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Abstract

Objectives: To review the current state of knowledge about the influence of specific genetic 

mutations that cause sensorineural hearing loss (SNHL) on cochlear implant (CI) functional 

outcomes, and how this knowledge may be integrated into clinical practice. A multistep and 

sequential population-based genetic algorithm suitable for the identification of congenital SNHL 

mutations before CI placement is also examined.

Data Sources, Study Selection: A review was performed of the English literature from 2000 

to 2019 using PubMed regarding the influence of specific mutations on CI outcomes and the use 

of next-generation sequencing for genetic screening of CI patients.

Conclusion: CI is an effective habilitation option for patients with severe-profound congenital 

SNHL. However, it is well known that CI outcomes show substantial inter-patient variation. 

Recent advances in genetic studies have improved our understanding of genotype–phenotype 

relationships for many of the mutations underlying congenital SNHL, and have explored how 

these relationships may account for some of the variance seen in CI performance outcomes. 

A sequential genetic screening strategy utilizing next-generation sequencing-based population-

specific gene panels may allow for more efficient mutation identification before CI placement. 

Understanding the relationships between specific mutations and CI outcomes along with 

integrating routine comprehensive genetic testing into pre-CI evaluations will allow for more 
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effective patient counseling and open the door for the development of mutation-specific treatment 

strategies.
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Congenital hearing loss (HL) is the most common sensory disorder worldwide. Significant 

hearing loss is present in at least 1-in-500 infants at birth, and its prevalence continues to 

increase through adolescence and teenage years. The majority of congenital sensorineural 

HL (SNHL) cases are genetic in origin, occurring either as isolated nonsyndromic HL or as 

part of a larger genetic syndrome (1).

Cochlear implants (CI) are a widely accepted treatment option for patients with significant 

SNHL who no longer receive benefit from traditional hearing aids. CI recipients typically 

have improved access to sound and, in many cases, open-set word understanding. Despite 

the success that a majority of patients experience with cochlear implants, there remains a 

wide variability in outcomes, specifically, speech understanding. Several patient-specific 

factors, such as duration of deafness and age at SNHL onset, have been associated 

with CI outcomes; however, these factors alone cannot successfully nor definitively 

predict postoperative outcomes. Patients who are considering CI must rely on preoperative 

evaluation and counseling to conceptualize postoperative performance with the CI.

Genetic factors have been implicated as a possible cause of variance in CI performance. 

Over 200 SNHL genes have been identified, involving cellular structures and mechanisms 

at all sites along the auditory pathway. Recent studies demonstrated differences in CI 

outcomes for patients with specific genetic HL disorders, raising the possibility of improved, 

patient-specific preoperative counseling and postoperative programming based on genotype–

phenotype relationships and how these phenotypes in turn interact with CI. However, 

standard of care genetic screening for these patients only targets a few of the most 

common SNHL genes, with most patients having an “unknown” mutation at the time of 

CI placement. This both constrains current preoperative counseling and makes it difficult 

to design and execute the studies necessary to bring genetic-based precision medicine for 

CI into widespread clinical practice. We descriptively review the English language literature 

from the years 2000–2019 pertaining to the genetics of congenital SNHL as it relates to 

CI performance, and to the use of next-generation sequencing for genetic screening of 

CI patients. We also assess the current and future role of genetics in the clinical practice 

of cochlear implantation, and present our institution’s novel clinical genetic screening 

algorithm for congenital SNHL patients before CI placement.

CI PREOPERATIVE COUNSELING AND PERFORMANCE OUTCOMES

Current Practices

Preoperative cochlear implant counseling is necessarily limited as there are only a few 

factors that have been convincingly correlated to postoperative performance. These factors 

include duration of deafness, patient age, patient anatomy, and previous hearing aid 

Nisenbaum et al. Page 2

Otol Neurotol. Author manuscript; available in PMC 2022 June 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



use. It has been well documented that longer durations of deafness negatively impacts 

postoperative speech understanding, most likely due to extended auditory deprivation (2). 

Conversely, success with a CI is more likely if hearing loss was treated through hearing aids. 

Additionally, age at implantation has also been associated with worse outcomes, with older 

recipients performing poorly on a variety of speech understanding tasks (2,3). Etiologies 

of deafness associated with anatomical malformations or dysfunction of more central areas 

of the auditory pathway also show more variable outcomes (4,5). Despite the documented 

impact of these known variables on CI outcomes, we are still limited in our ability to 

reliably predict postoperative performance, making preoperative counseling a challenging 

task. Two recipients with similar hearing profiles can achieve very different postimplantation 

outcomes, suggesting that there are other unknown factors influencing hearing results, which 

are not being reflected in preoperative evaluations. One possible cause of performance 

variability in patients with a genetic etiology of deafness may be the specific causative 

mutation. As we will discuss below, there is a growing body of literature showing that CI 

outcomes vary between different deafness-causing mutations (2). However, the use of gene 

panels or other comprehensive genetic testing approaches is not standard of care in most 

CI programs, meaning many if not most nonsyndromic genetic hearing loss patients are 

implanted without their underlying mutation having been identified. As such, genetic data is 

not currently incorporated into the preoperative counseling process for these patients.

GENETICS OF CONGENITAL SNHL AND CI

Anatomy of Congenital SNHL

SNHL is defined as hearing loss resulting from dysfunction of structures of the inner ear 

and/or vestibulocochlear nerve (1). However, to understand how the phenotypes of specific 

mutations lead to congenital SNHL and how they intersect with CI physiology, it is useful 

to further subdivide this section of the peripheral auditory system into three conceptual 

groups: the sensory partition, the synaptic partition, and the neural partition (6,7). The 

sensory partition consists of the mechanoelectrical transduction mechanism of the inner 

ear: the organ of Corti and its outer (OHC) and inner (IHC) hair cells (6,7). The synaptic 

partition consists of the bases of the IHC, the synaptic interface between IHC and spiral 

ganglion neuron (SGN), and the terminal dendrites of the SGN (6,7). Finally, the neural 

partition consists of the somata of the SGN, and their axons which come together to form the 

auditory component of the vestibulocochlear nerve and then branch distally to synapse with 

the cochlear nucleus of the midbrain (6,7).

CI functions by electrically stimulating the tonotopically organized SGN somata via 

electrode array (8). They only interact with the neural partition—bypassing the sensory 

and synaptic partitions—and require an intact cochlear nerve. Thus, conditions such as 

cochlear nerve aplasia or surgical removal of the nerve act as definitive contraindications 

to CI placement (9). As such, it has been hypothesized that the locations of congenital 

SNHL-causing mutations play a large role in determining post-CI functional outcomes, with 

patients with mutations expressed in the sensory and synaptic partitions predicted to have 

more favorable outcomes than those with neural partition mutations (6–8).
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Sensory Partition Mutations

While over 200 genes involved with SNHL have been identified, only a small subset 

have well-delineated function and established genotype–phenotype relationships, and only 

a smaller subset have been examined in relation to CI outcomes (Table 1). These genes 

can be divided into those expressed in the sensory partition, those expressed in the synaptic 

partition, and those expressed in the neural partition. The most studied gene—both in the 

sensory partition and overall—has been GJB2 (10). GJB2 codes for connexin 26, a gap 

junction channel protein expressed in the cochlea. GJB2 mutations are thought to induce 

hearing loss via hair cell dysfunction resulting from perturbation of electrolyte transport 

(11–13). GJB2 mutations are the most common cause of congenital SNHL, representing 15 

to 20% of cases overall, and 50% of nonsyndromic autosomal-recessive SNHL in Caucasian 

populations (14,15). A number of studies have demonstrated that CI patients with GJB2 
mutations perform similarly or superiorly to patients with either unknown mutations or other 

etiologies (12–14,16–19). This has been affirmed by two systematic reviews, one of which 

found no difference in function compared with unknown causes of deafness (p = 0.15) and 

improved function compared with environmental etiologies (p = 0.03) (10,11).

CI outcomes have also been examined for a variety of other congenital SNHL genes 

expressed within the sensory partition. These include SLC26A4 (encodes an anion 

transporter expressed in the stria vascularis), MYO7A (encodes a myosin involved in 

hair bundle organization at the apex of IHC), CDH23 (encodes a cell adhesion protein 

involved in IHC tip linkage) LOXHD1 (encodes a protein expressed in hair cell stereocilia 

cell membrane), and ACTG1 (encodes a primary actin isoform in auditory hair cells) 

(17,20–31). Successful CI functional outcomes have been obtained in patients with all 

of these mutations, as would be expected with the CI bypassing the sensory partition 

(6,8,17,20,22,23,27–32).

Synaptic Mutations

A number of congenital SNHL-causing genes have been localized to the synaptic partition, 

though CI outcomes have only been investigated in a small subset. Of these, the best studied 

is OTOF, which codes for otoferlin, a protein involved in vesicle release at the synapse 

between inner hair cell and spiral ganglion neuron (33). OTOF mutations are implicated in 

the nonsyndromic congenital SNHL disorder DFNB9, and also are a common underlying 

cause of auditory neuropathy spectrum disorder (ANSD) (34). ANSD is a hearing loss 

disorder defined clinically by normal otoacoustic emissions coupled with abnormal auditory 

brainstem responses, indicating pathology located central to the IHC (6,34,35). The etiology 

of ANSD is heterogenous, with a variety of different genetic, congenital, and acquired 

conditions affecting structures spanning from the inner hair cells to the midbrain (6,34,35). 

CI outcomes in ANSD patients are overall positive though heterogeneous, with one study 

expectedly finding poorer CI function in ANSD patients with cochlear nerve insufficiency 

(34,36–38). However, CI outcomes in patients with ANSD secondary to OTOF mutations 

are consistently good, as expected given the site of lesion (22,39–42). A recent review 

catalogued all the genes—both synaptic and neural—associated with ANSD, though for 

most there have been no investigations into CI outcomes, underscoring the need for further 

research (6).
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Other deafness-causing synaptic mutations for which CI functional outcomes have been 

studied include the genes COCH (encodes a extracellular matrix protein expressed 

throughout the mesodermal structures of inner ear including in modiolar channels 

surrounding SGNs and their neurites), ROR1 (encodes receptor tyrosine kinase-like orphan 

receptor 1 which plays a role in modulating neurite growth), and OPA1 (encodes a GTPase 

involved in mitochondrial fusion and stability) (43–47). Notably, mutations in all three of 

these genes effect the SGN themselves—causing atrophy or aberrant growth of the terminal 

dendrites (45,46,48,49). However, patients with these mutations have demonstrated good 

results with CI placement (45,46,49–51). It is hypothesized that this is due to CI stimulating 

the SGN central to the dendrites, thereby bypassing the lesions (45,46,49).

Neural Partition Mutations

The best studied neural partition mutations are those of the gene TMPRSS3. Encoding 

the type II transmembrane serine protease 3, TMPRSS3 is associated with both DFNB8 

and DFNB10 nonsyndromic hearing loss depending on the location of the pathogenic 

mutation (52,53). Though its function is not well characterized, it is expressed in both 

SGN and the organ of Corti. CI outcomes in TMPRSS3 patients are inconsistent, with 

some studies showing poor functional outcomes and decreased auditory nerve function on 

electrocochleography, while others had good functional outcomes (7,8,31,54–57). Given 

these variable results and evidence of gene expression throughout the peripheral auditory 

system, more work is needed to analyze genotype–phenotype relationships for specific 

TMPRSS3 mutations and how they relate to CI outcomes.

CI outcomes have also been investigated in a small number of patients with TIMM8A 
(encodes mitochondrial translocase associated with SGN degeneration in the context of 

deafness-dystonia-optic neuropathy syndrome), PCDH15 (encodes a cell adhesion protein 

expressed in SGN, OHC, and IHC) or DFNB59 (encodes pejvakin, a protein of unknown 

function expression in SGN somata) mutations (58–61). CI outcomes were poor for all nine 

patients, as would be expected with SGN lesions (58,59,62).

GENETIC SCREENING FOR CI PLACEMENT

Current Practices

In current clinical practice, comprehensive genetic testing is not routinely performed for all 

congenital SNHL patients before CI placement, due in part to several limitations existing in 

the clinical setting that have curtailed wider spread adoption. Genetic testing—particularly 

whole exome (WES) or whole genome sequencing—is often expensive, and costs can 

vary widely between institutions (63). Though the International Pediatric Otolaryngology 

Group and American College of Medical Genetics and Genomics both support stepwise 

comprehensive genetic testing for bilateral SNHL, insurance coverage for these services 

is often limited due to a perceived lack of medical necessity and patients interested in 

genetic testing may be left with significant out-of-pocket costs (63,64). Additionally, genetic 

testing may require weeks to months to be completed leading to delays in treatment. This 

is particularly true if patients require multiple rounds of testing, or if an institution has to 

send testing to an outside entity. Given the strong correlation between age at implantation 
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and hearing outcomes with CI in children, there is a sense of urgency for both parents and 

clinicians to implant children as early as possible. While comprehensive genetic testing may 

allow for more accurate preoperative counseling, parents may choose to pursue CI without 

obtaining genetic results. In order to overcome these obstacles and move the cost-benefit 

analysis further in favor of preimplantation genetic testing, more CI outcomes research and 

more efficient and cost-effective testing algorithms are necessary.

Sequential Screening Strategy to Identify the Genetic Cause of SNHL

Comprehensive genetic testing utilizing next-generation sequencing (NGS) has been shown 

in a variety of studies to increase mutation diagnosis rate for congenital SNHL compared 

with single gene testing alone, and can now be considered part of the standard of care for 

evaluation of these patients (63–67). In NGS, a DNA sequence of interest is first broken 

into fragments of a desired length dictated by the sequencing application. The fragments 

are then tagged, amplified, sequenced, and mapped to a reference sequence, allowing 

variants to be identified. Compared to traditional Sanger sequencing, in which only one 

sequencing reaction occurs at a time, NGS allows millions of reactions to occur in parallel, 

hugely increasing efficiency. With regard to CI, NGS has been used effectively to screen 

CI patients with previously undiagnosed mutations to investigate mutational differences 

between good and poor CI functional outcomes, helping to clarify genotype–phenotype 

relationships (7,25,62,68,69). However, almost all of these studies have been retrospective, 

with patients undergoing genetic testing after they had already received CI. Little has been 

published on how to best implement comprehensive genetic screening as part of standard 

pre-CI evaluations.

We have established an ethnic-based sequential screening strategy to identify the genetic 

cause of SNHL using a combination of direct sequencing, population-specific mutation 

arrays, and NGS complemented with a hearing-centric database (Fig. 1). The whole coding 

exon of the GJB2 gene is first screened by Sanger sequencing. This method has been used 

for genetic research and clinical genetic diagnostics for almost 40 years and remains the 

gold standard of genetic testing (70). This technique enables the accurate identification of 

all mutations present in a sequence, at a cost of approximately $5 per sample. However, 

using Sanger sequencing to screen each disease-associated gene to identify causative 

variants is time-consuming, labor intensive, and costly. To help overcome these limitations, 

the University of Miami developed the CapitolBioMiamiOtoArray as described in Yan, 

et al (71). The array screens for 9 sequence variants in 5 hearing loss genes including 

c.35delG, p.W44C, p.L90P, c.167delT (GJB2); 309kb deletion (GJB6); p.L236P, p.T416P 

(SLC26A4); and m.1555A>G, m.7444G>A (mtDNA). These sequences were chosen as the 

causative variants most commonly found in those with European descent (71). This chip 

is used for first-pass screening of GJB2-negative cases before NGS screening, and costs 

approximately $30 per patient. Microarrays, also known as mutation chips, have typically 

been used in the screening and diagnosis of HL by allowing simultaneous analysis of many 

genetic mutations. Mutation chips are easily customizable and can be adjusted based on the 

mutation frequencies in a given population. The advantages of gene-chip technology include 

lower costs, simplicity, and availability; however, the technology can only be used to detect 

the known mutations included on the chip.
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NGS approaches allow testing a large number of genes simultaneously in a cost-effective 

manner (72,73). Two options are currently available: targeted gene panels or whole-exome 

sequencing (WES). In our screening approach, subjects with negative microarray results are 

further analyzed by a custom targeted capture/NGS gene panel (MiamiOtoGenes) which 

includes 235 known deafness genes. Using this panel, we have undertaken analysis of a 

multiethnic cohort of 342 GJB2 mutation-negative deaf probands (74). Overall, causative 

DNA variants were detected in 25% of multiplex and 7% of simplex families (74). However, 

the detection rate varied significantly depending on the ethnic group of interest, ranging 

from 0% to 57% (74). A targeted sequencing approach such as this offers good coverage 

overall (mean 300X, depending on platforms and number of analyzed samples), and areas 

of the genes with poor coverage can be supplemented with Sanger sequencing, which can 

also be used to validate critical areas of the NGS data (73,75,76). The cost varies based 

on the size of the panel but is generally less than $500, compared to around $1,000 for 

WES. While targeted sequencing allows for faster, more cost-effective analysis with fewer 

chance findings, it is not without limitations. Inherently, targeted sequencing only allows for 

the study of the selected number of genes, meaning all genes of interest must be previous 

identified and included in the panel. As genetic hearing loss is a rapidly evolving field, 

new clinically relevant genes are frequently discovered, meaning that panels may need to be 

expanded and revalidated frequently in order to keep them current with the cutting edge of 

research (73).

Finally, patients for whom the two panels fail to provide a meaningful result undergo 

WES to achieve a comprehensive interrogation of the full spectrum of variants, and to 

detect single-nucleotide variants (SNVs), insertion/deletions (Indels), and copy number 

variations (CNVs). However, it is important to note that while WES allows for testing of 

a greater number of genes, in practice obtaining thorough coverage of all coding exons is 

not feasible, with limiting factors including probes that are not tiled for particular genes, 

repetitive sequences, or probes with GC-rich sequences (73,77). Overall, approximately 10% 

of targeted bases sequenced in WES do not get to a read depth of 20, making confident 

interpretation challenging (73,78). We believe that this type of stepwise, population-specific 

approach allows for the best balance between high rates of mutation identification and cost 

and time efficiency. Notably, that all the prices listed here are rough estimates, and that cost 

and time for each step can vary greatly based on laboratory practices and workflows, labor 

costs, array designs, and analytical performance parameters.

FUTURE DIRECTIONS

Over the last decade, significant progress has been made in establishing CI outcomes 

for some of the most common genetic causes of congenital SNHL and mapping the 

genotype–phenotype relationships that may provide a physiologic explanation for these 

results. Yet outside this handful of common hearing loss genes, there is a little to no 

data on CI outcomes, with many mutations not even having a putative mechanism of 

SNHL. Furthermore, while this study focuses specifically on hearing loss genes, there are a 

number of other inherited genetic conditions—such as Friedrichs ataxia and other hereditary 

neurodegenerative diseases—that also cause SNHL, for which patients also receive CI, but 

about which little is known regarding geno-type-pheno-type relationships, mechanisms of 

Nisenbaum et al. Page 7

Otol Neurotol. Author manuscript; available in PMC 2022 June 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



deafness, or CI outcomes (79,80). To fill all of these knowledge gaps, causative mutations 

must be screened for and identified in a larger percentage of congenital SNHL patients, 

and these patients must then be seamlessly and routinely entered into research studies. 

Doing this requires institutions to break down barriers between clinical and research 

programs and establish multidisciplinary comprehensive care programs that integrate clinical 

geneticists, otolaryngologists, and audiologists with both basic and translational science 

programs. At our institution, we have established a Center for Hereditary Deafness, a 

multidisciplinary collaborative initiative that includes a dedicated hereditary HL clinic, 

clinical and molecular otogenetics research programs, a robust clinical CI program, and 

molecular and bioengineering CI research labs. The clinical programs provide data for the 

gathering of population-based cohort data, gene mapping, and whole exome sequencing, 

which in turn provides the rationale for new in vitro and in vivo therapeutic gene, cell, 

and/or drug-based studies, with an ultimate goal of bringing new therapies back to the clinic.

To power this pipeline, we are currently working to more seamlessly incorporate our 

previously discussed genetic testing algorithm into our clinics. A genetic testing order set 

is being integrated into the electronic medical record that will allow otolaryngologists to 

more easily schedule their patients for testing and refer them for a consult by the medical 

genetics service. Clinical genetic testing is being brought in house to allow for faster 

turnaround and the use of custom gene chips. New population-based gene chips are being 

developed to better tailor testing for patients from specific ethnic groups. A new trial will 

add prospective genetic testing to the preoperative workup of all congenital SNHL patients 

undergoing CI placement. All of these initiatives share the same goal: achieving a genetic 

diagnosis in a higher percentage of patients before receiving CI. At present, this will allow 

for better preoperative counseling, helping providers to give patients and their families more 

accurate information about expected hearing outcome. Furthermore, it will also identify 

new targets for basic and translational research and provide the data necessary for larger 

scale CI outcome studies. In turn, this sets the stage for potential CI clinical advances such 

as mutation-specific CI programming strategies, electrode choice, or even device design. 

Outside of CI, achieving higher rates of genetic diagnosis and a better understanding of 

genotype–phenotype relationships is also a necessary step in the development of alternative 

therapeutic approaches such as gene therapy and hair cell regeneration, approaches that 

could be particularly important for patients with mutations not amiable to CI. There is 

great potential for the application of personalized medicine approaches to CI and to genetic 

deafness in general, but the first step must be improved genetic screening.

CONCLUSIONS

Genetic testing shows promise in helping to predict functional outcomes for CI recipients. 

The location of the structural and functional manifestations of specific SNHL-causing 

mutations within the peripheral auditory system may provide a mechanistic explanation 

for the variable CI outcomes observed in patients with congenital SNHL. The integration of 

a comprehensive algorithmic genetic testing approach with a multidisciplinary CI program 

combining both clinical medicine and biomedical research is necessary for the development 

and application of patient-specific CI approaches.
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FIG. 1. 
Population-based genetic workflow for mutational analysis for clinical nonsyndromic SNHL 

profiling. To detect nonsyndromic SNHL mutations, patients are initially screened for 

population-specific pathogenic variants in GJB2, GJB6, and mtDNA. If biallelic pathogenic 

variants are not identified, patients are screened with a global or population-specific gene 

panel. If a causative mutation cannot be determined, then whole exome sequencing (WES) 

or whole genome sequencing (WGS) is performed, and if a novel gene is discovered it is 

added to the appropriate panel for future screening. SNHL indicates sensorineural hearing 

loss.
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