizes in most included studies,
heterogeneity of the study population in individual studies and within studies, and limited control

of confounding factors, caution should be practiced in the interpretation of findings.
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Figure 1. The PRISMA flow diagram illustrates the method used for literature search, screening,

and summarizing evidence. Publications that did not meet PICOS’s criteria were excluded. PICOS

stands for participants, interventions, comparators, outcomes, and study designs, respectively.

PRISMA: preferred reporting items for systematic reviews and meta-analyses.
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Table 1. Characteristics of studies on the prognostic value of eCAP for CI outcomes

Study Study Diagnosis Participants  Age at Device Uni/Bi  Follow- Electrophys Outcome Findings
Country  design CI up iology measures
(months) period
(months)
Motasa Pros SNHL 10, 3-5 50.4 Nucleus All 6 Postoperati  Newsha Improvement in speech
ddi years, 7 Uni ve NRT developm and language scores
Zarand girls ental post-implantation
y et al. scale despite no change in
2018 eCAP hearing
Iran thresholds.
Attiaset  Pros ANSD  ANSD: 16, ANSD: Majority ANSD 40 Postoperati MWT, Despite reduced eT,
al. 2017 5-12.2 11-34 with 1 6/10 veeT,eCL, SWT,and eCL,eDR, andtNRT in
Matched years, 6 Nucleus, SNHL eDR, and EST in children with ANSD,
Israel SNHL  girls SNHL: AB, : 8/8 tNRT only quietand they showed no
10-26 MedEl in Nucleus  noise difference with children

SNHL: 16, CI users with SNHL in speech

6.7-13.2, 8 performance outcomes.

girls
Jeong Retro ANSD 15,3.5 70 Nucleus NR 72.08  Postoperati CAP, IT-  Better speech perception
and Kim years, 5 ve ecCAP (3 MAIS, abilities were observed
2013 girls weeks open-set  in children with robust
Korea postsurgery MWT eCAP results.

)

113



Zahra Jafari Doctoral Thesis
Valero Retro CND 19, 10 girls Hypopla Nucleus Hypop  AtCl  Postoperati ESP,IT-  In children with
et al. (hypoplas sia: 50.4 lasia: activatio ve eCAP MALIS, hypoplasia, initial
2012 ia) (12-155) 17/2 n and WIPI, eCAPs were mostly
Canada every 3 GASP, absent. In the first and
Matched SNHL: SNHL months MLNT, last assessments, eCAP
SNHL 51.24 :17/2  upto24 BKB was recorded in 2 out of
(12- months words, 7 and 2 out of 6 children
172.2) LNT with hypoplasia,
phonemes respectively, and in 17
, BKB out of 17 control
phonemes children in both
assessments.
Speech performance, the
PROSPER scores,” was
lower in both initial and
the most recent
assessments and did not
improve over time.
Buchma  Retro  Innerear 76, 46% 72.0 Nucleus, 64/12  12-120 Intraoperati SRI-Q, Open-set speech
n et al. malformat  girls. (15.6- AB ve NRT ESP, perception was achieved
2011 ion or CND: 22 216) PBK, in 100% of children
USA CND Non-CND: CNC with IP-EVA, 50% of
with 54 words children with
AD/C hypoplastic

malformations, and 19%
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of children with CND.
eCAP was absent in
61%, 33%, and 4% of
children with CND,
hypoplastic
malformations, and IP-
EVA, respectively.
Robust eCAP recording
was associated with
higher speech
perception scores.
Manual communication
was more common in
children with
hypoplastic
malformations (69%)
and CND (95%)
compared to those with
IP-EVA (18%).

Fulmer
et al.
2011
USA

Retro

ANSD
with
comorbidi

ties?

ANSD: 10

SNHL: 10

ANSD: Nucleus, ANSD ANSD:
44 4 AB, . 8/2 43.2
SNHL:  MedEl SNHL:
58.8 SNHL 51.6

1 6/4

Postoperati
ve eCAP

SRT for
monosylla
bic and
spondee

words

Children with ANSD
and SNHL were not
different in SRT and

eCAP recovery rates.
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Matched
SNHL
Cosetti Retro SNHL 24, 5-17 Children Nucleus NR 12 Intraoperati  Children:  No correlation between
et al. years :7.5 ve tNRT MLNT, tNRT results and open-
2010 years PBK, set speech performance.
USA LNT,
GASP
Songet  Retro CND,9 13,43 (1- NR Nucleus, NR 26.5 Intra- and CAP,IT-  The average IAC was
al. 2010 with 13) years, AB (12-68) postoperati MAIS 1.78 mm (0.75-2.57
Korea aplasia ve eCAP at mm). Post-CI CAP
1,3,6,12, scores ranged from 0 to
18, and 24 4. Only 2 children
showed stable eCAP
responses in post-CI
assessments. No
correlation was found
between eCAP and CAP
results.
Teagle Retro ANSD(6 52,7.3 47,12-  Nucleus, 2/50 41 (6- Intraoperati ESP, 50% demonstrated
et al. with years, 19 213 AB 118) ve eCAP PBK, open-set speech
2010 CND) girls MLNT, perception abilities, and
USA with LNT, IT- nearly 30% were unable
medical MAIS to complete the test
comorbidi because of low CI
ties, 42% experience or
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with developmental delays.
prematurit No child with CND
y achieved open-set

speech perception
abilities. In a subgroup
of children with the
results of eCAP and
PBK tests, good open-
set speech perception

skills were associated

with robust eCAP
responses.
Guedes Retro NR 100, 53% NR Nucleus NR 6 Intraoperati  Hearing NRT response was
et al. girls, ve NRT capacity recorded in 72% of
2007 61 below test, children. Open-set
Brazil 20 years GASP sentence test scores

were significantly better
in children with present
compared to absent

NRT.

AB: advanced Bionics, AD/C: additional disabilities/comorbidities, ANSD: auditory neuropathy spectrum disorder, BKB: Bamford-Kowal-Bench
sentence test, CAP: Categories of Auditory Performance, CDI: child development inventory, CI: cochlear implant, CL: comfortable level, CNC:
consonant-nucleus-consonant, DEAP: diagnostic evaluation of articulation and phonology, DR: dynamic range, eCAP: electric compound action
potential, ESP: early speech perception, EST: everyday sentence test, GASP: Glendonald Auditory Screening Procedure, IP-EVA: incomplete
partition-enlarged vestibular aqueduct, IT-MAIS: Infant-Toddler Meaningful Auditory Integration Scale, LNT: lexical neighborhood test, MLNT:
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Multi-syllable Lexical Neighborhood Test, MWT: Mono-syllabic Word Test, NR: not reported, NRT: neural response telemetry, PBK: Phonetically
Balanced Kindergarten, SIR: Speech Intelligibility Rating, SNHL: sensorineural hearing loss, SRI-Q: speech recognition index in quite, SP: speech
perception, Pros: prospective, Retro: retrospective, SRT: speech recognition threshold, SWT: spondee word test, T: threshold, tNRT: predicted NRT,
WIPI: Word Intelligibility by Picture Identification, WRS: word recognition score.

?Including hyperbilirubinemia, family history, premature birth, hypoxia, perinatal infection, cystic fibrosis, Mondini malformation, attention deficit

hyperactivity disorder (ADHD), autism

® The Pediatric Ranked Order Speech Perception (PROSPER) score allows for the comparison of speech and language outcomes across varying
testing conditions, both between participants and within a single participant tested repeatedly over time. In PROSPER, tests are ranked according to

their relative difficulty and quantified from O (least complex) to 34 (most complex) (Arjmandi et al., 2022; Valero et al., 2012).
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Study Study Diagnosi Participants Ageat  Device Uni/ Follow-up Electroph  Outcome Findings
Country design s CI Bi period ysiology measures
(months (months)
)
Wangetal. Retro SNHL 40, 1.7-7.0 12- Nucleus NR 3to26  Intraopera CAPand A correlation was found
2015 years, 14 58.8 tive SIR between the eV threshold
China girls eABR growth® and SIR growth. Children
with better CAP growth
had a lower eV threshold
compared to those with
lower CAP growth.
Yamazaki  Retro CND 19 26.7  Nucleus 5/14 24 Intraopera CAP Poor speech performance
et al. (11.5) tive in children with delayed
2015 eABR® eV compared to better
Japan speech performance in
children with positive eV.
Jeon et al. Retro  ANSD 11,4t08 NR  Nucleus, Uni ANSD:  Postopera CAP eABR was not recorded in
2013 years, 6 AB 40.4 (8to tive 6 out of 11 children with
Korea SNHL  girls 80) eABR? ANSD. Children with
SNHL: recorded eABR showed
SNHL: 9 29.4 (13 relatively good speech
to 59) performance post-CI,

while the nonresponse
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group demonstrated

variable outcomes.

Jeongand  Retro  ANSD 15,3.5 70 Nucleus NR 72.8 Postopera CAP,IT- eABR results were not
Kim 2013 years, 5 tive MALIS, different in children with
Korea girls eABR (3  open-set  good and poor speech
weeks MWT perception outcomes.
post-CI)
Jin et al. Retro CND NA NA NA NA NA Intraopera CAP, SIR A higher threshold and
2013 (IACS) tive lower dynamic range of
China eABR e¢ABR, and lower speech
Matched performance outcomes
SNHL were identified in the
IACS group compared to
the control group. The
CAP score and eABR
grade were correlated.
Valero et Retro  ANSD 19,10 girls  ANSD Nucleus ANS At CI Postopera ESP,IT-  In children with
al. 2012 with :50.4 D:  activation tive MALIS, hypoplasia, single eV
Canada hypopla (12- 17/2 andevery eABR WIPI, waves were recorded in
sia 155) 3 months GASP, some children, but most
SNHL SNH  upto24 MLNT, responses were abnormal.
Matched :51.24 L: months BKB eV was also significantly
SNHL (12- 17/2 word,s delayed compared with
172.2) LNT the control group. Speech
phonemes performance, the
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BKB

2

phonemes

PROSPER score,? was
poor in both the initial
and the most recent

assessment and did not

improve over time.

Retro CND, 9

with

Song et
al. 2010

13,4.3 (1-
13) years,

Korea aplasia

NR

Nucleus,
AB

NR

Intra-and CAP, IT-

MAIS

26.5 (12-
68) postoperat
ive eABR
and eCAP
atl, 3,6,
12, 18,
and 24

The average IAC was
1.78 mm (0.75-2.57 mm).
Post-CI CAP scores
ranged from 0 to 4. eABR
was good, variable, and
absentin 4, 3, and 6
children, respectively,
which corresponded with
CAP scores 4, 4 or 2, and

2 or 0, respectively.

Gibson et Retro SNHL 245
al. 2009

Australia

NR

Nucleus

NR

12 Intraopera MSPS°¢
months  tive
for 245  eABR

children

24
months
for 148

children

eABR waveforms were
significantly different
between those who scored
4> compared to lower
scores in the Melbourne
scale. After two years, the
outcome showed greater

differences.
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Kim et al. Retro CVN Gl: 11 12-159 Nucleus, All 36 Preoperati GASP for Children with lower

2008 abnorma G2: 20 AB, uni ve words and preoperative eABR

USA lities G3: 8 MedEl promonto  sentences, thresholds had better
Gl: ry eABR  NUCHIP, postoperative speech
Mondini minimal performance. Larger eV
G2: pairs test  amplitude and shorter
other latency were associated
cv with better speech
abnorma performance. Open-set
lities sentence recognition test
G3: was possible in 73% of
Aplasia group 1, 30% of group 2,

and 38% of group 3.

Walton et Retro  A: <15 years A:40 Nucleus NR 12 Postopera MSPS Children with CND

al. 2008 Bilateral B: 44 tive showed worse speech

Australia ANSD  A:39,14 e¢ABR, perception scores (median
B: girls axial T2 score 1 vs. 4), higher rates
Bilateral MRI of abnormal eABR (87%
ANSD B: 15,7 vs. 23%), and more
with girls associated inner ear
CNDf abnormalities than

children with ANSD
without CND.
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Nikolopo Pros SNHL N: 47 58 NR NR 12, 24, Intraopera lowa Children with no

ulos et al. G1: 35 with and 36  tive sentence  preoperative eABR

2000 clear eV eABR at  test, CDT, performed at levels

UK G2: 12 the time CAP, SIR  comparable with children
without of CI who had clear
eABR surgery preoperative eABR.

AB: Advanced Bionics, ANSD: auditory neuropathy spectrum disorder, BKB: Bamford-Kowal-Bench sentence test, CAP: Categories of Auditory
Performance, CDI: child development inventory; CDT: Connected Discourse Tracking, CI: cochlear implant, CVN: cochleovestibular nerve, DEAP:
diagnostic evaluation of articulation and phonology, eABR: electric auditory brainstem response, ESP: early speech perception, G: group, GASP:
Glendonald Auditory Screening Procedure, IACS: internal auditory canal stenosis, LNT: lexical neighborhood test, MLNT: Multi-syllable Lexical
Neighborhood Test, MSPS: Melbourne speech perception score, NA: not accessible, NR: not reported, Pros: prospective, Retro: retrospective, SIR:
Speech Intelligibility Rating, SNHL: sensorineural hearing loss, SP: speech perception.

2 Categories of implant evoked eABR waveform scores: Score 3: ell (yes), elll (yes), eV (yes); Score 2: ell (no), ell (yes), eV (yes); Score 1: ell
(no), elll (no), eV (yes); Score 0: ell (no), elll (no), eV (no) (Lundin et al. 2016: Gibson et al. 2009, with modifications).

> The eV was considered present (positive eV) when two or more tested electrodes showed evoked waves meeting the following criteria: 1)
reproducible responses with amplitude greater than 0.15 KV, 2) a current-dependent increase in amplitude, which suggests a neuronal response

rather than a myogenic response, and 3) 3.8 to 5.0 milliseconds of the wave latency (Yamazaki et al., 2015).
¢ Growth referred to improvement in CAP and SIR test scores.

4 The results of eABR were grouped into 3 categories: 1) good response: reproducible wave V responses at all apical, middle, and basal electrodes,
with an eABR threshold of less than 1750 KA; 2) variable response: reproducible wave V responses measured only in limited electrodes and/or an

e¢ABR threshold of more than 1750 KA; 3) nonresponse: no identifiable wave V response in any of the electrodes.
¢ MSPS includes 7 categories, in which levels 5, 6, and 7 show that open-set recognition of speech has been achieved (Walton et al., 2008).

fComorbidity: A 78% and B 67%, severe comorbidity: A 24% and B 47%, brain abnormality: A 56% and B 53%, Inner ear abnormality: A 8% and
B 93%.

123



Zahra Jafari

Doctoral Thesis

Table 3. Characteristics of studies on the prognostic value of MRI findings for CI outcomes

Study Study Diagnosis  Participants  Age at Device Uni/ Follow- Imagin Outcome Findings
Country design CI Bi up g measures
(months) period
(months)
Kari et al. Retro CVN 40, 7-78 NR CLs, 18/2 NR T2 Aided IAC midpoint diameter and
2022 abnormali months,18 HAs, MRI hearing the number of nerves in the
USA ties, 20 girls Bimodal 20 and thresholds IAC were predictors of
with AD HAs CT , SAT post-CI outcomes.
scan
Han et al. Retro  Bilateral 25,21.0 NR Nucleus NR 24 MRI CAP, IT- The area ratio of CN to FN
2019 CND months, 12 MAIS at the CPA was correlated
Korea girls with CAP and IT-MAIS
scores.
Gaurav Pros SNHL 50, 5.06 NR Nucleus, NR 12 MRI CAP, MRI abnormalities
and with or years, 25 AB MAIS observed in 15 children
Rajguru without girls were associated with lower
2019 MRI post-CI outcomes.
India abnormali
ties ®

Chung et Retro CND 56 Gl: NR NR 6,12, MRI CAP, Groups 1 and 2 with
al. 2018 Gl: 17, 27.92 24,and inthe open-set  smaller CNC diameters had
Korea CNC<1.44 G2, 36 axial speech poor post-CI outcomes, and

mm 29.32 plane  tests, group 3 with normal CNC

G2: 14 G3: picture diameters showed good CI

CNC 33.43 vocabular  outcomes.”

between y test

1.4-2 mm

G3: 25

CNC>2mm
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Birman et Retro CND 50, 0-16 Median NR 29/2 12 MRI CAP CI outcomes were
al. 2016 Gl: years, 24 25 1 significantly affected by
Australia aplasia girls aplasia’hypoplasia and
64% developmental delay. CAP
G2: scores were obtained
hypoplasi between 5 and 7 for 47%
a25% and 89% of children with
G3: aplasia and hypoplasia,
normal respectively. The main
CN 11% mode of communication
was significantly
54% with influenced by the presence
ADs of developmental delay.
Chao et Retro  Bilateral CND: 10,6 CND: Nucleus All 12 T2 CAP, SIR  Poor outcomes in children
al. 2016 CND girls 4.45 uni MRI with CND compared to
China (1.5-7.4) in the children with SNHL.
Matched ~ SNHL: 10, year axial No association was
SNHL 6 girls SNHL: plane identified between CN and
4.0 (1.3- and CNC diameters and CI
No AD/C 6.5) CT outcomes in CND.
year scan Overall, better results were
obtained in children with
CN>FN.
Jeong et Retro CVN 59,5.8 A:5.82 Nucleus NR 36 or TBCT, Open-set Better post-CI speech
al. 2015 malformat years, 27 B: 6.58 more MRI MWT perception scores were
Korea ion girls C: 3.07 reported in CN
A:16 D:5.32 malformation types A and
B: 31 B compared to types C and
C:6 D. The test scores did not
D=6°¢ differ between types A and
No B and those without CN
narrow malformation.
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CNC with
ADs
Matched
SNHL
Jeong and Retro  ANSD 15, 3.5 70 Nucleus NR 72.8 MRI CAP, IT- The normal size of CNC
Kim 2013 with CND years, 5 and MAIS, and CN was correlated with
Korea girls CT open-set excellent speech perception
scan MWT abilities after CI. A narrow
or obliterated CNC and a
deficient CN were
associated with poor speech
perception abilities.
Yamazaki  Retro CND, 4 19 2.67 Nucleus 5/14 24 T2 Pre/posto  Poor speech performance
et al. with AD (11.5) MRI perative was found in children with
2015 inthe CAP FN>CN.
Japan axial
plane
and
CT
scan
Valero et Retro  ANSD 19,10 girls  ANSD: Nucleus ANS AtCI MRI ESP,IT-  Speech performance, the
al. 2012 with 50.4 (12 D: activatio and MAIS, PROSPER score,? was poor
Canada hypoplasi to 155) 17/2  nand CT WIPI, in both the initial and the
a every3  scan GASP, most recent assessment and
SNHL: SNH months MLNT, did not improve over time.
Matched 51.24 L: up to 24 BKB
SNHL (12 to 17/2  months words,
172.2) LNT
phonemes
, BKB
phonemes
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Teagle et Retro  ANSD 52,7.3 47,12-  Nucleus, 2/50 41 (6- MRI ESP, 38% had abnormal findings

al. 2010 with years, 19 213 AB 118) and PBK, on preoperative MRI of the

USA medical girls CT MLNT, brain and inner ear. 50%
comorbidi scan LNT, IT- demonstrated open-set
ties, 42% MAIS speech perception abilities,
with and nearly 30% were
prematurit unable to complete the test
y because of low CI

experience or
developmental delays. No
child with CND achieved
open-set speech perception
abilities. In a subgroup of
children with the results of
MRI and PBK tests, good
open-set speech perception
skills were associated with
normal MRI results.

AB: Advanced Bionics, AD/C: additional disabilities/comorbidities, ANC: auditory nerve canal, ANSD: auditory neuropathy spectrum disorder,

BKB: Bamford-Kowal-Bench sentence test, CAP: Categories of Auditory Performance, CDI: child development inventory, CI: cochlear implant,

CN: cochlear nerve, CNC: Consonant-Nucleus-Consonant, CPA: cerebellopontine angle, CVN: cochleovestibular nerve, ESP: early speech

perception, FN: facial nerve, GASP: Glendonald Auditory Screening Procedure, HINT: Hearing in Noise Test, IAC: internal auditory canal, LNT:
lexical neighborhood test, MLNT: Multi-syllable Lexical Neighborhood Test, NR: not reported, Pros: prospective, PROSPER: Pediatric Ranked

Order Speech Perception, Retro: retrospective, SAT: speech awareness threshold, SIR: Speech Intelligibility Rating, SNHL: sensorineural hearing

loss, SP: speech perception, TBCT: temporal bone computed tomography, VCN: vestibulocochlear nerve, WIPI: Word Intelligibility by Picture

Identification.
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® Demyelination of the brain white matter (n = 9), Mondini’s dysplasia (n = 1), communicating hydrocephalus (n = 1), asymmetrical cochlear size

(n=1), and features of mastoiditis (n = 3).
® Qverall, the correlation between CAP score and CNC diameter at 24 and 36 months was 0.377 and 0.395; the correlation between open‘set word
discrimination score and CNC diameter at 24 months was 0.533, and the correlation between CNC diameter and picture vocabulary test score was

0.342.

¢ Four subtypes of cochleovestibular nerve (CVN) malformation were introduced based on the cochlea and modiolus morphology: normal cochlea
and normal modiolus (type A, n = 16), malformed cochlea and partial modiolus (type B, n = 31), malformed cochlea and no modiolus (type C, n =

6), and no cochlea and no modiolus (type D, n = 6).
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Table 4. Quality assessment of the included papers using the Crowe Critical Appraisal Tool (CCAT)

Study Preliminaries  Introduction Design Sampling Data Ethics Results  Discussion Total/40 Total (%)?
collection

Kari et al. 2022 5 5 3 3 4 4 5 4 33/40 82.5

Han et al. 2019 4 4 3 3 4 5 4 4 31/40 77.5

Chung et al. 4 4 3 3 4 4 3 3 28/40 70.0

2018

Motasaddi 3 3 3 3 3 3 2 2 22/40 55.0

Zarandy et al.

2018

Attias et al. 5 4 4 4 4 4 4 3 32/40 80.0

2017

Birman et al. 5 4 4 4 4 3 4 3 31/40 77.5

2016

Gaurav and 4 4 3 3 3 3 2 2 24/40 60.0

Rajguru 2016

Chao et al. 2016 4 4 3 3 3 3 3 3 26/40 65.0

Jeong et al. 4 5 4 4 3 3 4 4 31/40 77.5

2015

Wang et al. 4 5 3 3 3 3 4 4 29/40 72.5

2015

Yamazaki et al. 4 4 3 3 4 3 3 4 28/40 70.0

2015

Jeon et al. 2013 4 4 3 3 2 2 3 4 25/40 62.5
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Jeong and Kim
2013

25/40

62.5

Jin et al. 2013

27/30

67.5

Valero et al.
2012

33/40

82.5

Fulmer et al.
2011

25/40

62.5

Buchman et al.
2011

32/40

80.0

Cosetti et al.
2010

23/40

57.5

Song et al. 2010

24/40

60.0

Teagle et al.
2010

32/40

80.0

Gibson et al.
2009

20/20

50.0

Kim et al. 2008

27.40

67.5

Walton et al.
2008

27/40

67.5

Guedes et al.
2007

28/40

70.0

Nikolopoulos et
al. 2000

2 4
2 3
3 4
3 3
2 4
0 4
0 4
2 4
0 2
2 4
0 4
3 3
0 3

22/40

55.0

® For each paper, eight aspects of the CCAT were evaluated using a 6-point rating scale (from zero to five), and the total score was 40 (Crowe et al.,

2012).

130



Zahra Jafari

Table 5. Using the GRADE tool for narrative synthesis and rating the certainty of evidence (Murad et al., 2017)

Doctoral Thesis

Outcome GRADE Judgment Certainty in the
Effect domains evidence*
Total number of
participants
Outcome 1: Methodological  Judgment was made based on key criteria for observational studies: failure to Low
Prognostic value limitations develop and apply appropriate eligibility criteria, flawed measurement of BDDOoo
of eCAP exposure and outcome, failure to adequately control confounding, and
incomplete or inadequately short follow-up (Schiinemann et al., 2013).
Effect: Predicting : : : . . :
Indirectness Patients, interventions, and comparator groups (control or baseline High
CI outcomes
comparison) provided most of the direct evidence for the research question. PPPD
Total number of Different speech-language tests and/or questionnaires were used to access post-
participants: 335 CI outcomes. Evidence was judged to have no serious indirectness but noted
some variability in the intervention (the eCAP test) and outcome measures.
Imprecision The sample size of the 10 included studies ranged from 10 (Fulmer et al., 2011; Low
Motasaddi Zarandy et al., 2018) to 97 (Cosetti et al., 2010); seven were below ~ PHOO
25, and three were between 52 and 97.
Inconsistency The direction and/or magnitude of the prognostic value of eCAP varied across  Low
studies showing relevance or no relevance for CI outcomes. SPpoo
Publication bias  Publication bias was not strongly suspected because all studies had been High
published in peer-reviewed journals, and the systematic search for studies was PP PP
comprehensive.
Summary of certainty in evidence for the first outcome Lowti4A
DDO0
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Outcome 2: Methodological  Judgment was made based on key criteria for observational studies mentioned  Low
Prognostic value limitations in the first outcome (Schiinemann et al., 2013). D Ppoo
of eABR Indirectness In most studies, the patients, interventions, and comparators (the control group  High
or baseline) provided direct evidence. Evidence was judged to have no serious @©HPHD
Effect: Predicting L o . .
CI outcomes indirectness but noted some variability in the intervention (the eABR test) and
outcome measures.
Total number of Imprecision The sample size of 11 included studies varied between 11 (Jeon et al., 2013) Low
participants: 502 and 245 (Gibson et al., 2009); six were below 25, four were between 39 and PPpoo
245, and one was not reported.
Inconsistency The direction and/or magnitude of the prognostic value of eABR for CI High
outcomes had little variability. ODDD
Publication bias  Publication bias was not strongly suspected because all studies had been High
published in peer-reviewed journals, and the systematic search for studies was PP PP
comprehensive.
Summary of certainty in evidence for the second outcome Low 1
SP1S210]0)
Outcome 3: Methodological ~ Judgment was made based on key criteria for observational studies mentioned ~ Low
Prognostic value limitations for the first outcome (Schiinemann et al., 2013). Dpoo
of MRI Indirectness The research questions were mostly answered using patients, interventions, and High
comparators (the control group or baseline). There were no serious indirect DPLDD

Effect: Predicting

CI outcomes

effects, however, some variability was noted in the intervention (MRI) and

outcome measurements.
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Imprecision The number of participants in 10 included studies varied between 10 (Chaoet =~ Moderate
Total number of al., 2016) and 59 (Jeong and Kim, 2015); 5 studies were < 25, and 5 studies certainty
participants: 395 were between 50 and 59. DPDO
Inconsistency The direction and/or magnitude of the prognostic value of MRI for CI High
outcomes had little variability. PPODHP
Publication bias  Publication bias was not strongly suspected because all studies had been High
published in peer-reviewed journals, and the systematic search for studies was PPPD
comprehensive.
Summary of certainty in evidence for the third outcome Low 1
DDO00

CI: cochlear implant, eABR: electric auditory brainstem response, eCAP: electric compound action potential, GRADE: the Grading of

Recommendations, Assessment, Development, and Evaluation, NRT: neural response telemetry.

*Commonly used symbols to describe certainty in evidence in evidence profiles: high certainty @ @D D, moderate certainty D PO, low certainty

B POO0, and very low certainty GOOO (Murad et al. 2019).

tSerious methodological limitations (failure to develop and apply appropriate eligibility criteria, diversity in outcome measures, and failure to

adequately control confounding).
iSerious imprecision (small sample sizes in the majority of studies).

A Serious inconsistency (no relevance of eCAP findings to CI outcomes).
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Abstract

Purpose: The objective of this overview of systematic reviews (SRs) (umbrella review) was to
systematically summarize and critically appraise current evidence of cochlear implant (CI)

outcomes in children with auditory neuropathy spectrum disorder (ANSD).

Method: The present study was guided by the PRISMA 2020 statement. The methodological
quality and the risk of bias in the included SRs were assessed using the AMSTAR-2 checklist and
the ROBIS tool, respectively.

Results: According to eight included SRs, children with ANSD achieve CI outcomes (speech
perception performance) similar to their peers with sensorineural hearing loss (SNHL). In children
with postsynaptic ANSD (cochlear nerve deficiency CND), cochlear nerve hypoplasia is
associated with better speech recognition outcomes compared to cochlear nerve aplasia, especially
in the absence of additional disabilities. Except for one study, the overall quality of the included
SRs was critically low; and except for three studies, evidence of a high risk of bias was identified

in other included SRs.

Conclusions: Current evidence supports CI benefits for children with ANSD. To improve the
quality of evidence, well-designed, prospective studies with appropriate sample sizes, using valid
outcome measures, clarifying matching criteria, and taking into account the role of confounding

factors are essential.

Keywords: Auditory neuropathy spectrum disorder; Cochlear nerve deficiency; Cochlear implant;

Speech performance; Outcome; Systematic review
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Introduction

Auditory neuropathy spectrum disorder (ANSD) is characterized by the involvement of the
peripheral auditory system leading to impaired temporal coding of acoustic signals and impaired
auditory perception (Santarelli et al., 2021). Based on the anatomic locus of dysfunction and
audiologic and electrophysiologic findings, ANSD is broadly classified into “pre-synaptic and
postsynaptic disorders”. In presynaptic ANSD (or auditory synaptopathy, auditory dyssynchrony),
predominately resulting from genetic etiologies such as otoferlin and DIAPH 3 mutations, the
lesion site is the inner hair cells or ribbon synapses (Rance and Starr, 2015). In postsynaptic ANSD,
dysfunction can occur at multiple sites along the auditory nerve pathway, including unmyelinated
auditory nerve dendrites or auditory ganglion cells and their myelinated axons and dendrites
(Rance and Starr, 2015; Shearer and Hansen, 2019). While demyelination slows conduction
velocity causing dyssynchrony (i.e., deficiency in neural synchrony), axonal degeneration results
in reduced auditory input to the brainstem (i.e., deficiency in neural transmission) (Hall, 2015;
Rance and Starr, 2015). The involvement of each of these anatomic sites or multisite involvement
can lead to deficits in neural synchrony and/or neural transmission and severely affect auditory

temporal processing (He et al., 2015; Rance et al., 2004; Santarelli et al., 2021).

ANSD has a heterogeneous clinical profile. Various factors or diseases may contribute to
ANSD, such as perinatal and neonatal factors (e.g., hypoxia, hyperbilirubinemia, and ototoxic drug
exposure), genetic and hereditary etiologies, demyelinating diseases, and neurodegenerative
disorders (e.g., Friedreich ataxia) (Chaudhry et al., 2020; Rance and Starr, 2015). In approximately
27.0% to 33.0% of children, ANSD results from cochlear nerve deficiency (CND) (Hall, 2015),
and 30,0% of children with ANSD present with at least one additional disability other than hearing

loss (Berlin et al., 2010; Ching et al., 2013a). CND is characterized by a very abnormal auditory

136



Zahra Jafari Doctoral Thesis

nerve structure, including a small (hypoplastic) or absent (aplastic) cochlear nerve as revealed by
high-resolution MRI (Hall, 2015; Roche et al., 2010). MRI in the axial and sagittal planes allows
for precisely differentiating cochlear nerve aplasia and hypoplasia. As the candidacy criteria for
cochlear implantation (CI) have been expanded, more patients with CND undergo Cls with widely

varying outcomes (Peng et al., 2017).

Many children with ANSD and permanent hearing loss are candidates for CI operation,
and they can benefit from early implantation like their peers with sensorineural hearing loss
(SNHL) (Breneman et al., 2012; Shearer and Hansen, 2019). In addition, for families who desire
spoken language as the primary mode of communication, Cls are a feasible option when children
show poor progress with properly fitted hearing aids (HAs) (JCIH, 2019). Like children with
SNHL, better outcomes for ANSD are associated with receiving Cls before three years of age
(Ching et al., 2013a; Ching et al., 2013b; Niparko et al., 2010). While most children with SNHL
can achieve typical rates of speech, language, and academic development (Leigh et al., 2011), the
CI outcomes of children with ANSD are widely diverse (Bo et al., 2022; Cupples et al., 2018;
Myers and Nicholson, 2021; Peng et al., 2017; Rajput et al., 2019; Rance and Starr, 2015; Vesseur
et al., 2018). The majority of children with ANSD may attain speech understanding, language
development, and communication outcomes equivalent to their peers with SNHL (Madden et al.,
2002; Mason et al., 2003; Rance and Barker, 2009; Santarelli et al., 2015; Shallop, 2002; Teagle
et al., 2010; Zeng and Liu, 2006). However, a subgroup of children with ANSD (almost 25.0%)
show limited benefits from Cls and cannot develop functionally useful auditory communication
skills (Gibson and Sanli, 2007; Roush et al., 2011; Teagle et al., 2010). In these children with
postsynaptic ANSD (i.e., CND), post-implantation outcomes are directly associated with the lesion

site(s) (Shearer and Hansen, 2019). Therefore, to early identify children with CND and assist in
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decision-making about appropriate auditory interventions, MRI and genetic findings, and the
results of auditory behavioral and electrophysiological assessments are essential (Rance and Starr,

2015).

During the past decade, several systematic reviews (SRs) were published on CI outcomes
in children with pre-synaptic and/or postsynaptic ANSD (Bo et al., 2022; Humphriss et al., 2013;
Myers and Nicholson, 2021; Peng et al., 2017; Rance and Starr, 2015; Vesseur et al., 2018).
Current evidence demonstrates a range of CI outcomes in children with ANSD from no significant
difference relative to peers with SNHL (Bo et al., 2022) to poor auditory performance in a fraction
of patients with postsynaptic involvement or evidence of CND (Gibson and Sanli, 2007; Roush et
al., 2011; Teagle et al., 2010). With a substantial increase in research publications, evidence
synthesis has become an instrumental tool to identify and concisely summarize knowledge on
specific topics (Cant et al., 2022). Umbrella reviews (overview of reviews or summary of SRs)
were developed in response to the increased number of SRs and meta-analyses in health-related
literature. Umbrella reviews save valuable research resources by avoiding systematic searches
from scratch. This type of review consists of explicit and systematic methods to search for,
identify, and synthesize SRs on a similar topic (Pollock et al., 2022), and offers clinicians, policy-
makers, researchers, educators, and interested readers a synopsis of SRs on a frequent question
(Cant et al., 2022). The objective of this umbrella review was to systematically summarize and
critically appraise current SRs of CI outcomes in children with ANSD including those with

evidence of CND, and to discuss directions for future research.
Methods

This review was guided by the Preferred Reporting Items for Systematic Reviews and

Meta-Analyses (PRISMA) 2020 statement (Page et al., 2021).
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PICOS Framework

Formulating a research question is a teamwork process aimed at collaborating with others
involved in the study to shape the primary purpose of the work for the desired outcome. Several
frameworks are available to develop a well-formulated question for SRs (Methley et al., 2014). In
evidence-based research, the PICOS tool focused on Population, Intervention, Comparison,
Outcomes, and Study design is a common tool to identify components of clinical evidence for
systematic reviews (Higgins and Green, 2013). Appendix A presents the PICOS framework

established for the present overview of SRs.
Search Strategy

Relevant SRs were identified using a systematic search strategy across the following five
databases: ProQuest, PubMed, Scopus, Ovid, and the Cochrane Database of Systematic Reviews.
Appendix B presents the search strategy established for this review. The SR protocol was uploaded
to PROSPERO (i.e., an international database of prospectively registered SRs with health-related

outcomes, registration number: CRD42023389156).
Study Selection

All retrieved articles were imported into EndNote X7 software and duplicate publications
were excluded (Thomson Reuters, Philadelphia, Pennsylvania, USA, version X7). The final
articles were assessed through a three-stage process: title screening, abstract screening, and full-
text screening. All SRs reporting post-implantation auditory, speech, and/or language outcomes in
children with ANSD, with or without statistical methods (i.e., meta-analyses), were considered.
Articles that did not meet the inclusion criteria were excluded at each stage. In cases of uncertainty

about title screening, first, the abstracts and then the full texts were screened. Pairs of reviewers
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(ZJ and AK) independently screened the titles, abstracts, and full texts of articles. Any potential
disagreements were resolved by consensus. Overall, there was complete agreement between the

reviewers on the included SRs.

The following data extracted from SRs were included in the review: authors, publication
year, databases searched, number of primary studies reviewed, population (i.e., ANSD, CND,
SNHL), the total number of participants in each SR, age at CI activation, duration of CI use, and
reported outcomes. It was not necessary to contact the authors of the included SRs for further

information since all relevant data were available in the selected SRs.

Quality Assessment

The methodological quality of the included SRs was assessed using the Assessment of
Multiple Systematic Reviews 2 (AMSTAR-2) checklist (Shea et al., 2017) (Appendix VI). The
revised checklist consists of 16 criteria that enable a more detailed assessment of SRs including
randomized or non-randomized studies of healthcare interventions, or both. Seven out of 16 items
in AMSTAR-2 are considered critical domains, including items two (a statement showing that the
review methods were established prior to the conduct of the review), four (using a comprehensive
literature search strategy), seven (providing a list of excluded studies without justifying the
exclusions), nine (using a satisfactory technique for assessing the risk of bias in primary studies),
11 (reporting meta-analysis with an appropriate method), 13 (referring to the risk of bias in
individual studies when discussing the results of the review), and 15 (stating that the risk of bias
might have affected the results of the review). AMSTAR-2 proposes a four-level rating scheme
consisting of high (no or one non-critical weakness), moderate (more than one non-critical
weakness), low (one critical flaw with or without non-critical weaknesses), and critically low (CL:

more than one critical flaw with or without non-critical weaknesses) for appraisers to rate the
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overall confidence in the results of an SR. In addition, the evaluation of the domains entails three
options: “yes”, “partial yes” and “no”, which are assigned points of 1, 0.5, and 0.0, respectively
(He et al., 2019). Two reviewers (ZJ and AK) independently assessed the quality of the SRs, and

disagreements were resolved by consensus. Overall, the reviewers were in complete agreement

regarding the quality of the included SRs.
Risk of Bias Assessment

The risk of bias in the included SRs was assessed using the Risk of Bias in Systematic
Reviews (ROBIS) tool (Whiting et al., 2016) (Appendix VII). ROBIS consists of three phases:
assessing the relevance, identifying concerns about the review process, and judging the risk of
bias. Phase one includes one item and evaluates whether participants, exposures, comparators, and
outcomes match the target question. The answers are “yes,” “no,” “partial,” and “uncertain”. Phase

two involves four domains: (1) study eligibility criteria; (2) identification and selection of studies;

(3) data collection and study appraisal; and (4) synthesis and findings. Phase two signaling

99 ¢ 99 ¢ 29 ¢

questions are answered as “yes,” “probably yes,” “probably no,” “no” and “no information”. Based
on the answer to each indicator question, the bias associated with each domain is then judged as
“low,” “high,” or “unclear.” Phase three considers whether the SR as a whole is at risk of bias.
Several questions were examined in this phase: (1) Did the interpretation of findings address all
the concerns identified in domains one through four? (2) Was the relevance of the identified studies
appropriately considered in the review's research question? and (3) Did the reviewers avoid
emphasizing only the statistical significance of the results? The answers to these signaling

questions are similar to those in phase two. Based on the answers to the questions in phase three,

the overall risk of bias in SRs is rated as “low,” “high,” or “unclear.” In this overview of SRs, two
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reviewers independently evaluated the risk of bias in each included SR, and disagreements were
resolved through discussion. Quality assessment was performed by one reviewer (ZJ) and then
verified by another (AK). Overall, there was complete agreement in assessing the risk of bias

between the reviewers.

Results

Results of the Literature Search

The database search yielded 446 publications, including 288 duplicate records that were
removed (Figure 1). After screening titles, 148 more records were eliminated, including non-
review articles (n = 108), non-SRs (n = 38), and out-of-scope SRs (n = 2) (Boisvert et al., 2020;
Merkus et al., 2014). Out-of-scope SRs referred to publications that did not meet the inclusion
criteria. This initial screening resulted in a set of 12 papers. Subsequently, during the screening of
abstracts, four more SRs (Amin et al., 2019; Redvik et al., 2018; Roush et al., 2011; Shafiro et al.,
2021), not relevant to the topic of this review, were eliminated leaving eight studies for this review.
In addition, the reference lists for the selected publications were hand-searched for additional

related publications. No further related articles were identified.

Characteristics of the Included SRs

Table 1 summarizes the characteristics of the selected SRs in this review. The number of
primary studies reviewed in the SRs ranged from four (Myers and Nicholson, 2021) to 27
(Humphriss et al., 2013). There were eight studies included in this review, three of which focused
on children with ANSD and included children with SNHL as the control group (i.e., children with

SNHL) (Bo et al., 2022; Fernandes et al., 2015; Humphriss et al., 2013), two were on children with
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ANSD without a control group (Chaudhry et al., 2020; Rajavenkat et al., 2021), one was on
children with ANSD including two studies with a control group (children with SNHL) and two
pre/post interventions comparing age at Cls before and after 24 months of age (Myers and
Nicholson, 2021), and two were on patients with CND without a control group (Peng et al., 2017;
Vesseur et al., 2018). Except for one study that consisted of case reports or case series of both
children and adults (Chaudhry et al., 2020), all the SRs had reported CI outcomes in children only.
The quality of the included primary studies was not assessed in three SRs (Fernandes et al., 2015;
Peng et al., 2017; Vesseur et al., 2018). The SRs were different in terms of the outcome measures

and the study design of the included primary studies (Table 1).

Methodological Quality of Evidence

Table 2 presents the AMSTAR-2 assessment results. Based on the proposed AMSTAR-2
rating scheme, there was low confidence in the results of one review (Bo et al., 2022), and CL
confidence in the rest of the SRs. In terms of critical factors in AMSTAR-2 that affected the quality
of evidence, items two, four, seven, nine, 11, 13, and 15 were deficient in three (Fernandes et al.,
2015; Pengetal., 2017; Vesseur et al., 2018), two (Fernandes et al., 2015; Peng et al., 2017), seven
(Bo et al., 2022; Chaudhry et al., 2020; Fernandes et al., 2015; Humphriss et al., 2013; Myers and
Nicholson, 2021; Peng et al., 2017; Vesseur et al., 2018), four (Fernandes et al., 2015; Peng et al.,
2017; Rajavenkat et al., 2021; Vesseur et al., 2018), seven (Chaudhry et al., 2020; Fernandes et
al., 2015; Humphriss et al., 2013; Myers and Nicholson, 2021; Peng et al., 2017; Rajavenkat et al.,
2021; Vesseur et al., 2018), four (Fernandes et al., 2015; Peng et al., 2017; Rajavenkat et al., 2021;
Vesseur et al., 2018), and six (Fernandes et al., 2015; Humphriss et al., 2013; Myers and Nicholson,

2021; Peng et al., 2017; Rajavenkat et al., 2021; Vesseur et al., 2018) SRs, respectively.
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Risk of Bias in the Included SRs

The ROBIS tool was used to assess the risk of bias in the included SRs (Whiting et al.,
2016). This tool consists of a 5-choice rating scale (yes, probably yes, probably no, no, and no
information), and phases two and three are generally rated as low, high, or unclear. Table 3
summarizes the results of ROBIS for the included SRs in four domains of phase two (1. study
eligibility criteria, 2. identification and selection of studies, 3. data collection and study appraisal,
and 4. synthesis and findings) and phase three (overall risk of bias in the SR). In domain one of
phase two, three studies were scored with a high risk of bias (Myers and Nicholson, 2021;
Rajavenkat et al., 2021; Vesseur et al., 2018). In domain two of phase two, five studies had
indications of a high risk of bias (Fernandes et al., 2015; Myers and Nicholson, 2021; Peng et al.,
2017; Rajavenkat et al., 2021; Vesseur et al., 2018). In domain three of phase two, four SRs were
scored with a high risk of bias (Fernandes et al., 2015; Peng et al., 2017; Rajavenkat et al., 2021;
Vesseur et al., 2018). In domain four of phase two, three SRs had a high risk of bias (Fernandes et
al., 2015; Rajavenkat et al., 2021; Vesseur et al., 2018). In phase three, four studies had a high risk
of bias (Fernandes et al., 2015; Peng et al., 2017; Rajavenkat et al., 2021; Vesseur et al., 2018).
Three SRs had a low risk of bias in both phases two and three (Bo et al., 2022; Chaudhry et al.,
2020; Humphriss et al., 2013), and two SRs had a high risk of bias in both phases two and three

(Rajavenkat et al., 2021; Vesseur et al., 2018).
CI Outcomes in ANSD

Six out of eight SRs included in this review consisted of observational studies (i.e.,
prospective, retrospective, case-control, case series, and case reports) on children with ANSD
(Table 1). Post-implantation outcomes were assessed using various speech and language

assessments and relevant standard questionnaires. Four out of six SRs on children with ANSD had
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peers with SNHL as the control group (Bo et al., 2022; Fernandes et al., 2015; Humphriss et al.,
2013; Myers and Nicholson, 2021), and two other studies had no comparison groups (Chaudhry et

al., 2020; Rajavenkat et al., 2021).
CI Outcomes in CND

Two out of eight SRs included in this umbrella review were performed on case series and
case reports of children with aplasia and/or hypoplasia (Table 1). In both SRs, because of the
diversity of primary studies (case reports and case series) in outcome measures, post-implantation
performance was defined based on the “level of auditory performance” classification. According
to this scale, CI outcomes are classified into four levels: level 1, non-stimulation or minimal
detection; level 2, improved detection with parents’ perceived benefit; level 3, closed-set speech

perception; and level 4, open-set speech perception (Young et al., 2012).
Discussion

Our overview of existing SRs indicates that 1) despite heterogeneity within studies and
patients, children with ANSD can achieve CI outcomes comparable to their peers with SNHL. 2)
In children with CND, the presence of a cochlear nerve (hypoplasia vs. aplasia) on MRI and the
absence of additional disabilities and/or medical comorbidities (ADs/MCs) are associated with
better hearing and speech recognition outcomes compared to aplasia along with ADs/MCs. In the
quality assessment, except for one study (Bo et al., 2022) with low quality, the overall quality of
the included SRs was assessed as CL. In addition, in assessing the risk of bias with the ROBIS
tool, except for three studies (Bo et al., 2022; Chaudhry et al., 2020; Humphriss et al., 2013), there
were one or more indications of a high risk of bias in the SRs. In the following paragraphs, the
main findings of the present review are discussed taking into account the risk of bias in the included

SRs and the quality of evidence.
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CI Outcomes in Children with ANSD

According to existing evidence, in children with ANSD, CI outcomes vary widely ranging
from similar results with children using HAs, better outcomes compared to those using HAs, and
poor CI outcomes in children with postsynaptic ANSD (Bo et al., 2022; Chaudhry et al., 2020;
Humphriss et al., 2013). In a recent SR and meta-analysis by Bo et al. (2022), the post-CI outcomes
of children with ANSD were compared with peers with SNHL who received Cls under 16 years.
In this SR, 15 observational studies met the selection criteria and were considered for data analysis
(Bo et al., 2022). In the meta-analysis, the pooled data showed no significant difference between
the two groups in speech recognition scores, categories of auditory performance (CAP) scores,
speech intelligibility rating (SIR) scores, and open-set speech perception test scores. In addition,
no publication bias was identified among the included studies. The authors concluded that
substantial heterogeneity within studies in CI outcomes might result from a combination of factors
(e.g., the lesion site, age at implantation, cognitive and socioeconomic status, and comorbid
conditions), especially the lesion site (Bo et al., 2022; Riggs et al., 2017). In patients with ANSD,
the lesion site along the auditory pathway has a prognostic significance, in which patients with
presynaptic ANSD or distal auditory nerve lesions (e.g., the involvement of inner hair cells [[HCs]
or cochlear synapses) can achieve optimal outcomes compared to children with postsynaptic
involvement (Chaudhry et al., 2020; Shearer and Hansen, 2019). The Bo et al. (2021) study was
the only included SR with a low risk of bias in methodological quality assessment and had no risk
of bias with the ROBIS tool. However, the authors emphasized that the findings should be
interpreted with caution because of the small sample size of most included studies (between 8 and

35 children in the ANSD group), which might contribute to overestimating intervention outcomes.
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The objective of the SR by Myers and Nicholson (2021) was to evaluate the evidence
regarding the efficacy of CIs in children with ANSD, who received Cls below three years of age.
In two (Alzhrani et al., 2019; Ching et al., 2013a) out of four studies included in this SR, the CI
outcomes of children with ANSD were compared to peers with SNHL. In both studies, no
significant difference was identified between the two groups. In the other two studies (Daneshi et
al., 2018; Liu et al., 2014), to compare children implanted before and after 24 months of age, the
CAP and SIR test scores were used as outcome measures. In the Liu et al. (2014) study, children
who were implanted below 24 months of age achieved superior speech performance outcomes
relative to older children implanted after 24 months of age. In the Daneshi et al. (2018) study, the
CAP scores were significantly improved in children implanted before relative to after 24 months
of age, but the two groups did not significantly differ in the SIR score. Overall, the results of this
SR were in support of CI as an effective intervention for improving auditory, speech, and language
outcomes in children with ANSD. Low sample sizes and no control over ADs/MCs were the major
limitations of the four primary studies included in this SR. In addition, the SR was limited to two
databases for systematic search and had a narrow time frame (between 2009 and 2019). In the
present overview, the overall quality of this SR was also assessed as CL, and the study had two

indications of a high risk of bias in the ROBIS tool.

In 2 other SRs, the CI outcomes of children with ANSD were compared to their peers with
SNHL (Fernandes et al., 2015; Humphriss et al., 2013). In the Humphriss et al. (2013) study,
several serious methodological limitations were reported in the quality assessment of primary
studies. In the Fernandes et al. (2015) study, no tool was used for quality assessment. In both SRs,
children with ANSD had similar post-implantation outcomes to peers with SNHL. In the present

overview, the quality of both SRs was assessed as CL. In assessing the risk of bias, the study by
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Humphriss et al. (2013) had no risk of bias, and the SR by Fernandes et al. (2015) showed
indications of risk of bias in all areas of the ROBIS tool, except for the study eligibility criteria
(Table 3). Both SRs suffered from similar shortcomings reported by Bo et al. (2022), including the
low quality of evidence and small sample sizes in the included primary studies. In addition, the

authors did not discuss the impact of ADs/MCs on outcomes.

The study by Chaudhry et al. (2020) was an SR of 14 case reports and case series (including
three studies with a control group with SNHL) reporting pre-CI and post-CI outcomes for children
and adults with postsynaptic ANSD. Of 14 studies (consisting of 25 patients in total, one to eight
patients per study), four reported patients with Charcot-Marie-Tooth disease (CMT), three with
Brown-Vialetto-Van-Laere syndrome (BVVL), two with Friedreich Ataxia (FRDA), two with
Syndromic dominant optic atrophy (DOA+), two with cerebellar ataxia - areflexia - pes cavus -
optic atrophy - SNHL (CAPOS) syndrome, and 1 with deafness-dystonia-optic neuropathy
(DDON) syndrome. Using the Oxford Centre for Evidence-Based Medicine (OCEBM) checklist,
the studies were graded with low quality often because of the study design (i.e., case reports or
case series) and lack of sufficient information regarding outcome measures and/or findings. In
addition, all included primary studies had indications of a high risk of bias assessed by the Brazzelli
Risk of Bias Assessment (Brazzelli et al., 2015). Despite the diversity of primary studies in
outcome measures (using a variety of validated or non-validated tests of auditory, speech, and
language performance) and results, overall findings were suggestive of favorable post-CI
outcomes, ranging from modest to statistically significant benefit in 22 out of 25 patients included
in the SR. However, the authors concluded that because of substantial methodological limitations
(e.g., the low quality of the included studies, the potential role of confounding factors on the

outcomes, diversity in outcome measures, and high heterogeneity in follow-up periods between
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two and 12 months), the findings could not be generalized to all patients with postsynaptic ANSD.
In the present overview, this SR had no indication of the risk of bias in the ROBIS tool, but it was

rated CL in assessing the level of evidence.

Recently Rajavenkat et al. (2021) summarized the CI outcomes of 291 children with ANSD
from nine case series, retrospective, and prospective studies published between 2012 and 2018.
Although some of the included studies had a control group with SNHL, the study was unclear
regarding the existence of a control group in some included studies, and “no comparison group”
was reported in the selection criteria (i.e., PICOS). Moreover, irrespective of the study design of
primary studies, the authors reported a low risk of bias for all primary studies assessed by the
Quality Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2) (Whiting et al., 2011), and
no additional information was provided regarding the details of the quality assessment. The authors
concluded that children with ANSD can benefit from CIs and their long-term outcomes are similar
to their peers with SNHL. The SR by Rajavenkat et al. (2021) was rated critically low in our

assessment of the level of evidence and had a high risk of bias in all areas of the ROBIS tool.

CI Outcomes in Children with CND

MRI in the axial and sagittal planes is now routinely conducted for children with SNHL,
which allows precisely differentiating cochlear nerve aplasia and hypoplasia. Since the indications
for CI have been broadened, currently more patients with CND undergo Cls with varying post-
implantation outcomes (Peng et al., 2017). Peng et al. (2017) conducted an SR to determine the
factors contributing to speech perception performance in children with CND who underwent CI.
Eighteen case studies or case series reporting auditory and speech perception outcomes for 97
children aged at CI operation under 13 years were included in the study. Because of the diversity

of outcome measures in the included studies, the authors used the “level of auditory performance”
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classification schema to categorize post-CI performance. This classification method, which was
originally described by Young et al. (2012), includes four levels from non-stimulation or minimal
detection (level 1) to open-set speech perception (level 4). Despite extreme variability across
studies in patient characteristics and auditory outcomes, it was concluded that children with
cochlear nerve hypoplasia could achieve speech recognition, either closed or open set (65% of the
time), more often vs. children with cochlear nerve aplasia (30%). In addition, children with
ADs/MCs were more often reported to demonstrate non-stimulation post-CI (43.9%) relative to
children without ADs/MCs (8.8%). Although there were a few children with aplasia or partial
electrode insertion who could achieve levels of speech discrimination, the presence of a cochlear
nerve (hypoplasia vs. aplasia) on MRI and lack of ADs/MCs were reported as predictors of better
post-implantation outcomes. In a similar SR of 15 case studies and case series by Vesseur et al.
(2018), CI outcomes varied widely in children with CND. Of the total number of 108 children
included, 27 (25%) attained “open-set” speech perception, 37 (34%) attained “closed-set” speech
perception, and 44 (41%) demonstrated sound detection only. Children with hypoplastic cochlear
nerve on MRI were significantly more likely to attain open-set or closed-set speech perception
ability compared to children with aplastic cochlear nerve. In addition, although children with
cochlear nerve aplasia had a lower chance of successful implantation, some children attained
closed-set or open-set levels of speech perception months to years after implantation. These two
SRs had several limitations such as the low quality of the included studies without a control group
(i.e., case reports and case series) and significant inconsistency in outcome measures. In addition,
the overall quality of both SRs was assessed as CL, and they had three or more indications of a
high risk of bias in the ROBIS tool. Therefore, it was hard to draw a firm conclusion regarding the

auditory and spoken language performance of children with cochlear nerve hypoplasia and aplasia.
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Predicting CI Outcomes in Children with ANSD

At present, MRI and routine auditory electrophysiologic tests are common objective tools
in identifying ANSD and predicting post-CI outcomes. In postsynaptic ANSD, patients with CND
often present with associated labyrinthine abnormalities with various degrees of severity (Peng et
al., 2017). Moreover, they are at higher risk of intracranial abnormalities and deficits in the central
nervous system (Hall, 2015). In two studies focused on MRI findings, a narrow or obliterated CNC
and evidence of CND were predictors of aided hearing thresholds (Kari et al., 2022) or speech
perception abilities (Jeong and Kim, 2013). Nonetheless, the MRI technique offers limited spatial
resolution and provides no information about the functional status of the auditory pathway. Thus,
preoperative MRI results cannot be used as the only criterion for predicting CI outcomes in ANSD

(Kutz et al., 2011; Song et al., 2010).

Among routine auditory electrophysiologic assessments, the electrically evoked compound
action potential (eCAP) measures the auditory nerve response to electrical stimulation and is
similar to the first wave of ABR. Neural response imaging (NRI) or auditory nerve response
telemetry (ART) is a technique used to measure eCAP intraoperatively. NRT results within normal
limits are an indication of the potential success of the implant and help verify the proper placement
and function of electrodes (Cosetti et al., 2010; Sawaf et al., 2022). In Peterson et al. (2003) study,
NRT was recorded in all children with ANSD (n=10), and no difference was observed between
children with ANSD and peers with SNHL in NRT findings and speech performance scores. In
another study on 16 children with ANSD and their peers with SNHL, the two groups performed
equally in speech recognition tests in both quiet and noise conditions. However, the ANSD group

showed a significant decline in NRT results relative to the control group (Attias et al., 2017).
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eABR is another routine auditory electrophysiologic test characterized by three positive
peaks (ell, elll, and eV) generated from the auditory nerve, cochlear nucleus, and perhaps from
neurons in the lateral lemniscus or inferior colliculus (Nada et al., 2022). ¢ABR is characterized
by larger amplitudes and shorter latencies than acoustic ABR, and it has a steeper latency-intensity
function (Firszt et al., 2002; Gordon et al., 2006). Pre-operative eABR can help determine whether
the cochlear nerve is electrically excitable, figure out which ear is the most appropriate ear for
implantation, identify the site of pathology in ANSD, and provide clinicians with information
about the prognosis of Cls (Gibson and Sanli, 2000; Kim et al., 2008). In a study in Australia,
Walton et al. (2008) used MRI findings to divide children with ANSD into two groups, including
15 children with CND and 39 children without CND. In this study, intraoperative eABR was
abnormal in 87% of children with CND relative to 23% in the control group, and abnormal eABR
was found in children with poor speech perception scores in both groups. Compared to children
without CND, this study showed a higher rate of abnormal eABR and poor speech perception
ability in children with CND (Walton et al., 2008). In Jeon et al. (2013) study, eABR was not
recorded in more than half of children with ANSD, and children with ANSD and present eABR
showed variability in CI outcomes. Furthermore, in a retrospective study by Yamazaki et al. (2015)
on 19 children with CND, both MRI and eABR measures were individually associated with CI
outcomes. The authors reported that the combination of MRI and eABR results was a beneficial
tool for classifying poor, moderate, and good CI outcomes. Overall, it can be concluded that in
infants and young children with ANSD, a combination of MRI and electrophysiologic assessments
(i.e., trans-tympanic eCAP and eAR) may provide a reliable prediction of post-CI speech

perception performance.
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Study Limitations and Directions for Future Research

ANSD is a relatively rare disorder. Approximately one in 7000 neonates evaluated in
newborn hearing screening programs is identified with abnormal auditory nerve function (Rance
and Starr, 2011; Starr and Rance, 2015). A low sample size of primary studies was a major
limitation highlighted in all the included SRs in this review, which might have resulted in
overestimating intervention outcomes. All included SRs reported substantial heterogeneity in the
primary studies. This high level of variability among primary studies in CI outcomes was not
surprising and could originate from a combination of factors such as age at implantation, cognitive
and socioeconomic status, comorbid symptoms, and the lesion site (Bo et al., 2022; Riggs et al.,
2017). The SRs included in this overview were primarily based on retrospective studies, case
reports, case series, and a few prospective reports. Prospective non-randomized cohort studies are
an appropriate study design recommended to be used in subsequent similar studies. In evaluating
the level of evidence, all but one (Bo et al., 2022) of the SRs were rated as CL. In assessing the
risk of bias, except for three SRs (Bo et al., 2022; Chaudhry et al., 2020; Humphriss et al., 2013),
other SRs showed a high risk of bias. Thus, the findings of the current overview of SRs should be
interpreted with caution. To overcome the current limitations, well-designed, prospective studies,
taking into account the role of confounding factors, clarifying the matching criteria, considering
sufficient sample sizes, and using valid outcome measures are required. In studies on CI outcome
measures, the commonly reported matching criteria are age (date of birth), sex, the onset of hearing
loss, age at CI activation, using one or two Cls, and/or duration of CI use (i.e., the follow-up time)
(Alzhrani et al., 2019; Breneman et al., 2012; Kang et al., 2010; Rance et al., 2007; Sarankumar et
al., 2018); and the known confounding factors related to the outcomes are ADs/MCs,

socioeconomic status, and the lesion site (Bo et al., 2022; Riggs et al., 2017). Future research needs
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to be clear on the criteria considered for matching a control group for children with ANSD, as well
as how the role of confounding factors is taken into account. In addition, the quality of future SRs
could be improved by the use of proper tools for assessing the level of evidence and the risk of
bias. Likewise, several factors contribute to the quality of upcoming umbrella reviews such as an
increased number of relevant high-quality SRs, less heterogeneity in the selected SRs for review,
and adding a librarian to the team who could develop a search strategy more consistent with best

practices.

Conclusions

The present overview of SRs aimed to systematically summarize and critically appraise
current evidence of CI outcomes in children with ANSD, presynaptic or postsynaptic/CND, and
to provide directions for future research. According to the reviewed SRs, despite significant
variability in children with ANSD, most of these children can achieve CI outcomes comparable to
their peers with SNHL. In children with CND, hypoplasia without ADs/MC:s is a predictor of better
speech performance outcomes compared to aplasia, especially along with additional disabilities or
comorbid symptoms. However, except for one study, the overall quality of the included SRs (i.e.,
the level of evidence) was assessed as CL, and except for three studies, evidence of a high risk of
bias was identified in other SRs. To resolve existing limitations and improve the quality of
evidence, well-designed, prospective studies with proper sample sizes, using valid outcome
measures, clarifying the matching criteria, and taking into account the role of confounding factors

are essential.
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Figure 1. The PRISMA flow diagram illustrates how the literature search and screening process
was summarized. According to PICOS, excluded records were those that did not meet the inclusion
criteria. PICOS, capital letters represent participants, intervention(s), comparators, outcomes, and
study designs, respectively. PRISMA: preferred reporting items for systematic reviews and meta-

analyses.
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Table 1. Characteristics of the included systematic reviews

Doctoral Thesis

Study Year Countr Langu Databases Number Total Age at Study Quality Outcome Results
y age® searched of sample size CIs design  assessme measures
included of primary (year)® nt tool
studies studies
Bo et 2022 China No PubMed, 15 ANSD=259 3.22 Retrospe RoB, CAP, SIR, Children with ANSD
al. limitati Embase, SNHL=408 ctive, Modified open-set SP achieve auditory and
on Web of prospecti NOS speech performance
Science ve outcomes comparable
to their peers with
SNHL.
Chaudh 2020 The NR PubMed, 14 ANSD=32  38.6 (4- Case Brazeli  Several Children with
ry et al. UK Web of 70) reports or  RoB tool phonemic postsynaptic ANSD
Science, case for non-  detectionand  demonstrate
Cochrane series RCT SP tests (open-  variability in CI
Library set or closed-  outcomes, but overall
set) show improvements in
hearing thresholds and
speech perception.
Fernan 2015  Brazil English  PubMed, 20 ANSD=NR  Childre All types NR Open-set SP Children with ANSD
des et , SciELO, SNHL=NR n, age of tests, GASP, achieve CI outcomes
al. Spanish ~ Cochrane NR articles MAIS, IT- equal to their peers
, Or Library, except MAIS, HINT  with SNHL.
Portugu  LILACS, case
ese Embase, reports
etc. and
reviews
Humph 2013 The English ~ PubMed, 27 ANSD=184 1-13 Cross- Bondet A widerange  Children with ANSD
riss et UK CINAHL, (12 SNHL=332 sectional, al. 2009 ¢ of SP tests can benefit from Cls.
al. Web of studies case-
Science, had a control,
Google control case
Scholar group.) series,
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case
studies
Myers 2021 USA  English  PubMed, 4 ANSD=211¢ 2.45 Prospecti JBI CAP, SIR, Despite the ANSD
& CINAHL ve, case CDI, DEAP, heterogeneity,
Nichols series PLS-4, PPVT-  children with ANSD
on 4, MUSS, achieve CI outcomes
LNT, MLNT,  equivalent to their
MAIS, IT- peers with SNHL.
MAIS,
PEACH
Penget 2017 USA  English  PubMed, 18 CND=97 3.7(1.6- Case NR Classifying Children with
al. Web of 5.1) reports, the outcomes hypoplasia are more
Science, case according to likely to achieve
Cochrane series the “level of speech discrimination
Library, auditory compared to children
Google performance"  with aplasia.
Scholar classification The absence of
scale comorbid syndromes
is associated with
better CI performance.
Rajave 2021 India  English  PubMed, 9 ANSD=291 Childre Retrospe QUADA SP scores, Cl is beneficial for
nkat et Google n, age ctive, S2 CAP, some children with ANSD.
al. Scholar, NR prospecti questionnaires
EBSCO, ve
Web of
Science,
etc.
Vesseu 2018 The English ~ PubMed, 15 CND=108 1.66- Case NR Sound and SP  CI has no
retal. Netherl Cochrane 5.16 reports, tests, open or  contraindications in
ands Library case closed sets, children with CND.
series and some Children with
questionnaires  hypoplasia achieve

better outcomes
compared to children
with aplasia.
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ANSD: auditory neuropathy spectrum disorder, CAP: categories of auditory performance, CDI: child development inventory, CI: cochlear implant,
DEAP: diagnostic evaluation of articulation and phonology, GASP: Glendonald auditory screening procedure, HINT: hearing in noise test, JBI:
Joanna Briggs Institute, IT-MAIS: infant-toddler meaningful auditory integration scale, LNT: lexical noise Test, MAIS: meaningful auditory
integration scale, MLNT: multisyllabic lexical noise test, MUSS: meaningful use of speech scale, NOS: Newcastle-Ottawa Scale, NR: not reported,
PEACH: parents evaluation of aural/oral performance of children, PLS-4: preschool language scale—fourth edition, PPVT-4: Peabody picture
vocabulary test fourth edition, RCT: randomized controlled trials, RoB: risk of bias, QUADAS: quality assessment of diagnostic accuracy studies,
SIR: speech intelligibility rating, SNHL: sensory neural hearing loss, SP: speech perception.

® The language of publications considered for the systematic search.
® The mean and/or range of age reported at the time of CI activation.

¢ A quality assessment tool, previously used by Bond et al (2009) in a systematic review of the effectiveness of CI for severe to profound hearing

loss.

4 Of the four studies, two had a control group (SNHL), and two compared children with age at CIs before and after 24 months of age.
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Table 2. Critical appraisal of included studies using the Assessment of Multiple Systematic Reviews 2 (AMSTAR-2) checklist

Study Year QI Q2 O Q4 Q5 Q6 Q7 Q8 Q9 QI0 Q11 QI2 Q13 Ql4 QI5 QI6 Overal
quality

Bo et al. 2022 12 0.5 1 1 1 1 0 1 1 1 1 1 1 1 1 1 Lb

Chaudhry 2020 1 1 1 1 1 1 0 1 1 0 0 0 1 1 1 0 CL
et al.

Fernandes 2015 1 0 1 0 1 0 0 1 0 1 0 0 0 0 0 1 CL
et al.

Humphriss 2013 1 0.5 1 0.5 1 0 0 1 0.5 0 0 0 1 0 0 1 CL
et al.

Myers & 2021 1 0.5 1 1 1 0 0 1 0.5 0 0 0 1 1 0 1 CL

Nicholson

Peng et al. 2017 0 0 1 0 1 0 0 1 0 1 0 0 0 0 0 1 CL

Rajavenkat 2021 0 0.5 1 0.5 1 0 0.5 1 0 0 0 0 0 0 0 1 CL
et al.

Vesseur et 2018 0 0 0 0.5 0 0 0 1 0 1 0 0 0 0 0 1 CL
al.

N(%) 5 3 7 4.5 7 2 0 0.5 3 4 1 1 4 3 2 7

(62.5) (37.5) (87.5) (562) (87.5) (25.0) (0.0) (100) (6.2) (50.0) (12.5) (12.5) (50.0) (37.5) (25.0) (87.5)

*Critical questions were shown bolded (i.e., Q2, Q4, Q7, Q9, Q11, Q13, and Q15).

2 The rating scale for items 2, 4, 7, 8,9, 11, 12, and 15 was yes = 1, partial yes = 0.5, and no = 0. The rating scale for items 1, 3, 5, 6, 10, 13, 14,
and 16 was yes =1 and no = 0.

® Overall rating: High (H): no or one non-critical weakness; Moderate (M): more than one non-critical weakness; Low (L): one critical flaw with
or without non-critical weaknesses; and Critically Low (CL): more than one critical flaw with or without non-critical weaknesses (Shea et al.,
2017).
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Table 3. Risk of bias assessment using the Risk of Bias in Systematic Reviews (ROBIS) tool

Phase 2 Phase 3

Study Year 1. Study eligibility 2. Identification & 3. Data collection 4. Synthesis Risk of bias in the

criteria selection of studies & study appraisal  and findings systematic review
Bo et al. 2022 © © © © ©
Chaudhry et al. 2020 © © © © ©
Fernandes et al. 2015 © ® ® ® ®
Humpbhriss et al. 2013 @) © © © ©
Myers & Nicholson 2021 ) ® © ® ©
Peng et al. 2017 © ® ® © ®
Rajavenkat et al. 2021 ) ) ® ® ®
Vesseur et al. 2018 ® ® ® ® ®

©= low risk, ®= high risk, ? = unclear risk (Whiting et al., 2016).
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Appendix A

The PICOS Framework

PICOS framework used for selecting SRs in the present umbrella review

PICOS Description
Population SRs of children diagnosed with presynaptic or postsynaptic ANSD
Intervention Use of one or two Cls

Comparator Children with SNHL (matched based on the date of birth, sex, age at CI activation,
and/or other factors) or no control group.

Outcome Auditory, speech, and/or language test scores and/or findings from relevant
questionnaires
Study design SRs with or without statistical analysis (i.e., meta-analysis).

ANSD: auditory neuropathy spectrum disorder, CI: cochlear implant, PICOS stands for participants, intervention(s),
comparators, outcomes, and study designs, SNHL: sensorineural hearing loss, SR: systematic review.
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Appendix B

Search Strategy

The search strategy with MeSH terms in the present overview of systematic reviews

Electronic databases searched: ProQuest, PubMed, Scopus, Ovid, and the Cochrane Database of
Systematic Reviews

Search time frame: From electronic databases’ inception to November 2022
Key terms: Using the following combined search terms:

(a) “auditory neuropathy” (MeSH: auditory neuropathy) AND “cochlear implant” (MeSH:
cochlear implants) AND “outcome” (MeSH: patient outcome assessment) AND “review”
(MeSH: systematic review [publication type])

(b) “cochlear nerve deficiency” OR “aplasia” (MeSH: abnormalities) OR “hypoplasia” (MeSH:
hypoplasia) AND “cochlear implant” (MeSH: cochlear implants) AND “outcome” (MeSH:
patient outcome assessment) AND “review” (MeSH: systematic review [publication type])

Search restrictions: The search had no restrictions on language, publication status, or year of
publication.

Search for missing articles: References to included studies were manually checked for missing
articles in the database search. No further related articles, however, were found.

Top-up search (April 2023): The database search was rerun to include any studies published between
December 2022 and April 2023. No additional systematic reviews, however, were found.

MeSH: medical subject heading
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Chapter 5

General Conclusions

ANSD is a complex disorder with no uniform approach to appropriately managing the
needs of every child affected (Rance and Starr, 2015). Depending on the etiology involved, ANSD
shows a heterogeneous clinical profile leading to diagnostic and therapeutic challenges. A variety
of etiologies contribute to ANSD (e.g., syndromic and non-syndromic abnormalities and perinatal
or pre-lingual factors) (Saidia et al., 2023), which provides an explanation for variable prognosis
and inconsistent response to therapeutic interventions in children with ANSD (James et al., 2020).
While other children with hearing thresholds within or close to normal limits may benefit from
assistive listening devices, some require HAs or Cls to facilitate speech and language development
(James et al., 2020). Due to this heterogeneity in children with ANSD, families need adequate
information about HL characteristics, auditory and non-auditory assessments required, test results
interpretation, hearing device technologies, and available intervention options (Myers and

Nicholson, 2021; Walker et al., 2016; Wolfe, 2020).

This doctoral thesis, consisting of three associated projects, aimed to study the predictors
of CI outcomes in children with ANSD. This chapter summarizes the findings of the three studies,
draws grand conclusions, and addresses the clinical implications and limitations of existing

evidence. The first project of this doctoral thesis aimed to determine the relationship between age
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at HL diagnosis, age at HA and CI activation, and the length of follow-up with CI/HA and open-
set speech perception test scores; and to identify factors with predictive value for post-implantation
outcomes. We reviewed the records of all children with ANSD (n = 38) at the Children's Hospital
of Eastern Ontario (CHEO), who were identified between 2000 and 2022 and used CIs and/or
HAs. In children with congenital or early-onset hearing loss (HL), a significant difference was
observed between ages at HL diagnosis (5.68 months) and CI activation (29.43 months), and
factors such as NICU admission, PB, and the presence of ADs/MCs had no significant impact on
ages at HL diagnosis, HA fitting, and CI activation. These three critical ages in our study were
comparable with the ages reported in past studies on children with ANSD ANSD (Budenz et al.,
2013; Ching et al., 2013a; Kontorinis et al., 2014) or SNHL (Budenz et al., 2013; Ching et al.,
2013b; Fitzpatrick et al., 2011; Harrison and Roush, 1996; Jafari et al., 2007; Kittrell and Arjmand,
1997; le Roux et al., 2016; Ozcebe et al., 2005; Prendergast et al., 2002). In the correlational
analysis, earlier ages at HL diagnosis and CI activation, and a longer duration of follow-up with
CI/HA were significantly associated with improved speech perception outcomes. In addition,
among ten variables (e.g., age of HL diagnosis, age at fitting HAs, age at CI activation, follow-up
period, the onset of HL, use of one or two Cls, NICU history, preterm birth, ADs/MCs, and sex)
included in the Forward Linear multiple Regression Model, the length of follow-up with CI/HA
and bilateral amplification showed prognostic value for open-set speech perception outcomes (i.e.,
PBK and HINT test scores). These findings were aligned with previous studies on children with
congenital or prelingual HL demonstrating the negative impact of auditory deprivation and the
positive effect of long-term hearing amplification use on spoken language development (Kral et
al., 2019; Kral and Sharma, 2012; Sharma and Campbell, 2011; Yoshinaga-Itano et al., 1998). Our

findings suggest that in children with ANSD, lower ages of HL diagnosis and CI activation, longer
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duration of CI/HA use, and the use of two CIs/HAs are associated with improved intervention
outcomes. However, this retrospective study had several limitations including missing data on
speech perception test scores (i.e., outcome measures: PBK-W/P and HINT in quiet and noise
conditions) and a lack of information about other potential factors contributing to speech
perception outcomes, such as socioeconomic status, maternal education, and mode of
communication at home. To resolve these limitations, well-designed prospective studies with

appropriate sample sizes are needed.

In addition to demographic, child-related, health-related, and socioeconomic factors that
might predict long-term intervention outcomes (Ching et al., 2013b; le Roux et al., 2016; Omar et
al., 2022), auditory electrophysiologic and imaging results are objective variables with prognostic
value for CI outcomes. The second project of this doctoral thesis aimed to systematically
summarize and critically appraise existing evidence of the prognostic value of early
electrophysiologic (intraoperative and/or postoperative eCAP and eABR) and preoperative MRI
findings for CI outcomes. Of the 25 included studies, the relevance of eCAP, eABR, and/or MRI
findings to CI outcomes was reported in 10, 11, and 11 studies, respectively. We used the Crowe
Critical Appraisal Tool (CCAT) and the Grading of Recommendations Assessment, Development,
and Evaluation (GRADE) tool to assess methodological quality and strength of evidence,
respectively. While the predictive value of eCAP findings for CI outcomes was uncertain, the
presence of eABR and no evidence of CND (especially aplasia) in MRI were indicative of better
post-CI speech perception outcomes. This finding may help clinicians with decision-making about
CI candidacy and consultation with the family. However, in this SR, substantial heterogeneity was
identified among selected studies in chronological age, age at CI activation, the length of follow-

up with CI/HA, and outcome measures, which might have affected our conclusions. This
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heterogeneity did not allow us to conduct meta-analyses, leading to narratively synthesizing and
interpreting the findings. The included studies had several limitations such as an observational
design commonly with no control group, and low sample sizes in most studies, which put studies
at risk of overestimating intervention outcomes (i.e., small study bias/effect) (Button et al., 2013;
Turner et al., 2013). In addition, the studies were limited in taking into account the role of other
potential contributors to the outcomes, especially ADs/MCs (Bo et al., 2022; Ching et al., 2013a;

le Roux et al., 2016). Therefore, caution should be taken in interpreting the findings.

During the past two decades, several SRs have been published on CI outcomes in children
with ANSD (Bo et al., 2022; Humphriss et al., 2013; Myers and Nicholson, 2021; Peng et al.,
2017; Rance and Starr, 2015; Vesseur et al., 2018). The objective of the third project of this
doctoral thesis was to systematically overview, summarize, and critically appraise current SRs of
CI outcomes in children with ANSD, and provide directions for future research. We used the
AMSTAR-2 checklist and the ROBIS tool to assess the methodological quality and the risk of bias
in the included SRs, respectively. According to the eight included SRs, despite significant
variability in children with ANSD, they often achieve CI outcomes comparable to their peers with
SNHL. In children with postsynaptic ANSD (evidence of CND), hypoplasia without ADs/MCs is
associated with better speech performance outcomes than aplasia and the presence of ADs/MCs.
However, the methodological quality of most selected SRs was evaluated as critically low with a
high risk of bias due to the limitations of primary studies included in the SRs, especially low
sample sizes, and poor study designs. The SRs reported substantial inconsistency in primary
studies in several factors such as the lesion site, age at implantation, cognitive and socioeconomic
status, and ADs/MCs (Bo et al., 2022; Riggs et al., 2017). Future studies with a well-designed,

randomized/prospective research design, taking into account the role of confounding factors,
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clarifying the matching criteria, considering appropriate sample sizes, and using valid outcome
measures could help improve evidence quality, and assist with decision-making and consultation
in clinical settings. The quality of the SRs could also be improved by using proper appraisal tools
to assess the risk of bias and the quality of evidence. Therefore, the findings of this umbrella review

should be interpreted with caution. SRs.

Electrode-neuron interface (ENI) is a phenomenon that may play a role in poor speech
perception outcomes in children with aplasia. ENI is a situation in which an activated channel
stimulates more distant neurons in the cochlea, resulting in overlaps in electrode activation (Bierer,
2010). ENI causes intrasubject channel-to-channel variability in CI thresholds and most
comfortable levels (MCLs), which can negatively affect speech perception outcomes (Bierer and
Faulkner, 2010; Pfingst et al., 2008). In the clinical setting, ENI occurs more frequently in channels
with relatively high thresholds than in channels with relatively low thresholds (Bierer and
Middlebrooks, 2002). It is characterized by broader psychophysical tuning curves and smaller
dynamic ranges (Bierer and Faulkner, 2010). CI electrodes with high thresholds are commonly
observed in bipolar (consisting of both active and return electrodes in the Scala tympani, usually
separated by one or more inactive electrodes) and tripolar (including an intra-scalar active
electrode and two adjacent electrodes sharing the return current equally) electrode configurations,
as opposed to monopolar electrode configurations (with one intra-scalar electrode as the active
electrode and an extracochlear electrode as the return) (Bierer and Middlebrooks, 2002; Snyder et
al., 2008). Changes in these subjective hearing and speech perceptions can lead to increased
difficulty in intensity-based information discrimination, particularly in the presence of competing

noise .(Bierer, 2010)

Limitations and Implications for Future Research
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In summary, the findings of our retrospective chart review, describing the role of several
key contributing factors to open-set speech perception performance, could be useful for health-
related professionals in decision-making for EHDI, and in counseling or guiding parents of
children with HL, especially those who are candidates for CIs. The findings of our two SRs indicate
that eABR and MRI findings are strong predictors of post-CI speech perception outcomes; children
with presynaptic ANSD can achieve speech perception performance equal to peers with SNHL;
and in children with CND, aplasia, especially along with ADs/MCs, is associated with poor CI
outcomes. These findings help clinicians guide families about the interpretation of MRI and
electrophysiologic findings, potential expectations from hearing technology options, and decision-

making for CI candidacy.

Our findings, however, indicate limitations of existing studies, especially in study design
(mostly small retrospective studies with no control group), taking into account the role of major
contributors to the outcomes (e.g., ADs/MCs, socioeconomic status, maternal education, genetic
background, etc.), and heterogeneity in participants. These limitations affect the studies' quality
and make it challenging to draw firm conclusions. Well-designed studies could improve evidence
quality leading to improved quality of evidence in reviews grounded on a systematic search, and

support decision-making and consultation in clinical settings.

References:

Bierer, J.A. (2010). Probing the electrode-neuron interface with focused cochlear implant
stimulation. Trends Amplif. 14(2), 84-95. doi:10.1177/1084713810375249.

Bierer, J.A., Faulkner, K.F. (2010). Identifying cochlear implant channels with poor electrode-
neuron interface: partial tripolar, single-channel thresholds and psychophysical tuning

curves. Ear Hear. 31(2), 247-258. d0i:10.1097/AUD.0b013e3181c7daf4.

180



Zahra Jafari Doctoral Thesis

Bierer, J.A., Middlebrooks, J.C. (2002). Auditory cortical images of cochlear-implant stimuli:
dependence on electrode configuration. J  Neurophysiol. 87(1), 478-492.
doi:10.1152/jn.00212.2001.

Bo, D., Huang, Y., Wang, B., Lu, P., Chen, W.X., Xu, Z.M. (2022). Auditory and Speech
Outcomes of Cochlear Implantation in Children With Auditory Neuropathy Spectrum
Disorder: A Systematic Review and Meta-Analysis. 4Ann Otol Rhinol Laryngol,
34894221092201. doi:10.1177/00034894221092201.

Budenz, C.L., Telian, S.A., Arnedt, C., Starr, K., Arts, H.A., El-Kashlan, H.K., Zwolan, T.A.
(2013). Outcomes of cochlear implantation in children with isolated auditory neuropathy
Versus cochlear hearing loss. Orol Neurotol. 34(3), 477-483.
doi:10.1097/MAO.0b013e3182877741.

Button, K.S., Ioannidis, J.P., Mokrysz, C., Nosek, B.A., Flint, J., Robinson, E.S., Munafo, M.R.
(2013). Power failure: Why small sample size undermines the reliability of neuroscience.
Nat Rev Neurosci. 14(5), 365-376. doi:10.1038/nrn3475.

Ching, T.Y., Day, J., Dillon, H., Gardner-Berry, K., Hou, S., Seeto, M., Wong, A., Zhang, V.
(2013a). Impact of the presence of auditory neuropathy spectrum disorder (ANSD) on
outcomes of children at three years of age. Int J Audiol. 52 Suppl 2(0 2), S55-64.
doi:10.3109/14992027.2013.796532.

Ching, T.Y., Dillon, H., Marnane, V., Hou, S., Day, J., Seeto, M., Crowe, K., Street, L., Thomson,
J., Van Buynder, P., Zhang, V., Wong, A., Burns, L., Flynn, C., Cupples, L., Cowan, R.S.,
Leigh, G., Sjahalam-King, J., Yeh, A. (2013b). Outcomes of early- and late-identified
children at 3 years of age: findings from a prospective population-based study. Ear Hear.

34(5), 535-552. do1:10.1097/AUD.0b013e3182857718.

181



Zahra Jafari Doctoral Thesis

Fitzpatrick, E.M., Johnson, E., Durieux-Smith, A. (2011). Exploring factors that affect the age of
cochlear implantation in children. Int J Pediatr Otorhinolaryngol. 75(9), 1082-1087.
doi:10.1016/].ijporl.2011.05.018.

Harrison, M., Roush, J. (1996). Age of suspicion, identification, and intervention for infants and
young children with hearing loss: a national study. FEar Hear. 17(1), 55-62.
doi:10.1097/00003446-199602000-00007.

Humphriss, R., Hall, A., Maddocks, J., Macleod, J., Sawaya, K., Midgley, E. (2013). Does
cochlear implantation improve speech recognition in children with auditory neuropathy
spectrum disorder? A systematic review. [Int J Audiol. 52(7), 442-454.
doi:10.3109/14992027.2013.786190.

Jafari, Z., Malayeri, S., Ashayeri, H. (2007). The ages of suspicion, diagnosis, amplification, and
intervention 1in deaf children. Int J Pediatr Otorhinolaryngol. 71(1), 35-40.
doi:10.1016/].1jporl.2006.08.014.

James, A.L., Osborn, H.A., Osman, H., Papaioannou, V., Gordon, K.A. (2020). The limitation of
risk factors as a means of prognostication in auditory neuropathy spectrum disorder of
perinatal onset. Int J  Pediatr Otorhinolaryngol. 135, 110112.
doi:10.1016/j.ijporl.2020.110112.

Kittrell, A.P., Arjmand, E.M. (1997). The age of diagnosis of sensorineural hearing impairment in
children. Int J Pediatr Otorhinolaryngol. 40(2-3), 97-106. doi:10.1016/s0165-
5876(97)01506-1.

Kontorinis, G., Lloyd, S.K., Henderson, L., Jayewardene-Aston, D., Milward, K., Bruce, LA.,

O'Driscoll, M., Green, K., Freeman, S.R. (2014). Cochlear implantation in children with

182



Zahra Jafari Doctoral Thesis

auditory neuropathy spectrum disorders. Cochlear Implants Int. 15 Suppl 1, S51-54.
doi:10.1179/1467010014z.000000000157.

Kral, A., Dorman, M.F., Wilson, B.S. (2019). Neuronal Development of Hearing and Language:
Cochlear Implants and Critical Periods. Annu Rev Neurosci. 42, 47-65.
doi:10.1146/annurev-neuro-080317-061513.

Kral, A., Sharma, A. (2012). Developmental neuroplasticity after cochlear implantation. Trends
Neurosci. 35(2), 111-122. doi:10.1016/j.tins.2011.09.004.

le Roux, T., Vinck, B., Butler, 1., Cass, N., Louw, L., Nauta, L., Schlesinger, D., Soer, M.,
Tshifularo, M., Swanepoel de, W. (2016). Predictors of pediatric cochlear implantation
outcomes in South Africa. Int J Pediatr Otorhinolaryngol. 84, 61-70.
doi:10.1016/].ijporl.2016.02.025.

Myers, K., Nicholson, N. (2021). Cochlear Implant Behavioral Outcomes for Children With
Auditory Neuropathy Spectrum Disorder: A Mini-Systematic Review. Am J Audiol. 30(3),
777-789. doi:10.1044/2021 aja-20-00175.

Omar, M., Qatanani, A.M., Douglas, N.O., Nawash, B.S., Ibrahim, T., Kaleem, S.Z., McKinnon,
B.J. (2022). Sociodemographic disparities in pediatric cochlear implantation outcomes: A
systematic review. Am J Otolaryngol. 43(5), 103608. doi:10.1016/j.amjot0.2022.103608.

Ozcebe, E., Sevinc, S., Belgin, E. (2005). The ages of suspicion, identification, amplification and
intervention in children with hearing loss. Int J Pediatr Otorhinolaryngol. 69(8), 1081-
1087. doi:10.1016/5.ijporl.2005.03.002.

Peng, K.A., Kuan, E.C., Hagan, S., Wilkinson, E.P., Miller, M.E. (2017). Cochlear Nerve Aplasia
and Hypoplasia: Predictors of Cochlear Implant Success. Otolaryngol Head Neck Surg.

157(3), 392-400. doi:10.1177/0194599817718798.

183



Zahra Jafari Doctoral Thesis

Pfingst, B.E., Burkholder-Juhasz, R.A., Zwolan, T.A., Xu, L. (2008). Psychophysical assessment
of stimulation sites in auditory prosthesis electrode arrays. Hear Res. 242(1-2), 172-183.
doi:10.1016/j.heares.2007.11.007.

Prendergast, S.G., Lartz, M.N., Fiedler, B.C. (2002). Ages of diagnosis, amplification, and early
intervention of infants and young children with hearing loss: findings from parent
interviews. Am Ann Deaf. 147(1), 24-30. doi:10.1353/aad.2012.0198.

Rance, G., Starr, A. (2015). Pathophysiological mechanisms and functional hearing consequences
of auditory neuropathy. Brain. 138(Pt 11), 3141-3158. doi:10.1093/brain/awv270.

Riggs, W.J., Roche, J.P., Giardina, C.K., Harris, M.S., Bastian, Z.J., Fontenot, T.E., Buchman,
C.A., Brown, K.D., Adunka, O.F., Fitzpatrick, D.C. (2017). Intraoperative
Electrocochleographic Characteristics of Auditory Neuropathy Spectrum Disorder in
Cochlear Implant Subjects. Front Neurosci. 11, 416. doi:10.3389/fnins.2017.00416.

Saidia, A.R., Ruel, J., Bahloul, A., Chaix, B., Venalil, F., Wang, J. (2023). Current Advances in
Gene Therapies of Genetic Auditory Neuropathy Spectrum Disorder. J Clin Med. 12(3).
doi:10.3390/jcm12030738.

Sharma, A., Campbell, J. (2011). A sensitive period for cochlear implantation in deaf children. J
Matern Fetal Neonatal Med. 24 Suppl 1(0 1), 151-153.
doi:10.3109/14767058.2011.607614.

Snyder, R.L., Middlebrooks, J.C., Bonham, B.H. (2008). Cochlear implant electrode configuration
effects on activation threshold and tonotopic selectivity. Hear Res. 235(1-2), 23-38.

doi:10.1016/j.heares.2007.09.013.

184



Zahra Jafari Doctoral Thesis

Turner, R.M., Bird, S.M., Higgins, J.P. (2013). The impact of study size on meta-analyses:
examination of underpowered studies in Cochrane reviews. PLoS One. 8(3), €59202.
doi:10.1371/journal.pone.0059202.

Vesseur, A., Free, R., Snels, C., Dekker, F., Mylanus, E., Verbist, B., Frijns, J. (2018). Hearing
Restoration in Cochlear Nerve Deficiency: the Choice Between Cochlear Implant or
Auditory Brainstem Implant, a Meta-analysis. Otol Neurotol. 39(4), 428-437.
doi:10.1097/ma0.0000000000001727.

Walker, E., McCreery, R., Spratford, M., Roush, P. (2016). Children with Auditory Neuropathy
Spectrum Disorder Fitted with Hearing Aids Applying the American Academy of
Audiology Pediatric Amplification Guideline: Current Practice and Outcomes. J Am Acad
Audiol. 27(3), 204-218. doi:10.3766/jaaa.15050.

Wolfe, J., 2020. Cochlear Implants: Audiologic Management and Considerations for Implantable
Hearing Devices. Plural Publishing Inc., San Diego.

Yoshinaga-Itano, C., Sedey, A.L., Coulter, D.K., Mehl, A.L. (1998). Language of early- and later-
identified  children = with  hearing loss.  Pediatrics. 102(5), 1161-1171.

doi:10.1542/peds.102.5.1161.

185



Zahra Jafari Doctoral Thesis

Appendices
Appendix I (Chapter 2): CHEO REB Letter of Approval..........ccccceeveiienciiieniiiienieeens 187
Appendix I (Chapter 2): University of Ottawa Ethical Approval..........ccccceevvverneenns 189
Appendix III (Chapter 2): supplemental data analysis..........cccceeevveeeciieenciieenciieesieeenns 191
Appendix IV (Chapter 3): PRISMA 2020 Checklist .......cccceeevreeiiieeiieeiiieeiieeeieeens 192
Appendix V (Chapter 3): Crowe Critical Appraisal Tool (CCAT)....cccceevvvevieriieennne 194
Appendix VI (Chapter 4): AMSTAR-2 ..ot 196

Appendix VII (Chapter 4): ROBIS: Tool to Assess Risk of Bias in Systematic Reviews200

186



Zahra Jafari Doctoral Thesis

Appendix I (Chapter 2): CHEO REB Letter of Approval

Whittingham, JoAnne

From:

Sent: Friday, October 28, 2022 9:22 AM

To: Lessard, Chantal

Co: Sokalsk, Ashley: Whittingham, Jo&nne; Anderson, Matalie
Subject: REB Protocol Mo 22/83X - Final Approval - Delegated Review

EXTERMAL MAIL*

CHEO

CHEO REB
Letter of Approval

REB Protocol No: 22/83X

ROMEO File No: 20221267

Principal Investigator: Dr. Chantal Lessard

Protocol Title: CHEOREB# 22/83X - Predictors of Amplification Qutcomes in Children with Auditory Neuropathy
Spectrum Disorders (ANSD)

Protocol Status: Active

Approval Date: October 28, 2022
Approval Expiry Date: October 15, 2023

The CHEOQ REE has conducted a delegated review and determined that the conditions of approval have been satisfied for
the above-named study. Approval is valid for the pericd indicated above. This research study is to be conducted by the
investigator noted above. Annual renewals or study closures must be completed before the expiry date noted above.

REB members involved in the study do not pariicipate in the review, deliberations, or decision.

Documents Approved:

Document Name | Comments | Version Date |
Case Report Form Case report form (variable list)] 2022/10/12 |
Protocol _ Protocol Version 4 [ 2022/10/12

Any modifications made to the study must be reviewed and approved by the REB prior to implementation, except when
necessary to eliminate immediate danger or hazard({s) to study participanis or when the change(s) involves administrative
aspects of the study. Investigators must prompily alert the REB of any changes that increase the risk to participants or
affect the safety of participants, all unanticipated and harmful events that occur, and new information that significanthy
impact the conduct of the study.

The CHEO REE operates in compliance with, and is constituted in accordance with, the requirements of the Tri-Council
Policy Statement: Ethical Conduct of Research Involving Humans (TCPS 2); the Intemational Conference on

187



Zahra Jafari Doctoral Thesis

Harmonization Good Clinical Practice Consolidated Guideline (lCH GCP); Part C, Division 5 of the Food and Drug
Requlations; Part 4 of the Natural Health Products Regulations; and Part 3 of the Medical Devices Reguiations and the
provisions of the Ontario Personal Health Information Protection Act (PHIPA 2004) and its applicable regulations. The
CHEO REB is registered with the U.S. Department of Health and Human Services (DHHS) Office for Human Research
Protection (OHRP).

Please do not hesitate to contact the Research Ethics Office if you have any quesiions.

Best wishes for the successful conduct of your research.

Cécile Bensimon, MA, PhD
Chair, Research Ethics Board
Présidente, Comité d'éthique de la recherche

*EXTERMAL MAIL: Caution, this email came to you from outside of CHEOQ. Do not dick any links or open any attachments unless you
know the sender and are certain the content is safe.

188



Zahra Jafari

Appendix I (Chapter 2): University of Ottawa Ethical Approval

Universitée d'Ottawa

Bureau d'éthique et dintégnite de la recherche

Doctoral Thesis

181102022

University of Ottawa

Office of Research Ethics and Integmity

Lettre d’approbation administrative | Letter of administrative approval

Numeéro de dossier / Ethics File Number
Titre du projet / Project Title

Type de projet [ Project Type

CER primaire / Primary REB

Statut du projet / Project Status

Date d'approbation (ji/mm/aaaa) / Approval Date (dd'mm/yyyy)
Date d'expiration (jmm/aaaa) / Expiry Date (dd/mm/yyyy)

Equipe de recherche / Research Team

Chercheur /
Researcher

Amingh KORAVAND

Affiliation

Ecole des sciences de la readaptation / Schoaol of
Etehabilil:alion Sciences

Ecole des sciences de la réadaptation f School of
Aahon veradl) Rehabilitation Sciences

Chantal LESSARD  CHEO

Ashley SOKALSKI CHEO

Ecole des sciences de la réadaptation f School of

Jennifer TINGUYEN 2oy, chilitation Sciences

H-11-22-8149

Predictors of Amplification
Outcomes in Children with
Auditory Neuropathy Spectrum
Disorders (ANSD)

Recherche de professeur /
Professor's research project

Approuve [ Approved
181172022
16/10/2023

Role

Chercheur Principal / Principal
Investigator

Co-chercheur principal ! Co-principal
investigator

Co-chercheur / Co-investigator
Coordonnateur de recherche / Research
Coordinator

Assistant de recherche [ Research
Assistant

Conditions spéciales ou commentaires / Special conditions or comments:

CHEC REB Protocol Mo: 2283

550, rue Cumberand, piéce 154 550 Cumberand Street, Room 154
Ottawa (Ontario) K1M 6N5 Canada Ottawa, Ontario K1N 6MS Canada

B13-562-5387 + 6135625338+ ethigue@ulttawa.ca / ethics@BuDiawa.ca
www.recherche ucttawa.ca/deontologie | www.recherche uctiawa . calethice

189



Zahra Jafari

Université d'Ottawa

Bureau d'éthique ot dintéznts de la recherche

L'Université d"Ottawa a signé une Entente, conforme aux
exigences de la plus récente version de 'EPTC et tout
aufre réglement ou leégislation applicable, permettant au
CER ci-haut nommé d'étre désigné comme CER primaire
pour les projets de recherche ol

1) les activités principales de recherche sont menées
sous 'autorité ou sous les auspices de I'établissement lig
au CER primaire et

2) Une partie du projet est également réalisé sous
l'autorité ou sous les auspices de 'Université d'Oftawa.

Cette lettre confirne que I'Université d'Ottawa a autorisé
gue le CER primaire soit le CER officiel pour I'évaluation
et la supervision de ce projet de recherche. Ceci n'est pas
une approbation ethique.

Afin de nous aider & garder votre dossier & jour, veuillez
soumettre une copie de toutes demandes de modification,
renouvellement d'approbation éthique etc. soumis & st
approuvé par le CER primaire dés qu'elles sont
disponibles.

Cette approbation administrative est valide pour la durée
indiquée ci-haut et est sujette aux conditions énumérées
dans la section intitulée « Conditions speciales ou
commentaires .

Catherine PAQUET
Directeur / Director

Doctoral Thesis

1811142022

University of Ottawa

Office of Fesearch Fthies and Integty

The Univergity of Ottawa has signed an Agresment,
compliant with cument TCPS guidelines and any other
applicable guidelines or legislation regarding multisite
review, allowing the REB named above to serve as Board
of Record (BoR) for research projects where

1) the main research activities are conducted within the
auspices or junsdiction of the BoR's institution and

2) parts of the project are also conducted under the
jurisdiction or auspices of the University of Ottawa.

This letter confirms that the University of Ottawa has
authorized the REB named above to serve as Board of
Record for the review and oversight of this research
project. This i not an REB approval.

In order to help us keep your file up to date, please submit
a copy of all amendment requests, project renewals or any
other changes submitted to and approved by the BoR, as
they become available.

Administrative approval is valid for the pericd indicated
above and iz subject to the conditions listed in the section
entitled «Special condiions or commentss.

Pour/For Daniel LAGAREC Président(e) du/ Chair of the Comité d'éthique de Ia recherche en sciences de la santé et
sciences | Health Sciences and Sciences Research Ethics Board

550, rue Cumberiand, piece 154

550 Cumberland Street, Room 154

Oitawa (Ontario) K1M 6N5 Canada Oftawa, Ontaric K1M 8NS5 Canada

613-562-5387 = 613-562-3338 «

ethique@uCttawa.ca f ethicsBuDttawa.ca

www recherche uottawa ca/deontologie | www recherche ucttawa calethics

190



Zahra Jafari Doctoral Thesis

Appendix III (Chapter 2): supplemental data analysis

Figure 1

It is noteworthy that after removing a few outliers (i.e., data points over £2SD) in Figure 1
(page 62), the reported relationships remained significant. Figure 1A: r = -0.752, p = 0.001, n =
13; Figure 1B: r=-0.530, p = 0.035, n = 19; Figure 1C: r=-0.613, p=0.041, n = 12; Figure 1D:

no outlier was identified.)
Table 5

Table 5 (page 70) outlines the results of a Forward Linear Multiple Regression Model
aimed at identifying variables with prognostic value for intervention outcomes. The included
variables in the model were age at HL diagnosis, age at HA fitting, age at CI activation, length of
follow-up with CI/HA, onset of HL, use of bilateral amplification, history of NICU admission,

preterm birth, ADs/MCs, and sex.

To ensure the appropriateness of the statistical test and the number of variables included in
the model, the same analyses were conducted using a Stepwise Linear Multiple Regression Model,
as well as by considering only the four variables that exhibited a statistically significant association
with speech perception outcomes (i.e., age at HL diagnosis, age at HA fitting, age at CI activation,
and length of follow-up with CI/HA). The results of the Forward Linear Multiple Regression
Model and the Stepwise Linear Multiple Regression Model, including 10 or 4 variables, were quite

similar, providing further confidence in the reported analyses.
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Appendix IV (Chapter 3): PRISMA 2020 Checklist

u PRISMA 2020 Checklist

Location
Checklist item where item
is reported
TITLE
Title 1 | Identify the report as a systematic review.
ABSTRACT
Abstract 2 [ See the PRISMA 2020 for Abstracts checklist.
INTRODUCTION
Rationale 3 | Describe the rationale for the review in the context of existing knowledge.
Objectives Provide an explicit statement of the objective(s) or question(s) the review addresses.
METHODS
Eligibility criteria 5 | Specify the inclusion and exclusion criteria for the review and how studies were grouped for the syntheses.
Information 6 | Specify all databases, registers, websites, organisations, reference lists and other sources searched or consulted to identify studies. Specify the
sources date when each source was last searched or consulted.
Search strategy 7 | Present the full search strategies for all databases, registers and websites, including any filters and limits used.
Selection process 8 | Specify the methods used to decide whether a study met the inclusion criteria of the review, including how many reviewers screened each record
and each report retrieved, whether they worked independently, and if applicable, details of automation tools used in the process.
Data collection 9 | Specify the methods used to collect data from reports, including how many reviewers collected data from each report, whether they worked
process independently, any processes for obtaining or confirming data from study investigators, and if applicable, details of automation tools used in the
process.
Data items 10a | List and define all outcomes for which data were sought. Specify whether all results that were compatible with each outcome domain in each
study were sought (e.g. for all measures, time points, analyses), and if not, the methods used to decide which results to collect.
10b | List and define all other variables for which data were sought (e.g. participant and intervention characteristics, funding sources). Describe any
assumptions made about any missing or unclear information.
Study risk of bias 11 | Specify the methods used to assess risk of bias in the included studies, including details of the tool(s) used, how many reviewers assessed each
assessment study and whether they worked independently, and if applicable, details of automation tools used in the process.
Effect measures 12 | Specify for each outcome the effect measure(s) (e.g. risk ratio, mean difference) used in the synthesis or presentation of results.
Synthesis 13a | Describe the processes used to decide which studies were eligible for each synthesis (e.g. tabulating the study intervention characteristics and
methods comparing against the planned groups for each synthesis (item #5)).
13b | Describe any methods required to prepare the data for presentation or synthesis, such as handling of missing summary statistics, or data
conversions.
13c | Describe any methods used to tabulate or visually display results of individual studies and syntheses.
13d | Describe any methods used to synthesize results and provide a rationale for the choice(s). If meta-analysis was performed, describe the
model(s), method(s) to identify the presence and extent of statistical heterogeneity, and software package(s) used.
13e | Describe any methods used to explore possible causes of heterogeneity among study results (e.g. subgroup analysis, meta-regression).
13f | Describe any sensitivity analyses conducted to assess robustness of the synthesized results.
Reporting bias 14 | Describe any methods used to assess risk of bias due to missing results in a synthesis (arising from reporting biases).
assessment
Certainty 15 | Describe any methods used to assess certainty (or confidence) in the body of evidence for an outcome.
assessment
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u PRISMA 2020 Checklist

= Location
.Is.‘:c:‘:" And Checklist item where item
P is reported
RESULTS
Study selection 16a | Describe the results of the search and selection process, from the number of records identified in the search to the number of studies included in
the review, ideally using a flow diagram.
16b | Cite studies that might appear to meet the inclusion criteria, but which were excluded, and explain why they were excluded.
Study 17 | Cite each included study and present its characteristics.
characteristics
Risk of bias in 18 | Present assessments of risk of bias for each included study.
studies
Results of 19 | For all outcomes, present, for each study: (a) summary statistics for each group (where appropriate) and (b) an effect estimate and its precision
individual studies (e.g. confidence/credible interval), ideally using structured tables or plots.
Results of 20a | For each synthesis, briefly summarise the characteristics and risk of bias among contributing studies.
synieses 20b | Present results of all statistical syntheses conducted. If meta-analysis was done, present for each the summary estimate and its precision (e.g.
confidence/credible interval) and measures of statistical heterogeneity. If comparing groups, describe the direction of the effect.
20c | Present results of all investigations of possible causes of heterogeneity among study results.
20d | Present results of all sensitivity analyses conducted to assess the robustness of the synthesized results.
Reporting biases 21 | Present assessments of risk of bias due to missing results (arising from reporting biases) for each synthesis assessed.
Certainty of 22 | Present assessments of certainty (or confidence) in the body of evidence for each outcome assessed.
evidence
DISCUSSION
Discussion 23a | Provide a general interpretation of the resulis in the context of other evidence.
23b | Discuss any limitations of the evidence included in the review.
23c | Discuss any limitations of the review processes used.
23d | Discuss implications of the results for practice, policy, and future research.

OTHER INFORMATION

Registration and 24a | Provide registration information for the review, including register name and registration number, or state that the review was not registered.
P 24b | Indicate where the review protocol can be accessed, or state that a protocol was not prepared.
24c | Describe and explain any amendments to information provided at registration or in the protocol.
Support 25 | Describe sources of financial or non-financial support for the review, and the role of the funders or sponsors in the review.
Competing 26 | Declare any competing interests of review authors.
interests
Availability of 27 | Report which of the following are publicly available and where they can be found: template data collection forms; data extracted from included
data, code and studies; data used for all analyses; analytic code; any other materials used in the review.
other materials

From: Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ 2021,372:n71. doi:

10.1136/bmj.n71

For more information, visit: hitp//www. prisma-statement.ora/

193



Zahra Jafari Doctoral Thesis

Appendix V (Chapter 3): Crowe Critical Appraisal Tool (CCAT)

Crowe Critical Appraisal Tool (CCAT) Form fwia) o e— Roviewer

Frai farm muid B wed o conjunchion wilh T OCAT Wi Ouide [v1 A obherwis wabdity and ridalsly mdy b diicily oompramined

Yaar

phiet |

J Mot research Article | Editodial | Aepor | Opinice | Guideling | F

1 Historical

O Cualitative Marrative | Pranomenclogy | Ettnography | Growsded theory | Mamative case stady |
- Descriptiee, A Cross-sectional | Longitedinad | Retrospective | Peosp | Cormlaricoeal | Pradictive |
Ewplaratony,
Dhsenatianal B. Cobawt | Case-control | Sweey | Developsantal | Moreative | Case study |
A Toue Peo-tastipost-test condrad group | Solomon foer-groug | Po-test only conbrol group | Basdomised beo-factor |
g Placcs

Coonend group | Counter balanced foross-ower] | Muoltiple Gene sadles

A Ou
Experimental

R TN
2 Single sudy) | Simphe time series | One grosp pre-est/post-test | eractive | Multipho basekne |
SyaLin ARG M, MUTN Creament )

O Mixed Methods  Action research | Sequential | Concursent | Transformatie |

1 Synthesis Systematic review | Critical review | Themati sypthesis | Meta-ethnograpy | Marathe syathesis |

J Other

Yariables and analysis

Interventionis), Treaktment{s), Exposure|s) Cutcomeds), Output]s], Predictaris), Measure)s) Diata analysis method(s)

Gioisn 3 L Corarol

Group 1 GnoeE 2

Total soe

Population,
sample,
setting

al Primary | Secondary a) Fesmald | Infioemad |
Audit/Review B) Asthoritatve | Partisan | Antagonist
praiung | Sysbeena

Intendiew B Struchoniad | Senil-irect
€] Deg-on-oma | Grows | Mk

| Sl wened |

{4}
ol | Mon-participant | a)Steedardised | Mosm-sed | Crimerion-rel | Ipsatis |

E

el

Testing B Objective | Sul

(gl ais g oo Liesarestured | -
] Do oot | Groesp | Sel-adesinistonsd |

(LA ty g ST
] Covent | Candid |

Resulgs Tokal [f40]

Obzervation

Prelimanaries Design Data Coflection

Irtraductian Lampling Ethical Matters Dizcumsion Total [%]

194



Zahra Jafari

Iterm descriptors

Description

POt infonma b

Doctoral Thesis

o @i M|

| rksick Lant|

1. Prefiminaries
Title: |1 Inchatas study aams LI and design
.ﬁ.b.sl:rar.'_ 1 L fermatica )
|k st ? Balanced _undmlnr-'al w1
Tt i 1 1. Sallicant detasl cahes could wm-.'».‘-um a

|2 Clearfcamcise weiting ', tableds] O, Sagramis) O, Sgure|s} 2

Prefiminaries [/5]

l!.m'hm&dhh

|2. intreduction
Background |1 Sermmany of curnant knowlesge 1
I Sgacific problkmis) addressd L and reaonis) for addressing
Ohjective |1- Primary objectie 5], Bypothesisies), of aim(s] 2
|2 Sacendany questicon(z)
I% it worth continuing? Introduwction /5]
3. Design
Research design |1 Rasaardy desgnish chiosen L why
b Seitabilty of resaarch desigads]
bt rvention, i erifsbiaspotunads) choses and wiy 1
Trestment, Expesure |E. Pracise dotals of thi intenastioa(s) e sl esposunaisy 'l for ach gress
e i |3 It nu.l_-.-a:ﬁum ) vakd Jand refiable
Outcome, Cutput, 11 wWrakuri|s] chisan (@ why
Pradictor, Measure [ fpradicinrsl/mazsurais) 1
’ £ .cr.lnbk- a
Bias, ste 11 2 bias. _:.-:nrr':n. safing vaniabies ), efect medhons L, eaeractions
|2 Sequence generation LI, greep allocation LI, group balance L), and by whes 1
|3 Erpeiva lont traatmient of paniciganisftaes froups J
|5 it warth continuing? Design [/5]
i Samipling
Sampling method |1- Bampling mathod|s) choses
Sample dine wimsr LB, o cwzein L0, and wileg
1 Switabilty o samgha size 1 |
Sampling protoml 11 Ti'ri,ﬂ s | 1 i :-mul.muli_ descrigtion 3 and setabikey
|2 Pasticipantgicases/groups: inclution ) and aeclision L criteria
|3 Racrnatment of participantscases/gnups O
15 it worth continuing? Sampling [/5]

Collection method

Collection protadal

'| Corllaction methoiis] dosan and why
L Seitabity of colltios meth odis) L3
'1 ke dabas] 1, hocationfs] L, sttingls) Lk perscenal L1, mataniak ), precesses L1
|2 et [3) bo onGue feh ate quality of feasinmest s mestatios L
|5 Manag non. particination _, withoaoal U, incompletsfost data 1

15 it warth continuing?

Data collection [/5]

|6. Ethical matters

Participant ethict

Researcher ethics

1. infoimed consant J, equity'Jd

|2 Privacy 1, confidertialinyanoeymity 3

[+ e -.spr:m. al Iundr'-g o, condlictis) of imtanest

|2 Seljectivities L, ralationshipds] with partcipasts/@ses

7. Results

15 it warth continuing?

Ethical matters [/5]

Essential analysis

Outcome, Sutput,
Predictor analysis

Anatysis, ntegration,
Interpretation method

|1 LI, et [5) fiow iy owbonmeislicnt puts)
|2 Aditional A1)

praictor|s) chosam 1 and wis L

ethods (o.8 ..ﬂ.'uu_r: anatysis] chosan I and wiy 8
I-rm.-'- g rtion,

1 Serma ¥ of results 2 ared pm:u.r.-' A far wach l}.l.::‘um. Dubpul i oo
|2 Consisaration of Benedis e me UL, unespeotad rewits O, probl e Taikones
|5 Descriprion of outhying data (o g Ssrss Cases, advarss effacis, minor chamas)

|B. Discussion

Results [f5]

Enterpretstion

Generalisation

|&. Acesst for bias L, confo

Contluding remarks

|1 Intargsratation of resulis in the contest of Currant ewdence _ and objectives
|2 Drarw imfarences concistent with te arasgth of the data 0

|&- Contisaration of ahereative saplaeations for obcered Pt

i i‘ll'ﬂ"’l: ||||':|1|‘H-|\- s s TS Ealen 1.
| | wrsahainiss of the udy b

|2 Descripgion of genealsasicy (esderal validcy) of the sudy I

|1 Highght study's pamicular sirangths
|2 Segpest steps that may isgerree futund resulis feg. Bmitacioec) L
|3 Seggast furhar shadies '

Discussion [/5] |

o Total

| Tolal score

|1 A sl scones for catagoies 1-3

Total [f40]

195



Zahra Jafari Doctoral Thesis

Appendix VI (Chapter 4): AMSTAR-2

AMSTAR 2: a critical appraisal tool for systematic reviews that mclude randomused or non-
randomused studies of healthcare interventions. or both

1. Did the research questions and inclusion criteria for the review include the components of PICO?

For Yes: Optional (recommended)
O Population 0 Timeframe for follow-up O Yes
O  Intervention O No
O Comparator group
0 Outcome
Z

Did the report of the review contain an explicit statement that the review methods were
established prior to the conduct of the review and did the report justify any significant deviations
from the protocol?

For Partial Yes: For Yes:

The authors state that they had a written  As for partial yes. plus the protocol

protocol or guide that included ATL the  should be registered and should also

following: have specified:

O Yes
J  review question(s) C  ameta-analysis/synthesis plan, O Partial Yes
O a search strategy if appropriate, and O No
O inclusion/exclusion criteria U aplan for investigating causes
0 ; - of heterogeneity
il o i O justification for any deviations

from the protocol

Did the review authors explain their selection of the study designs for inclusion in the review?

For Yes, the review should satisfy ONE of the following:

Lk

O Explanation for including only RCTs O Yes
O OR Explanation for including only NRSI O No
Z  OR Explanation for inchuding both RCTs and NRSI

4. Did the review authors use a comprehensive literature search strategy?

For Partial Yes (all the following): For Yes. should also have (all the
following):

O searched at least 2 databases O searched the reference lists / O Yes
{relevant to research question) bibliographies of included O Partial Yes
provided key word and/or studies O No
search strategy O searched tnal/study registries
justified publication restrictions O  included/consulted content
(e.g. language) experts mn the field

O where relevant. searched for
grey literature

O conducted search within 24
months of completion of the
TEVIEW

5. Did the review authors perform study selection in duplicate?

For Yes, either ONE of the following:
O at least two reviewers independently agreed on selection of eligible studies O Yes
and achieved consensus on which studies to include O
OFR two reviewers selected a sample of eligible studies and achieved good
agreement (at least 80 percent), with the remainder selected by one
TeViewer.

2
=
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AMSTAR 2: a critical appraisal tool for systematic reviews that mnclude randomised or non-

randomised studies of healthcare interventions, or both

6. Did the review authors perform data extraction in duplicate?

For Yes, either ONE of the following:
at least two reviewers achieved consensus on which data to extract from
mecluded studies
Z  OR two reviewers extracted data from a sample of eligible studies and
achieved good agreement (at least 80 percent). with the remainder
extracted by one reviewer.

For Partial Yes: For Yes. must also have:
Z  provided a list of all potentially O Justified the exclusion from
relevant studies that were read the review of each potentially
m fill-text form but excluded relevant study
from the review

8. Did the review anthors describe the included studies in adequare detail?

For Partial Yes (ALL the following): For Yes. should also have ALL the
following:
Z  described populations O described population in detail
O  described interventions O described mfervention in
T described comparaters dtltaﬂ (i:;cludjng doses where
. : relevan
7 dﬁd““"_g °“‘c°"11‘:fk : O described comparator in defail
- el e b i {including doses where
relevant)

O described study’s setting
[ timeframe for follow-up

individual studies that were included in the review?

RCTs
For Partial Yes, must have assessed RoB  For Yes. mmst also have assessed RoB
from from:
_  unconcealed allocation, ard O allocation sequence that was
O lack of blinding of patients and not truly random, and
assessors when assessing U selection of the reported result
outcomes (unnecessary for from among multiple
objective outcomes such as all- measurements of analyses of a
cause mortality) specified outcome
NRsI
For Partial Yes, must have assessed For Yes. must also have assessed RoB:
RoB: O methods used to ascertain
O from confounding. and exposures and cutcomes. and
Z  from selection bias O  selection of the reported result

from among multiple
measrements of analvses of a
specified outcome

For Yes
O Must have reported on the sources of funding for individual studies included
in the review. Note: Reporting that the reviewers looked for this information
but it was not reported by study authors also qualifies

1 1

[

10

I o

I o

7. Did the review authors provide a list of excluded studies and justify the exclusions?

Yes
Partial Yes
No

Yes
Partial Yes

0. Did the review anthors use a satisfactory technique for assessing the risk of bias (ReB) in

Yes

Partial Yes
No

Includes only
NESI

Yes

Partial Yes
No

Includes only
RCTs

10. Did the review authors report on the sources of funding for the studies included in the review?

Yes
Mo
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12.

For Yes:

13.

For Yes:

For Yes:

For Yes:

11. If meta-analysis was performed did the review authors use appropriate methods for statistical
combination of results?
RCTs
For Yes:
O  The awthors justified combining the data in a meta-analysis U Yes
J  AND they used an appropriate weighted technique to combine I No
study results and adjusted for heterogeneity if present. O Nometa-analysis
O AND investigated the causes of anv heterogeneity conducted
For NR5I
For Yes:
K | The authors justified combining the data in a meta-analysis C Yes
2 AND they used an appropriate weighted technigque to combine O No
study results, adjusting for heterogeneity if present T Nometa-analysis

AND they statistically combined effect estimates from NRSI that conducted
were adjusted for confounding. rather than combining raw data,

or justified combining raw data when adjusted effect estimates

were not available

AND they reported separate summary estimates for RCTs and

INESI separately when both were inchuded in the review

If meta-analvsis was performed, did the review authors assess the potential impact of RoB in
individual studies on the results of the meta-analysis or other evidence synthesis?

mncluded only low risk of bias RCTs O Yes
OFR. if the pooled estimate was based on RCTs and/or NESI at variable O No
RoB. the authors performed analyses to investigate possible impact of O No meta-analysis
FoB on summary estimates of effect. conducted
Did the review authors account for RoB in individual stmadies when interpreting/ discussing the
results of the review?
included only low risk of bias RCTs O Yes
OFR_ if RCTs with moderate or high RoB, or NRSI were included the O MNo

review provided a discussion of the likely impact of RoB on the results

. Did the review authors provide a satisfactory explanation for, and discussion of, any

heterogeneity observed in the results of the review?

There was no significant heterogeneity in the results

OFR. if heterogeneity was present the authors performed an investigation of O Yes
sources of any heterogeneify in the results and discussed the impact of this O No
on the results of the review

. If they performed quantitative synthesis did the review authors carry out an adequate

investigation of publication bias (small study bias) and discuss its likely impact on the results of
the review?

performed graphical or statistical tests for publication bias and discussed O Yes
the likelihood and magnitude of impact of publication bias O No
O No meta-analysis
conducted
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AMSTAR 2: a critical appraisal tool for systematic reviews that mclude randonmuised or non-
randomised studies of healthcare interventions. or both

16. Did the review authors report any potential sources of conflict of interest, including any funding
thev received for conducting the review?

For Yes:
O  The authors reported no competing interests OR

I The authors described thewr funding sources and how they managed
potential conflicts of inferest

Yes
Mo

[

To cite this tool: Shea BJ, Reeves BC, Wells G, Thuku M, Hamel C, Moran J, Moher D, Tugwell P,
Welch V, Kristjansson E, Henry DA AMSTAR 2- a critical appraisal tool for systematic reviews that
include randomised or non-randomised studies of healthcare interventions, or both. BMJ. 2017 Sep
21;358:j4008.
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Appendix VII (Chapter 4): ROBIS: Tool to Assess Risk of Bias in Systematic Reviews

Phase 1: Assessing relevance (Optional)

ROBIS is designed to assess the risk of bias in reviews with questions relating to interventions,
aetiology, diagnosis and prognosis. State your overview/guideline question (target question) and
the question being addressed in the review being assessed:

Intervention reviews:

Category

Target question (e.g. overview or guideline)

Review being assessed

Patients/Population(s):

Intervention(s):

Comparator(s):

Outcome(s):

For aetioclogy reviews:

Category

Target question (e.g. overview or guideline)

Review being assessed

Patients/Population(s):

Exposure(s) and
comparator(s):

Qutcome(s):

For DTA reviews:

Category

Target question (e.g. overview or guideling)

Review being assessed

Patients):

Index test(s):

Reference standard:

Target condition:

For prognostic reviews:

Category

Target question (e.g. overview or guideline)

Review being assessed

Patients:

QOutcome to be
predicted:

Intended use of model:

Intended moment in
time:

Does the question addressed by the review match the target question?

YES/NO/UNCLEAR
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Phase 2: Identifying concerns with the review process
DOMAIN 1: STUDY ELIGIBILITY CRITERIA

Describe the study eligibility criteria, any restrictions on eligibility and whether there was evidence that
objectives and eligibility criteria were pre-specified:

1.1 Did the review adhere to pre-defined objectives and eligibility criteria? Y/PY/PN/N/NI
1.2 Were the eligibility criteria appropriate for the review question? Y/PY/PN/NSNI
1.3 Were eligibility criteria unambiguous? Y/PY /PN
1.4 Were any restrictions in eligibility criteria based on study Y/PY/PN/NSNI

characteristics appropriate (e.g. date, sample size, study quality,
outcomes measured)?
1.5 Were any restrictions in eligibility criteria based on sources of Y/PY/PN/NSNI
information appropriate (e.g. publication status or format, language,
availability of data)?
Concerns regarding specification of study eligibility criteria LOW/HIGH/UNCLEAR

Rationale for concern:

DOMAIN 2: IDENTIFICATION AND SELECTION OF STUDIES

Describe methods of study identification and selection (e.g. number of reviewers involved):

2.1 Did the search include an appropriate range of databases/electronic Y/PY/PN/N/NI
sources for published and unpublished reports?

2.2 Were methods additional to database searching used to identify Y/PY/PN/N/NI
relevant reports?

2.3 Were the terms and structure of the search strategy likely to retrieve Y/PY/PN/N/NI
as many eligible studies as possible?

2.4 Were restrictions based on date, publication format, or language Y/PY/PN/N/NI
appropriate?

2.5 Were efforts made to minimise error in selection of studies? Y/PY/PN/NSNI

Concerns regarding methods used to identify and/or select studies LOW /HIGH/UNCLEAR

Rationale for concern:

DOMAIN 3: DATA COLLECTION AND STUDY APPRAISAL

Describe methods of data collection, what data were extracted from studies or collected through other
means, how risk of bias was assessed (e.g. number of reviewers involved) and the tool used to assess risk

of bias:

3.1 Were efforts made to minimise error in data collection? Y/PY/PN/N/NI

3.2 Woere sufficient study characteristics available for both review authors Y/PY/PN/N/NI
and readers to be able to interpret the results?

3.3 Were all relevant study results collected for use in the synthesis? Y/PY/PN/NSNI

3.4 Was risk of bias {or meathodoelogical quality) formally assessed using Y/PY/PN/N/NI
appropriate criteria?

3.5 Were efforts made to minimise error in risk of bias assessment? Y/PY/PN/N/NI

Concerns regarding methods used to collect data and appraise studies LOW/HIGH/UNCLEAR

Rationale for concern:
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DOMAIN 4: SYNTHESIS AND FINDINGS

Describe synthesis methods:

4.1 Did the synthesis include all studies that it should? Y/PY/PMN/N/NI
4.2 Were all pre-defined analyses reported or departures explained? Y/PY/PN/N/NI
4.3 Was the synthesis appropriate given the nature and similarity in Y/PY/PN/N/NI

the research questions, study designs and outcomes across
included studies?

4.4 Was between-study variation (heterogeneity) minimal or Y/PY/PN/N/NI
addressed in the synthesis?
4.5 Were the findings robust, e.g. as demonstrated through funnel Y/PY/PN/N/NI
plot or sensitivity analyses?
4.6 Were biases in primary studies minimal or addressed in the Y/PY/PN/N/NI
synthesis?
Concerns regarding the synthesis and findings LOW/HIGH/UNCLEAR

Rationale for concern:

Y=YES, PY=PROBABLY YES, PN=PROBABLY NO, N=NO, NI=NO INFORMATION

Phase 3: Judging risk of bias

Summarize the concerns identified during the Phase 2 assessment:

Domain Concern Rationale for concern

1. Concerns regarding specification of study
eligibility criteria

2. Concerns regarding methods used to
identify and/or select studies

3. Concerns regarding methods used to
collect data and appraise studies

4. Concerns regarding the synthesis and
findings

RISK OF BIAS IN THE REVIEW

Describe whether conclusions were supported by the evidence:

A. Did the interpretation of findings address all of the concerns Y/PY/PN/N/NI
identified in Domains 1 to 47
B. Was the relevance of identified studies to the review's research Y/PY/PN/N/NI
question appropriately considered?
C. Did the reviewers avoid emphasizing results on the basis of their Y/PY/PN/N/NI
statistical significance?
Risk of bias in the review RISK: LOW/HIGH/UNCLEAR

Rationale for risk:

Y=YES, PY=PROBABLY YES, PN=PROBABLY NO, N=NO, NI=NO INFORMATION
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