Variability in Cochlear Implantation Outcomes in a Large
German Cohort With a Genetic Etiology of Hearing Loss
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Objectives: The variability in outcomes of cochlear implantation is
largely unexplained, and clinical factors are not sufficient for predicting
performance. Genetic factors have been suggested to impact outcomes,
but the clinical and genetic heterogeneity of hereditary hearing loss
makes it difficult to determine and interpret postoperative performance.
It is hypothesized that genetic mutations that affect the neuronal com-
ponents of the cochlea and auditory pathway, targeted by the cochlear
implant (Cl), may lead to poor performance. A large cohort of Cl recipi-
ents was studied to verify this hypothesis.

Design: This study included a large German cohort of Cl recipients (n =
123 implanted ears; n = 76 probands) with a definitive genetic etiology
of hearing loss according to the American College of Medical Genetics
(ACMG)/Association for Molecular Pathology (AMP) guidelines and doc-
umented postoperative audiological outcomes. All patients underwent
preoperative clinical and audiological examinations. Postoperative Cl
outcome measures were based on at least 1 year of postoperative audi-
ological follow-up for patients with postlingual hearing loss onset (>6
years) and 5 years for children with congenital or pre/perilingual hearing
loss onset (<6 years). Genetic analysis was performed based on three
different methods that included single-gene screening, custom-designed
hearing loss gene panel sequencing, targeting known syndromic and
nonsyndromic hearing loss genes, and whole-genome sequencing.

Results: The genetic diagnosis of the 76 probands in the genetic cohort
involved 35 genes and 61 different clinically relevant (pathogenic, likely
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pathogenic) variants. With regard to implanted ears (n = 123), the six
most frequently affected genes affecting nearly one-half of implanted
ears were GJB2 (21%; n = 26), TMPRSS3 (7%; n = 9), MYO15A (7%;
n = 8), SLC26A4 (5%; n = 6), and LOXHD1 and USH2A (each 4%; n
= 5). Cl recipients with pathogenic variants that influence the sensory
nonneural structures performed at or above the median level of speech
performance of all ears at 70% [monosyllable word recognition score in
quiet at 65 decibels sound pressure level (SPL)]. When gene expression
categories were compared to demographic and clinical categories (total
number of compared categories: n = 30), mutations in genes expressed
in the spiral ganglion emerged as a significant factor more negatively
affecting cochlear implantation outcomes than all clinical parameters.
An ANOVA of a reduced set of genetic and clinical categories (n = 10)
identified five detrimental factors leading to poorer performance with
highly significant effects (p < 0.001), accounting for a total of 11.8% of
the observed variance. The single strongest category was neural gene
expression accounting for 3.1% of the variance.

Conclusions: The analysis of the relationship between the molecular
genetic diagnoses of a hereditary etiology of hearing loss and cochlear
implantation outcomes in a large German cohort of Cl recipients revealed
significant variabilities. Poor performance was observed with genetic
mutations that affected the neural components of the cochlea, support-
ing the “spiral ganglion hypothesis.”

Key words: Cochlear implant, Hereditary hearing loss, Outcome, Spiral
ganglion hypothesis.

(Ear & Hearing 2023;44;1464-1484)

INTRODUCTION

The variability in cochlear implantation outcomes is largely
unexplained, and known clinical factors do not sufficiently pre-
dict cochlear implant (CI) performance. More recently, genetic
factors have been proposed to impact cochlear implantation
outcomes. However, the clinical and genetic heterogeneity of
hereditary hearing loss confounds preoperative counseling on
cochlear implantation outcome prediction and, conversely, the
interpretation of postoperative performance in relation to a con-
firmed genetic background. The current hypothesis and data
suggest that patients affected by genetic factors that primar-
ily compromise the function of sensory cochlear tissue com-
ponents, such as the stria vascularis, the cochlear lateral wall,
and the sensory organ of Corti, including the afferent synapse,
have favorable outcomes as they are presumed of limited rel-
evance to CI function. In contrast, it is hypothesized that genetic
mutations that functionally deteriorate the relevant neuronal
components of the cochlea and the auditory pathway that are
targeted by the electric stimulation of the CI may cause poor
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performance—also termed the “spiral ganglion hypothesis”
(Eppsteiner et al. 2012; Shearer et al. 2017). We sought to ver-
ify this interpretation of CI outcomes within the background
of a broad spectrum of confirmed genetic diagnoses in a large
cohort of CI recipients.

Severe, profound, and complete hearing loss grades (=65
dB HL) affect 60.5 million people (3.9% of all hearing loss)
(World Health Organization 2021) and usually necessitate
intervention with Cls to achieve functionally useful hearing
rehabilitation. Hereditary hearing loss is the most common
etiology of hearing loss in children (Morton & Nance 2006;
Korver et al. 2017), and genetic causes may be responsible for
up to 50% of cases of adult-onset hearing loss, including late-
adult-onset hearing loss (Van Eyken et al. 2007a,b). Timely
detection of hearing loss and intervention with hearing aids or
CIs are key to prevent delays in speech, language, and cognitive
skill development in children (Ciorba et al. 2017; Kral 2017).
Hearing rehabilitation by hearing aids or CIs in adults may be
critical to the prevention of associated comorbidities such as
depression, cognitive decline, and dementia (Livingston et al.
2017, 2020; Mitchell et al. 2020; Abidin et al. 2021; Powell
etal. 2021; Trpchevska et al. 2022). However, prospective, lon-
gitudinal studies that have restored hearing via appropriately
fitted hearing aids (Sarant et al. 2020) or CIs (Mosnier et al.
2015; Claes et al. 2018; Sarant et al. 2019; Mertens et al. 2021)
have shown either a decline, stability, or improvement in cogni-
tive function in adults and call for a need to verify the effects of
cochlear implantation further.

The CI has evolved as one of the most consequential devel-
opments in modern medicine (Niparko 2013). Despite this
accomplishment, the relatively high interindividual variability
in cochlear implantation outcomes remains a therapeutic con-
cern in both children (Niparko et al. 2010; Barnard et al. 2015;
Ching et al. 2017) and adults (Blamey et al. 2015; Holden et al.
2013; Krueger et al. 2008; Lenarz et al. 2012). Known clinical
factors that influence cochlear implantation outcomes include
variability in cochlear anatomy (Rask-Andersen et al. 2011;
Avci et al. 2014) and surgical techniques, electrical coupling
between electrode contacts and spiral ganglion cells (Senn et al.
2017), hearing impairment history, hearing aid use, individual
success of postoperative hearing rehabilitation, and general
cognitive ability (Lazard et al. 2012).

However, these currently known clinical factors account for
only a small fraction of the variability in cochlear implantation
outcomes observed in postlingual CI recipients. In a large mul-
ticenter cohort of 2251 adult patients, a model of four clinical
factors, including the duration of severe/profound hearing loss
(PHL), the age at the onset of severe/PHL, the duration of CI
experience, and etiology, accounted for only 10% of the vari-
ance in CI auditory performance (Blamey et al. 2013). Using
the same data set and extending the analysis to nine additional
significant factors increased the proportion of explainable vari-
ance to 22% (Lazard et al. 2012). The extended list of relevant
clinical factors included the duration of moderate hearing loss,
hearing aid use, the pure-tone average of the implanted ear,
the pure-tone average of the better ear, the hearing loss at 500
Hz in the implanted ear or the better ear, the ranked preoper-
ative scores, the CI brand, and the percentage of active elec-
trodes (Lazard et al. 2012). The majority of the variance (78%)
remained unexplained. This unexplained variance was partly
attributed to the test/retest reliability of the speech perception

measurements (Lazard et al. 2012). A more recently identified
factor that influences the CI outcome variance of speech recog-
nition in adults is CI processor use time (Schvartz-Leyzac et al.
2019; Holder & Gifford 2021).

Similar observations on CI outcome variability have been
made in children. Children with CIs demonstrated slower and
more variable language development than hearing children. The
rate of speech comprehension and expression was dependent
on the age at implantation, with children undergoing cochlear
implantation before 18 months of age having more favorable
results than children undergoing cochlear implantation after
18 months of age (Niparko et al. 2010). Apart from the age at
implantation, other clinical factors, such as less functional hear-
ing before implantation, delayed amplification, lower maternal
sensitivity to communication needs, minority status, and com-
plicated perinatal history, have been associated with poor per-
formance in children (Barnard et al. 2015). Similar to adults, CI
processor use time has been identified as another critical factor
in CI outcome variance when measuring communication skills
in children (Busch et al. 2020; Wiseman et al. 2021).

Despite the identification of these clinical factors, the high
degree of unexplained outcome variability in speech percep-
tion has remained the major challenging question for hearing
rehabilitation with Cls, also termed the “enigma of poor per-
formance” (Moberly et al. 2016). Individuals with poor CI per-
formance who realized a worsening of, no improvement in, or
an improvement of less than 10% in speech perception made
up 13% of a large cohort of 445 patients (Bodmer et al. 2007).
Depending on the speech test applied and definitions used, the
rate of poor performance is highly variable (Krueger et al. 2008;
Lenarz et al. 2012). To better understand outcome variability
and poor performance, novel factors not yet routinely collected
need to be sought to overcome this limitation.

Recently, genetic factors have been addressed as a poten-
tial additional element impacting cochlear implantation out-
comes. This element may have been previously underestimated,
although hereditary hearing loss represents a major etiology of
hearing loss among CI recipients (Eshraghi et al. 2020; Usami
et al. 2020). In a Japanese cohort of CI recipients, targeted
genetic testing successfully identified causal variants in 49% (n
= 84 out of 173) of the probands—referred to as the “diagnostic
rate.” CI recipients with prelingual (early) hearing loss onset
had a diagnostic rate of 60% (n = 55 out of 92). In comparison,
CI recipients with postlingual (late) hearing loss onset had a
lower diagnostic rate of 36% (n =29 out of 81) (Miyagawa et al.
2016). In a comprehensive genetic testing study in an American
CI cohort, 28% (n = 128 out of 459) of the CI recipients had a
positive genetic testing result. Pediatric CI recipients with early
hearing loss onset had a diagnostic rate of 48% (n = 48 out
of 100), while CI recipients with late hearing loss onset had
a lower diagnostic rate of 22% (n = 80 out of 359) (Seligman
et al. 2021), similar to the Japanese cohort. These observa-
tions compare to general diagnostic rates in pre- and postlin-
gual hearing loss in the literature. In a large American cohort,
congenital hearing loss onset had a diagnostic rate of 44%. In
comparison, patients with a later onset in childhood (29%) or
adult age (28%) hearing loss onset had lower diagnostic rates
(Sloan-Heggen et al. 2016). In our own German genetic cohort,
the diagnostic rate was 42% for congenital and pre/perilingual
hearing loss onset and declined to 12% for postlingual hearing
loss onset (Tropitzsch et al. 2022).
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These studies demonstrate that the genetic diagnostic yield
in CI cohorts has increased considerably with the general diag-
nostic rates for genetic hearing loss and reached appropriate
levels. However, the general evaluation of genetic factors as a
contributing component to cochlear implantation outcomes is
complicated by the extraordinary complexity owing to both the
genetic and clinical heterogeneity of hereditary hearing loss.
Hence, assessing the collective contribution of genetic factors
to cochlear implantation outcomes is not expedient and will
not solve the variability question. Despite this limitation, in a
large multicenter cohort, patients with a genetic etiology col-
lectively performed significantly above the average speech per-
formance, while patients with a clinically diagnosed etiology
of auditory neuropathy spectrum disorders (ANSDs) performed
significantly below the average speech performance of individ-
uals with hearing loss due to any etiology (Blamey et al. 2013).
This finding raised the hypothesis that specific genetic factors
that underlie certain types of clinically diagnosed ANSDs may
negatively affect cochlear implantation outcomes.

Currently, more than 200 genes have been causally asso-
ciated with hearing loss and are evaluated in current routine
clinical testing (Rubinstein et al. 2013; Thorpe & Smith 2020).
Furthermore, at the level of genetic variants, the mutational
spectrum of a single hearing loss gene encompasses up to

several hundred pathogenic variants (Azaiez et al. 2018), fur-
ther increasing the complexity of genotype—phenotype relation-
ships in hereditary hearing loss (Vona et al. 2019). Therefore,
translating this complexity into cochlear implantation outcome
interpretation may prove even more intricate.

A decade ago, the “spiral ganglion hypothesis” was intro-
duced and presented as a targeted approach addressing genetic
factors negatively affecting cochlear implantation outcomes.
The “spiral ganglion hypothesis” was based on the initial
observations of two patients with poorly performing CIs who
were found to have causal mutations in the hearing loss gene
TMPRSS3, which were thought to negatively impact the func-
tion of spiral ganglion cells (Eppsteiner et al. 2012). Since then,
further evidence has accumulated, that genetic deficits related to
the spiral ganglion, the auditory nerve (Shearer et al. 2017,2018;
Shearer & Hansen 2019), and potentially the central nervous
system may negatively affect cochlear implantation outcomes.
Two recent reports aggregated the results of published CI cases
of patients with pathogenic TMPRSS3 variants. CI outcomes
were variable with the majority of the studies showing “positive
outcomes” (Moon et al. 2021) or “favorable outcomes” (Chen
et al. 2022) relating to an improvement. While “positive out-
comes” or “favorable outcomes” are not well defined in the lit-
erature, we have calculated quartiles for word recognition score

TABLE 1. Terminology for cochlear implant performance outcomes (for the WRS))

lower quartile
first quartile; Q1
25t percentile

middle quartile
second quartile; Q2
50" percentile

upper quartile
third quartile; Q3
75t percentile

Median

Q1-Q3; Interquartile range

.
a
i

lower lower-middle upper-middle upper

quarter quarter quarter quarter
sufficient good
poor performance performance excellent
performance average performance
performance

negative positive
outcome outcome

The three quartiles (blue arrows) of cochlear implant performance are defined as the first or lower quartile (Q1; 25th percentile), the second quartile, which is also the median (Q2;
50th percentile), and the third or upper quartile (Q3; 75th percentile). The quartiles devide the data set into four quarters of an equal number of observations (dashed blue lines). The
interquartile range is defined between Q1 and Q3 covering the two middle quarters. The lower quarter is termed “poor performers.” The two middle quarters (the interquartile range)
are termed “average performers.” As a distinction between these two quarters the lower middle quarter is termed “sufficient performers” and the upper middle quarter is termed “good
performers.” The fourth, upper quarter is termed “excellent performers.” A positive outcome is defined as a result above the lower quartile while a negative outcome is defined below
the lower quartile.
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outcomes for the cohort in this study (for a detailed description,
see the section “Materials and Methods” and Table 1). Using
this calculation, a “positive outcome” is defined as a result
above the lower quartile, while a poor or “negative outcome” is
defined below the lower quartile.

In summary, current predictions based on specific genetic
diagnoses, such as in the TMPRSS3 gene, have remained con-
troversial. This is related to the limited number of reports and
relatively small numbers of patients investigated, the variant-
based complexity in single genes, and the considerable variation
in reporting cochlear implantation outcomes (Nishio & Usami
2017; Usami et al. 2020; Nisenbaum et al. 2021). To improve
the understanding of the relationship of specific genetic diag-
noses to functional cochlear implantation outcomes, the pres-
ent study evaluated a large German cohort (123 implanted ears;
n = 76 probands) with a definitive genetic diagnosis according
to American College of Medical Genetics (ACMG)/Association
for Molecular Pathology guideline criteria (Richards et al.
2015; Oza et al. 2018) and the localization of gene expression to
neural and nonneural cochlear tissue components (Ida-Eto et al.
2011; Schoen et al. 2013; Nishio et al. 2015; Usami et al. 2020).

MATERIALS AND METHODS

Patient Cohort

This retrospective study was approved by the Ethics
Committee of the University of Tiibingen (institutional review
board). Written informed consent was obtained from patients or,
in the case of minors, from their legal guardians. This retrospec-
tive data analysis included 76 probands with a definitive genetic
diagnosis and available audiological results for 123 implanted
ears. The genetic diagnosis for some probands (n = 48) has been
described in a previous report (Tropitzsch et al. 2022).

This retrospective study evaluated patients for CI candidacy
and a potential hereditary etiology of hearing loss. Among
patients with a possible hereditary etiology of hearing loss in
whom other known hearing loss causes were excluded, CI can-
didates or implanted patients were informed about the option
of genetic testing that ensued when desired. According to these
criteria, one family may have had more than one proband. In
addition, CI patients without a definitive genetic diagnosis,
those with hearing loss due to nongenetic etiologies, and a lack
of German language proficiency were excluded.

All patients included in this retrospective data analysis had
undergone molecular genetic diagnostic testing (2011-2020)
and cochlear implantation over the course of 25 years (1997—
2021) without phenotype restriction, including patients of all
ages and with all implant types.

The detailed genetic results for a subgroup of patients (n =48)
have been described in a separate publication (Tropitzsch et al.
2022) that focused on the results of a gene distribution analysis
in a large German hereditary hearing loss cohort (n = 305 fami-
lies) (see Table in Supplemental Digital Content 1, http://links.
Iww.com/EANDH/B156, which references all patients, includ-
ing the previously reported patients, who are marked by “&”).
The present study focuses on cochlear implantation outcomes.
It has been extended to include additional individuals, including
the family members of index patients from the previous study
(Tropitzsch et al. 2022), as well as new families with a definitive
genetic diagnosis according to ACMG/AMP criteria (Richards
et al. 2015; Oza et al. 2018). Patients with hearing loss due to

other etiologies, such as chronic otitis media, cholesteatoma,
otosclerosis, previous middle ear surgery, noise-induced hear-
ing loss, sudden deafness, meningitis, Meniéré’s disease, mea-
sles, mumps, rubella, other viral infections including congenital
cytomegalovirus, birth trauma, or other nongenetic etiologies
were excluded. Preoperative evaluation included otologic exam-
inations, imaging studies, and audiological testing comprising
pure tone and speech audiometry. Audiological follow-up was
carried out at yearly fixed time intervals postoperatively as part
of routine postoperative care.

Statistical Analysis

Clinical and audiological phenotypic data were recorded for
all probands in the cohort.

The word recognition score at 65 dB SPL (WRS,; see audio-
logical assessment below) was employed as the primary parameter
to rank CI performance (see Table 1 for a schematic overview of
the terminology). Three quartiles were calculated for the ranked
data set of the WRS,, speech recognition. The three quartiles
were defined as the first or lower quartile (Q1; 25th percentile),
the second quartile or median (Q2; 50th percentile), and the third
or upper quartile (Q3; 75th percentile). This allowed dividing the
ranked data set into four quarters of an equal number of obser-
vations (for the WRS,). The interquartile range was defined as
between Q1-Q3 covering the two middle quarters. In terms of a
qualitative assessment of CI performance for single or grouped
observations (i.e., for probands diagnosed for a causal pathogenic
variant in a particular gene), the lower quarter was termed “poor
performers.” The two middle quarters (the interquartile range)
were termed “average performers.” To allow a distinction between
these two middle quarters, the lower mid-quarter was termed “suf-
ficient performers,” and the upper mid-quarter was termed “good
performers.” The fourth, upper quarter was termed “excellent per-
formers.” “Positive outcomes” were defined as results above the
lower quartile, while a “negative outcome” (equivalent to “poor
performers”) was defined below the lower quartile (see Table 1 for
a schematic overview of the terminology).

The median cochlear implantation outcome based on speech
recognition of the total cohort was compared to specific geno-
typic and phenotypic features (single gene—gene comparisons,
the localization of gene expression, the mode of inheritance,
the age at implantation, the age at hearing loss onset, the delay
of implantation, the grade of hearing loss at implantation, the
laterality of hearing loss and the sequence of implantation)
using Fisher’s exact test (levels of significance: p* < 0.05; p**
<0.005; p*** <0.001).

Using a reduced set of 10 factors, we performed an ANOVA
with the word recognition score at 65 dB SPL (WRS_,; see
audiological assessment below) as the dependent variable
and two ranks for five groups: (1) gene expression, (2) age at
implantation, (3) hearing-loss onset, (4) delay between hear-
ing loss onset and implantation, (5) and sequence of implanta-
tion as independent variables. Further details on this statistical
analysis, including distributions of WRS_,, are described in
Supplemental Digital Content 5, http://links.lww.com/EANDH/
B161, Supplemental Digital Content 6, http://links.lww.com/
EANDH/B162, and Supplemental Digital Content 7, http://
links.lww.com/EANDH/B163.

This first statistical analysis, as described above was per-
formed using 123 ears as independent items; we also performed
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a second analysis using 76 subjects as independent items. When
using subjects as independent items, the WRS__ had to be com-
puted as the mean value of both ears in the case of bilateral
implantations. In addition, for these bilateral cases, the age at
implantation, as well as the delay between hearing loss onset
and the date of implantation had to be computed as mean values
before entering the analysis as a factor.

Data were compiled using Microsoft Excel and analyzed
using IBM SPSS Statistics V24 (as previously described in
Tropitzsch et al. 2022).

Genetic Testing Workflow

Genetic testing was offered to and performed for 76 CI
candidates or previously implanted probands with a suspected
genetic etiology of hearing loss. Inheritance patterns were
based on family history. The genetic testing workflow con-
sisted of single-gene screening and custom-designed hearing
loss gene panel sequencing targeting known nonsyndromic and
syndromic hearing loss genes, as described in detail previously
(Tropitzsch et al. 2022). Patients undergoing genetic testing
after 2019 were also diagnosed by whole-genome sequencing.

CI Candidacy and Audiological Assessment

Candidacy for cochlear implantation was governed by appli-
cable national guidelines as regulated by the Association of the
Scientific Medical Societies in Germany (AWMF) (Dazert et
al. 2020; Zahnert et al. 2020). In children with congenital or
pre/perilingual hearing loss onset (<6 years), cochlear implan-
tation was considered at a threshold of up to >70 dB HL as
measured by auditory brainstem responses or the pure-tone
average threshold for frequencies of 0.5, 1, 2, and 4kHz (PTA )
for each ear in air conduction (Leigh et al. 2011; Vickers et al.
2016; Dazert et al. 2020). In patients with postlingual hearing
loss onset (>6 years), speech intelligibility was assessed via the
WRS determined by the Freiburger monosyllable speech test.
The Freiburger monosyllable speech test was also employed for
the postoperative evaluation of cochlear implantation outcomes.

The Freiburger speech test is the standard reference speech test
in quiet for the German language in German-speaking countries
and has been widely used over more than five decades (Hahlbrock
1957; DIN 45621-1 1995; Krueger et al. 2008; Lenarz et al. 2012;
Hoppe et al. 2019, 2021) and adapted to German language local
variations (Kompis et al. 2006). The Freiburger monosyllable
speech test consists of 20 phonemically balanced monosyllable
word lists with 20 items each. Normal-hearing subjects achieve a
WRS of 50% at a presentation level of 30 dB sound pressure level
(SPL) (WRS, ) and 100% at 50 dB SPL (WRS_ ) (DIN 45621-1
1995). For hearing-impaired subjects, typically the WRS, is
evaluated. Using further test lists, the presentation level may be
increased in steps of 5, 10, or 15 dB (i.e., WRS, , WRS_, WRS,
respectively) until a maximum score (WRS_ ) up to 100% or the
level of discomfort is reached. The Freiburger speech test serves
as an essential measure to ascertain audiological indication
parameters (DIN 45621-1 1995) for hearing aids (Gemeinsamer
Bundesausschuss 2021) and CIs in Germany (Hoppe & Hast
2017; Dazert et al. 2020; Zahnert et al. 2020).

In the present study, test lists of phonemically balanced
monosyllabic words were presented via headphones or loud-
speakers in quiet at the level of 65 dB SPL, the conversational
speech level. The WRS, was used to establish the audiological

indication for cochlear implantation. According to current
national guidelines, an audiological indication for cochlear
implantation was considered if the measured monaural WRS
was < 60% based on optimized hearing aid fitting (Dazert
et al. 2020; Zahnert et al. 2020). In the previously published
national guidelines that were valid throughout most of the study
period, the indication criteria were not fixed to a WRS of <
60% (Lenarz et al. 2012); however, the indication criteria were
common practice based on the current literature incorporating
German language word recognition criteria (Hoppe et al. 2015;
Leigh et al. 2016; Hoppe et al. 2017, 2019).

The audiological assessment was performed with a standard
audiometer (AT900 or AT1000; AURITEC Medizindiagnostische
Systeme GmbH, Hamburg, Germany) equipped with air-conduc-
tion headphones (DT48; Beyerdynamic, Heilbronn, Germany)
or a loudspeaker. Both the Freiburger monosyllable speech test
and pure-tone audiometry were performed separately for each
ear, and grades of hearing impairment were classified as PTA,
in seven mutually exclusive severity categories as recommended
by the GBD Expert Group on Hearing Loss (Stevens et al. 2013;
Olusanya et al. 2019; GBD Hearing Loss Collaborators 2021).
Accordingly, the preoperative bilateral PTA, results for all pro-
bands (n = 76), including all implanted single ears (n = 123) and
nonimplanted single ears (n = 29), were classified into seven
hearing loss grades designated as normal (0-19.9 dB HL), mild
(20-34.9 dB HL), moderate (35-49.9 dB HL), moderately severe
(50-64.9 dB HL), severe (65-79.9 dB HL), profound (80-94.9
dB HL), and complete (=95 dB HL) hearing loss.

Speech recognition outcomes of cochlear implantation
were assessed with the Freiburger monosyllabic speech test
(Hahlbrock 1957) for the German language at 65 dB and 80
dB SPL in quiet to determine the WRS, (CI) and WRS,_ (CI),
respectively, including contralateral masking if applicable
such as in SSD or contralateral residual hearing (Kompis et al.
2006; Sukowski et al. 2009; Kollmeier et al. 2014; Hoppe et al.
2015; Hoppe & Hast 2017; Hoppe et al. 2017, 2019; Dazert et
al. 2020; Volter et al. 2020; Zahnert et al. 2020; Hoppe et al.
2021). To allow a sufficient postoperative rehabilitation period,
cochlear implantation outcome measures were based on at least
1 year of postoperative audiological follow-up for patients with
postlingual hearing loss onset (>6 years)/implantation age and
5 years for children with congenital or pre-/perilingual hear-
ing loss onset (<6 years)/implantation age. This postimplan-
tation time intervals were chosen to ensure, that all probands
had reached a postlingual age of > 6 years after implantation
(Dazert et al. 2020; Zahnert et al. 2020).

Results for CI performance were categorized in percentiles
with a 70% WRS defining the median outcome. “Poor” per-
formance was defined as a performance within the lower quar-
ter defined as a 0%—45% WRS . “Sufficient” performance was
defined within the second quarter, ranging from 46% to 69 %
WRS,,. “Good” performance was defined within the third quar-
ter with a range of 70%—79%, and “Excellent” performance was
defined within the fourth, upper quarter with a range from 80%
to 100% (for definitions of percentiles, see section “Materials
and Methods” and Table 1).

Cochlear Implantation Surgery and Postimplantation
Hearing Rehabilitation

All patients were implanted using an atraumatic, structure-pre-
serving approach through the round window or extended round
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window access as an institutional standard. Intraoperative assess-
ment by direct microscopic visualization and review of postopera-
tive imaging films and radiologic reports for all implants indicated
that all electrode contacts of the stimulation electrodes were
located in the cochlea, consistent with a full insertion, regardless
of the manufacturer and stimulation electrode type. Only pro-
bands with documented full insertion of the stimulation electrodes
were included. All patients underwent a standardized and certified
postoperative hearing rehabilitation program according to national
CI care guidelines (Dazert et al. 2020; Zahnert et al. 2020).

Localization of Gene Expression

Gene expression profiles of hearing loss genes were classi-
fied according to localization in the neural and nonneural tis-
sue components of the cochlea as described and compiled in
the current literature (Ida-Eto et al. 2011; Schoen et al. 2013;
Nishio et al. 2015; Usami et al. 2020) and the databases gEAR
(Orvis et al. 2021) and SHIELD (Shen et al. 2015). Nonneural
tissue components of the cochlea included the following des-
ignated categories: (1) hair cells (including synaptopathy), (2)
structural loci in the cochlear duct (i.e., in supporting cells and
interdental cells), (3) the spiral lamina and the stria vascularis
(including genes related to homeostasis at these locations) and
(4) mitochondria (mitochondrial genes). Due to the ubiquitous
localization of the mitochondria in both neural and nonneural
tissue components, it remains difficult to predict their functional
significance for either of those categories. Also, some of the
single genes (i.e., COL11A1) are expressed in more than one
cluster and were assigned to their most probable functional
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significance according to the current literature. The specific
cellular expression patterns of the single solving genes in the
respective tissue components, their functional significance, and
their allocation to the five designated clusters of the cochlea are
described in Table in Supplemental Digital Content 2, http://
links.Iww.com/EANDH/B157.

RESULTS

Patient Cohort Summary

In this genetic CI cohort, the ages of the 76 probands were
distributed across all age groups (mean age: 35.7; year 2021)
(Fig. 1A; Table 2; Supplemental Digital Content 1 http://links.
Iww.com/EANDH/B156). The mean age of this genetic CI
cohort was almost a decade below the mean age of the popula-
tion in southwest Germany at a close reference date [mean pop-
ulation age in the State of Baden-Wiirttemberg: 43.8 years; year
2020 (State Statistical Office Baden-Wiirttemberg 2021)]. As
expected for a CI cohort, pediatric probands in the first decade
of life (0-9 years) made up a relatively high proportion, cor-
responding to more than one-fifth of the study cohort (21.1%; n
= 16). This high proportion of 0- to 9-year-old patients explains
the shift (by 8.1 years) toward a younger mean age of the genetic
CI cohort than of the general population. Otherwise, the age dis-
tribution of the genetic CI cohort showed an even distribution
across all age groups, with an average of approximately 12%
of participants per decade in the second to seventh decades.
Similar to the general population, there was a slight peak in
patients in the sixth decade and a decline thereafter. Although
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TABLE 2. Phenotypic, audiological, and implantation charac-
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teristics of probands and implanted ears

%

Subjects 76
Phenotypic characteristics
Sex Male 35 46.1
Female 41 53.9
Age 09y 16 21.1
1029y 21 27.6
30-59y 26 34.2
60-80+y 13 171
Onset of hearing loss  Congenital 35 46.0
Pre/perilingual (0-6) 13 171
Postlingual (>6-19) 16 21.1
Postlingual (>20-59) 12 15.8
Laterality of Bilateral symmetric 70 92.1
hearing loss Bilateral asymmetric 2 2.6
Single-sided deafness 4 5.3
Ethnicity Western European 52 68.4
Western Asian 10 13.2
Eastern European 8 10.5
Southern European 5 6.6
Southern Asian 1 1.3
Family history Autosomal-recessive 25 32.9
Autosomal-dominant 14 18.4
X-linked 2 2.6
Sporadic 35 46.1
Ears implanted 123
Characteristics of implanted ears
Side of cochlear Left 59 48.0
implant Right 64 52.0
Preoperative grades Moderately severe 1 0.8
of hearing loss for Severe 5 4.1
implanted ears Profound 24 19.5
Complete 93 75.6
Age at implantation 02y 31 25.2
35y 14 11.4
6-59y 66 53.7
>60y 12 9.7
Time delay between <1y 21 17.0
age of hearingloss 2-5y 26 21.2
onset vs. age at 6-29y 45 36.6
implantation 30-69y 31 25.2
Laterality of cochlear  Unilateral 29 23.6
implantation Bilateral simultaneous 15 12.2
Bilateral sequential 32 26.0
Bilateral all 47 38.2

lower proportions of individuals in the eighth and ninth decades
were seen in the study cohort than in the general population, it is
remarkable to have these age groups represented in a CI cohort
with a definitive genetic diagnosis (Fig. 1A; Table 2).

The genetic CI cohort included 35 males (46.1%; state of
BW: 49.7%, year 2019) and 41 females (53.9%; state of BW:
50.3%, year 2019), which is representative of the sex distribu-
tion in the population of southwest Germany (State Statistical
Office Baden-Wiirttemberg 2021) (Table 2).

The ethnic background of the probands was primarily west-
ern European (68.4%; n = 52), with the majority coming from
the local region of southwest Germany. Other ethnicities repre-
senting the general migration background of the regional popu-
lation (31.6%; n = 24) were western Asian (13.2%; n = 10),
eastern European (10.5%; n = 8), southern European (6.6%;

n = 5), and southern Asian (1.3%; n = 1) (Table 2). This dis-
tribution in the genetic CI cohort is based on a slightly higher
migration background in the general population in southwest
Germany (33.4% for state of BW; year 2019; State Statistical
Office Baden Wiirttemberg 2021). In total, patients of European
ethnicity made up 86% (n = 65) of the genetic CI cohort.

Hearing loss onset ranged from congenital onset to late adult
onset in the sixth decade, with a distribution that spread over all
age groups of the cohort. By far, the largest group of probands
had congenital hearing loss onset (46.1%; n = 35), followed by
pre/perilingual (age 0—6 years) hearing loss onset (17.1%; n =
13). Altogether, this early-onset group (congenital, pre/perilin-
gual; <6 years of age) made up almost two-thirds of the cohort
(63.2%; n = 48), while one-third of the probands in the cohort
(36.8%; n = 28) had a late onset of hearing loss in the postlin-
gual domain (>6 years of age). In the postlingual domain, the
largest group of probands (21.0%; n = 16) had late childhood
and juvenile (age 7-19 years) hearing loss onset. In the follow-
ing decades of hearing loss onset, the proportion of patients
slowly declined, but included patients with late adult hear-
ing loss onset that was recognized as late as the sixth decade
(Table 2; Fig. 1B).

With regard to hearing loss laterality, the majority of pro-
bands presented with bilateral symmetric hearing loss (n = 70;
92.1%). Bilateral asymmetric hearing loss (AHL) (n = 2; 2.6%)
(better ear: PTA >30 and <55 dB HL; poorer ear PTA =70 dB
HL; interaural threshold gap =15 dB HL), as defined by the
consensus framework for single-sided deafness (SSD) and AHL
(Van de Heyning et al. 2016), and unilateral hearing loss within
the definition of SSD (5.3%; n = 4) (better ear: PTA <30 dB
HL; poorer ear: PTA =70 dB HL; interaural threshold gap: =40
dB HL) (Van de Heyning et al. 2016) were relatively rare in this
genetic CI cohort (Table 2).

Based on family history, the pattern of inheritance included 25
probands (32.9%) with autosomal-recessive hearing loss, 14 pro-
bands (18.4%) with autosomal-dominant hearing loss, two male pro-
bands (2.6%) with X-linked hearing loss and 35 probands (46.1%)
with a sporadic type of hearing loss (Table 2; Fig. 1C; Supplemental
Digital Content 1, http:/links.lww.com/EANDH/B156).

Cochlear implantations were evenly distributed between the
left (48.0%; n = 59) and right (52.0%; n = 64) ears (Table 2).

Preoperative grades of hearing impairment were classified
as recommended by the GBD Expert Group on Hearing Loss
(GBD Hearing Loss Expert Group et al. 2013; Olusanya et al.
2019; GBD Hearing Loss Collaborators 2021) for all ears (n =
152), including implanted and nonimplanted ears. Hearing loss
for all implanted ears (n = 123; 80.9% of all ears) was distributed
across the four highest hearing loss grades: moderately severe
hearing loss (MSHL; 50.0 to 64.9 dB HL) (n = 1; 0.8%), severe
hearing loss (SHL; 65.0 to 79.9 dB HL) (n = 5; 4.1%), profound
hearing loss (PHL; 80.0 to 94.9 dB HL) (n = 24; 19.5%), and
complete or total hearing loss (CHL; =95.0 dB HL) (n = 93;
75.6%) (Table 2; Fig. 2A). Hearing loss for single nonimplanted
contralateral ears (n = 29; 19.1% of all ears) of patients who
underwent unilateral implantation was distributed among nor-
mal hearing (—10.0 to 19.9 dB HL) (n = 2; 6.9%), mild hearing
loss (20.0 to 34.9 dB HL) (n = 2; 6.9%), moderate hearing loss
(MOHL; 35.0 to 49.9 dB HL) (n = 0; 0%), MSHL (50.0 to 64.9
dBHL) (n=4;13.8%), SHL (65.0t0 79.9 dBHL) (13.8%; n=4),
PHL (80.0 to 94.9 dB HL) (27.6%; n = 8), and complete or total
hearing loss (CHL; = 95.0 dB HL) (31.0%; n =9) (Fig. 2B).


http://links.lww.com/EANDH/B156

TROPITZSCH ET AL./ EAR & HEARING, VOL. 44, NO. 6, 1464-1484 1471
A Hearing Loss Implanted Ears B Hearing Loss Non-Implanted Ears
80 80
70 70
. 60 _. 60
£ g
o o0 o S0
g 10 &
E 4 € 40
8 20 8 30
(7] Q
£ 5 & 20
10 I 10 l l
0 - A N
NH MHL | MOHL | MSHL | SHL PHL | CHL NH MHL | MOHL | MSHL | sHL PHL | CHL
[m % 0 0 0 1 4 19 76 (m % 7 7 0 14 14 28 31

Fig. 2. Distribution of hearing loss grades in the genetic cochlear implant cohort. A, Distribution of preoperative hearing loss grades for all implanted ears
(n=123). B, Distribution of preoperative hearing loss grades for all nonimplanted ears (n=29). NH indicates normal hearing (-10.0 to 19.9 dB HL), MHL mild
hearing loss (20.0 to 34.9 dB HL), MOHL moderate hearing loss (35.0 to 49.9 dB HL), MSHL moderately severe hearing loss (50.0 to 64.9 dB HL), SHL severe
hearing loss (65.0 to 79.9 dB HL), PHL profound hearing loss (80.0 to 94.9 dB HL), and CHL complete or total hearing loss (=95.0 dB HL). Classification fol-
lows the recommendations of the Global Burden of Disease (GBD) Expert Group on Hearing Loss (Global Burden of Disease Hearing Loss Expert Group et al.
2013; Olusanya et al. 2019). Percentage values for different hearing loss grades are shown below bars.
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Fig. 3. Distribution of age at implantation and time delay between hearing loss onset and age at cochlear implantation. A, Distribution of age at cochlear
implantation of all implanted ears (n = 123). Phases of early implantation at prelingual age are shown in the first two bars (0-1 and 1-2 years). Implantation
at perilingual age is shown in the third bar (3-5 years). Implantation in late childhood (6-9 years) is shown in the fourth bar. Further distribution of age at
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ears, first implanted ears in sequential bilateral implantations and simultaneous bilateral implantations (n = 95). D, Time delay between hearing loss onset and
age at cochlear implantation for second implanted ears in sequential bilateral implantations (n = 28).

The age at implantation for all implanted ears (n = 123)
was distributed across the full age range, from less than 1
year to the eighth decade (Table 2). A quarter of implantations
occurred in ears of infants up to 2 years old (0-2) (25.2%;
n = 31). For the remainder of implanted ears, implantations
occurred in the first decade and the following decades in an
even distribution, with an average of =10% per decade up to
the seventh decade. There were slight peaks in the first, second,
and sixth decades and a decline in the eighth decade (Fig. 3A).

The time interval or delay between hearing loss onset and
cochlear implantation also showed a broad range of latencies,
from less than 1 year to seven decades. Short time intervals of
up to 2 years (0-2) were found for more than one-quarter of
implantations (26.8%; n = 33). The time interval was 3 to 9
years for a further one-fifth (17.9%; n = 22) of implantations.
Altogether, slightly less than one-half of the implantations
(44.7%; n = 55) were performed within the first decade (0-9
years) after hearing loss onset. For more than one-half of the
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implantations (55.3%; n = 68), the latency between hearing loss
onset and cochlear implantation was very long, ranging from
10 to 69 years. One-fifth of the implantations (17.9%; n = 22)
occurred in the second decade after hearing loss onset. The fol-
lowing five decades showed a continuous decline (at = 3% per
decade) in the number of implantations (Table 2; Fig. 3B).
Both the first and second implanted ears showed this broad
range of time intervals of up to seven decades between hearing
loss onset and implantation. The “first implanted ears” group
included cases of unilateral implantations, simultaneous bilat-
eral implantations and first ears of bilateral but consecutively
implanted cases. This “first implanted ears” group (77.2%; n=95

A

implanted ears out of 123) was larger than the “second
implanted ears” group (22.8%; n = 28 implanted ears out of
123), with a ratio of three to one. In the “first implanted ears”
group, more than one-half of the implantations (52.6%; n = 50)
occurred within the first decade after hearing loss onset, and
less than one-half (47.4%; n = 45) occurred within much longer
time intervals of up to seven decades (Fig. 3C). For the “second
implanted ears” group (n = 28), the proportion of implantations
that occurred within the first decade (14.3%; n = 4) was much
smaller than the proportion of implantations that occurred in
later decades (85.7%; n = 24), shifting the peak of implantations
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for the “second implanted ear” group to the second decade
(32.1%; n = 9) after hearing loss onset (Fig. 3D).

Gene Distribution

The genetic diagnosis of the 76 solved cases in the genetic CI
cohort involved 35 genes and 61 different causative mutations
in clinically relevant (P, LP) variants (see Table in Supplemental
Digital Content 1, http://links.Iww.com/EANDH/B156, for
detailed gene and variant distributions of all solved cases).

For the remainder of this article, the gene distribution of
causative mutations for hearing loss is described for implanted
ears (n = 123) rather than probands (n = 76), as the relevant
readout of CI performance relates to individually implanted
ears. The gene distribution analysis showed that the hearing
loss in nearly one-half of the implanted ears (48%; n = 59 of
123) was related to medically relevant variants (P, LP) in the six
most frequently affected genes: GJ/B2 (21%; n = 26), TMPRSS3
(7%; n=9), MYO154 (7%; n = 8), SLC2644 (5%; n = 6), and
LOXHDI and USH2A (each 4%; n = 5). One-fourth of the
genetic hearing loss cases (20%; n = 24) was correlated with
causative variants in six additional genes, namely, MITF, WFS1,
CDH23, MARVELD2, COL4A3, and MYO74 (all 3%; n = 4).
Overall, in two-thirds of implanted ears (67%; n = 83 of 123)
genetic hearing loss was attributed to causative variants in only
12 genes. The genetic hearing loss in the remaining one-third
(33%; n = 40 of 123) of the implanted ears was attributable to
causative variants in 23 additional genes, PAX3, MYO6, SMPX,
and MYHI14 (all 2.4%; n = 3); LHFPLS5, DIAPHI, MYO3A,
TMIE, KCNEI, POU3F4, OTOF SOXI10, and ACTGI (all
1.6%; n =2); and COL2A41, MT-TL1, POU4F3, EYA4, COCH,
TFAP2A, PTPRQ, RRM2B, EDNRB, and COL11A41 (all 0.8%;n
= 1) (see Figure in Supplemental Digital Content 3, http://links.
Iww.com/EANDH/B158, for the gene distribution of causative
variants for the genetic hearing loss in all implanted ears).

CI Performance and Ranking According to Single Genes
Cochlear implantation performance was measured for speech
recognition (WRS,). The median CI performance for the total
of all implanted ears (n = 123) was calculated at 70% WRS,
with upper and lower quartiles at 80% and 45%, respectively.
For children and adolescents (n = 42 implanted ears; n = 23
probands; age 6—17 years), the median CI performance reached
80%, while for adults (n = 81 implanted ears; n = 53 probands;
age = 18 years), the median CI performance remained at 60%.

In a first attempt to correlate CI performance with a defini-
tive genetic diagnosis, cochlear implantation performance for
the WRS,, was ranked on the basis of the medians of all implan-
tations for every single gene.

The genetic diagnosis of the 76 probands and 123 implanted
ears in the present genetic CI cohort involved 35 genes and 61
different causative mutations. This implies that an average of 3.5
implanted ears were available for analysis for every single gene.
However, as expected for a genetic hearing loss cohort, the diag-
nostic yield per gene showed a highly asymmetric distribution
and ranged from 1 to 26 implanted ears per gene. Accordingly,
two-thirds of implanted ears were distributed among only 12
genes affecting at least four implanted ears in the present cohort
(see Figure in Supplemental Digital Content 3, http://links.lww.
com/EANDH/B158). This asymmetric distribution of genetic
diagnoses is also seen in other genetic CI cohorts (Miyagawa et

al. 2016; Seligman et al. 2021). Although we attempted to relate
cochlear implantation outcomes for all 35 single genes (Fig. 3),
this comparison has to be taken with caution, as for two-thirds
of the single genes (n = 23), the median performance was based
on only three or fewer implanted ears.

The most frequently affected gene, GJB2 (n = 26), showed
a median CI performance of 80%. For all genes, the CI per-
formance ranged from 0% associated with the genes COLI1A41
and EDNRB (single implantation each) to 97.5% for the genes
ACTG1 and LHFPLS (two implantations each). The CI perfor-
mance results for most genes (n = 21 of 35) remained within
the 25th—75th quartile or the “average performance” range.
Seven genes (COL11A1, EDNRB, PTPRQ, TMPRSS3, WFSI,
CDH23, and LOXHDI; n = 25 implanted ears) showed “poor
performance” below the 25th quartile while seven other genes
(POU3F4, RRM2B, MITF, PAX3, SOX10,ACTG1, and LHFPLS;
n = 16 implanted ears) demonstrated “excellent performance”
above the 75th quartile (Fig. 4A).

There were no “nonperforming” ears among this genetic CI
cohort. The two implanted ears diagnosed with medically sig-
nificant variants in the genes COLI/141 and EDNRB that had
a result of 0% for the WRS,,, but showed an increase to 50%
and 15% at WRS,, respectively, at this increased speech level.
The overall mean increased from 70% for the WRS; to 85%
for the WRS,, indicating a performance reserve in this genetic
CI cohort (see Figure in Supplemental Digital Content 4, http://
links.Iww.com/EANDH/B159, for CI performance of single
genes for the WRS, ).

CI Performance According to the Localization of Gene
Expression in Single Genes

As a next step, CI performance was related to the localization
of gene expression in the cochlea for single genes. Each gene
was classified with regard to the currently established expression
pattern in the cochlea as reviewed in the literature (see Table in
Supplemental Digital Content 2, http://links.lww.com/EANDH/
B157, for a detailed description of gene expression patterns and
the localization of the gene expression of all single genes within
the cochlea) (Ida-Eto et al. 2011; Schoen et al. 2013; Kantarci
et al. 2015; Nishio et al. 2015; Neuhaus et al. 2017; Usami et al.
2020; Wu et al. 2020; Nisenbaum et al. 2021). According to the
primary localization of gene expression and associated functional
relevance, five expression clusters were established for cochlear
tissue components, designated as (1) Neural, (2) Hair Cell, (3)
structural genes in the Tectorial Membrane and the Cochlear
Duct, (4) Stria Vascularis, and (5) Mitochondria. The Neural
cluster comprised eight genes (EDNRB, TMPRSS3, WFSI,
TFAP24, DIAPHI, EYA4, PAX3, and SOX10; n = 23 implanted
ears), the Hair Cell cluster 16 genes (PTPRQ, CDH23, LOXHDI,
TMIE, MARVELD?2, SMPX, MYH14, MYO74, OTOFE, POU4F3,
MYO3A4, MYO6, USH2A, MYO154, ACTGI, and LHFPL5; n =
51 implanted ears), the combined structural genes of the Tectorial
Membrane and Cochlear Duct cluster eight genes (COL2A1,
COL11Al, COL4A43, COCH, SLC26A4, GJB2, POU3F4, and
MITF; n = 45 implanted ears), the Stria Vascularis cluster one
gene (KCNEI,; n =2 implanted ears), and the Mitochondria clus-
ter two genes (MT-TLI and RRM2B; n =2 implanted ears).

The distribution of the medians of cochlear implantation
outcomes of the WRS for the eight genes of the Neural clus-
ter ranged from 0% to 95%, for the twelve genes of the Hair
Cell cluster from 20-97.5%, for the eight structural genes in the
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A Cochlear Implant Performance Distribution - Genetic and Clinical Parameters (n=123)

100
a0

80

~
=]

10

Speech discrimination in quiet (%)
Freiburger Monosyllables 65 dB
[ w Y v @
o S =] S =1 S
N I N N A N

AR S A A S-S NN DO DS A S & AN Y > 8 A D A A A
&@&’l{:’!;’ FIETY FIITFY 9y ¢ ;Q‘v’é’ F&E g8
‘?\‘90 LR $ ‘:?"?J\g"g’::? £ g l?"?“?of.s & & g &E g.?f
S § F&E §F ¢ F &8 ¢
ﬁ G X F 3 § & 5
8 PO 3 F
f § < QW & ; §§
qu Delay (years) HL-
Gene Inheritance Age at Onset of Onset - Grades of Laterality of Sequence of
Expression (Family History) Implantation Hearing loss (HL) Implantation Hearing loss hearing loss Implantation
100
90
=)
=
[ 80
=]
% 70
E 80
E 50
&
© 40
= o ]
3 30
1] o (o]
g =
=]
w 10 e}
o]
0 0 * * +*
=] o o o) o o ©« o - v,
@ =z © Q o o] ) o + 3
= o) ] @ 1 = o o [he]
o = | o = < | o I =
I la 1=l ' a g =L ! o I~
(=] @ = =2 = = 3] o @ @
=} = =1 g v o
@ 8 w
w

Fig. 5. Cochlear implant performance including gene expression and demographic and clinical parameters according to the word recognition scores in the Freiburger
monosyllabic speech intelligibility test at 65 dB SPL (WRS, ) for 123 implanted ears. A, Cochlear implant performance for 30 categories. Demographic and clinical param-
eters consisted of inheritance based on the family history, onset of hearing loss, delay of implantation between the onset of hearing loss and cochlear implantation, grades of
hearing loss, laterality of hearing loss and sequence of hearing loss. Statistical significance was determined with Fisher’s exact test (*p < 0.05, **p < 0.005, ***p < 0.0005).
B, Cochlear implant performance for 10 broader genetic and clinical categories. Median value, interquartile range (IQR) and min/max estimates based on 1.5 IQR of word
recognition scores. These represent five groups designated as (1) Gene expression: neural versus other nonneural genes; (2) age at implantation: 0-6 years (0-6y) of age
versus age >6 years (gt 6y); (3) onset of hearing loss: congenital versus non-congenital (pre/peri/postlingual; pp_lingual); (4) implantation delay (gap): 0-5 years (0-5y) versus
>5 years (gt 5y); (5) sequence of implantation: simultaneous bilateral implantation (simul_ears) versus subsequent bilateral or monaural only implantation (1 and 2 ears).
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Cochlear Duct and Tectorial Membrane cluster from 0-90%,
for the single gene in the Stria Vascularis cluster at 80% and for
the two genes in the Mitochondrial cluster from 70% to 85%
(Fig. 4B).

Due to the broad range of gene cluster outcomes, no obvi-
ous trends were inferred from the comparison of the expres-
sion clusters. In fact, the three large clusters Neural (n = 25),
Hair Cell (n = 51) and the combined structural cluster for the
Tectorial Membrane and the Cochlear Duct cluster (n = 45) all
covered a range of outcomes that was very similar to that of the
total cohort (0% to 97.5%). Therefore, all single genes within
an expression cluster were combined as a further step in the
analysis.

CI Performance According to the Localization of Gene
Expression in Cochlear Tissue Clusters

Combining the single genes of the cochlear tissue clusters
allowed a comprehensive comparison of the five clusters with
different expression and functional backgrounds. Surprisingly,
this comparison revealed relatively uniform median outcomes
of 70% to 80% (WRS,) for all four nonneural clusters. The
Hair Cell cluster performed at 70%, the combined structural
genes of the Tectorial Membrane and Cochlear Duct cluster at
80%, the Stria Vascularis cluster at 80% and the Mitochondria
cluster at 77.5%. These results for all the nonneural clusters
are at or near the upper quartile of 80% of the total cohort.
However, the Neural cluster showed a significantly (p < 0.05)
lower median of only 45% than the overall median of 70% of
the total cohort and stayed below the lower quartile of 45% of
the total cohort. These results show a strong divergence between
the outcomes in the nonneural clusters and the neural cluster
(Fig. 5A). As a next step of the analysis, the outcome for the
genetic clusters was compared with other clinical parameters.

CI Performance According to the Mode of Inheritance
Based on Family History and Other Clinical Phenotypic
Features

In addition to the direct comparison of the genotypic clus-
ters according to the localization of gene expression, cochlear
implantation outcomes were assessed for the mode of inheri-
tance based on family history and other specific demographic
and phenotypic features, such as the age at implantation, the
onset of hearing loss, the delay between the onset of hearing
loss and cochlear implantation, grade of hearing loss at implan-
tation, laterality of hearing loss, and the sequence of implanta-
tion. Finally, all these clinical parameters were compared to the
median outcome of the total cohort (Fig. SA).

The median for modes of inheritance according to family
history ranged between 57.5% and 75% (WRS;). Autosomal-
recessive (n = 44; 36%) and autosomal-dominant (n=19; 15%)
modes of inheritance reached a performance of 70%, spo-
radic cases (n = 57; 46%) were slightly above that at 75%, and
X-linked cases (n = 3; 2%) were below the other three modes
of inheritance at 57.5%. All four different modes of inheritance
were not significantly different from the median of the total
cohort at 70% (Fig. 5SA).

In relation to age at implantation, the CI performance was
evaluated for five different age groups. In early childhood, the
youngest (0—2 years) age at implantation group, comprising
infants and toddlers in the prelingual domain (n = 31; 25%),

and the 3 to 6 years age at implantation group, comprising pre-
school children in the perilingual domain (n = 14; 11%), both
reached an outcome of 80% WRS, at the upper quartile. All
of these children who underwent implantation between 0 and 6
years of age were tested at least 5 years after implantation at a
postlingual age of >6 years to allow sufficient speech develop-
ment (school age) (Dazert et al. 2020; Zahnert et al. 2020). The
7 to 19 years age at implantation group in middle childhood
and adolescence (n = 21; 17%) reached an outcome of 55%.
The 20 to 59 years age at implantation group (n = 45; 37%) in
young and middle adulthood reached the same outcome of 55%.
In older adulthood, the =60 years age at implantation group
(n = 12; 10%) achieved an outcome of 62.5%. Except for the
youngest (0—2 years) age group, the results for the four older
age groups were not significantly different from the median of
the total cohort at 70%. The youngest (02 years) age group was
the only age group that reached a significantly (»p < 0.001) better
result than the total cohort (Fig. SA).

The onset of hearing loss was evaluated for three different
age groups of hearing loss onset, designated congenital (n =47;
38%), pre/perilingual (n = 20; 16%; <6 years of age), and post-
lingual (n = 56; 46%; >6 years of age). The congenital group
showed a significantly (p < 0.01) better performance of 80%,
at the upper quartile; the pre/perilingual group showed a per-
formance of 67.5%, which was near the median of 70% for the
total cohort; and the postlingual group showed a significantly (p
< 0.05) poorer performance, at 57.5% (Fig. 5A).

The time delay between the onset of hearing loss and cochlear
implantation was evaluated for four groups: a short delay group
(£2 years; n = 33; 27%), a medium-short delay group (3-5
years; n = 14; 11%), a medium-long delay group (6—10 years;
n=38; 7%), and a relatively large long delay group (>10 years;
n = 68; 55%). The short delay group had a significantly (p <
0.01) better performance of 80%, at the upper quartile. The
medium-short delay group also had an outcome of 80% but did
not reach significance. The medium-long delay group showed a
decrease, with an outcome of 60%, which also was not signifi-
cant. However, the large long delay group showed a significant
(p <0.05) decline, with an outcome of 55% (Fig. 5A).

The grades of hearing loss for implanted ears were analyzed for
three different preoperative grades: SHL (n=5; 4%), PHL (n=24;
20%), and CHL (n = 93; 76%). The relatively small SHL group
showed an outcome of only 35% but did not reach significance
due to the small sample size. The PHL group had an outcome of
55%, and the large CHL group performed at 70% (Fig. SA).

The laterality of hearing loss was assessed for three different
groups, consisting of two small groups of unilateral (n = 4; 3%)
and asymmetric (n = 2; 2%) hearing loss and a very large group
with bilateral symmetric hearing loss (n = 117; 95%). The uni-
lateral group had an outcome of 0%, and the asymmetric group
achieved an outcome of 62.5%. The bilateral symmetric group
performed at 70%. None of the laterality groups reached sig-
nificance (Fig. 5A).

The sequence of implantation was evaluated for three dif-
ferent groups consisting of the first ear only (n = 64; 52%), the
second ear only (n = 34; 28%), and the simultaneous bilateral
implantation (n = 32; 26%) groups. The first ear only group had
an outcome of 60%, and the second ear only group had an out-
come of 62.5%, while the simultaneous bilateral implantation
group demonstrated a significantly (p < 0.05) better result of
80%, at the upper quartile (Fig. SA).



1476 TROPITZSCH ET AL./ EAR & HEARING, VOL. 44, NO. 6, 1464-1484

In summary, among the genetic factors, the outcome for the
neural-genetic group fell below the lower quartile into the lower
quarter related to “poor performance” or a “negative outcome.”
Also, the neural-genetic group was the only genetic group with
a significantly poorer result than all four other nonneural genetic
groups. In relation to nongenetic clinical factors, all other sig-
nificant median values for clinical parameters remained above
the value of the neural-genetic group.

When using 76 subjects instead of 123 ears as independent
items, the median WRS, dropped from 70% to 65%. As can be
expected for a reduction of the number of items, the p values
generally increased for most of the investigated comparisons.
For the neural-genetic group, the probability for a random result
increased from p = 0.014 to p = 0.091 and thus can be regarded
as a trend at p < 0.1; for the “age at implantation,” the favorable
factor “0 to 2 years” was reduced to p = 0.055, and thus can also
be regarded as a trend at p < 0.1; the nonfavorable factor “3 to
6 years” increased to p = 0.047 and thus reached significance;
in the “hearing loss onset” group, none of the three categories
reached a trend or significance; in the “delay” group, the favor-
able factor “<2 years” and the nonfavorable factor “>10 years”
did not reach a trend or significance. The favorable factor “3 to
5 years” became significant at p = 0.011. For the sequence of
implantation, the simultaneous implantation was reduced to a
trend with p = 0.091 (Supplemental Digital Content 5, http://
links.lww.com/EANDH/B161).

For further statistical investigation, we condensed the 30
detailed categories shown in Figure SA into 10 broader catego-
ries representing the significant outcome categories of the first
analysis, as shown in Figure SA. We investigated these with 123
ears as items entering the analysis. These 10 outcome categories
are represented in five putative factor groups that can assume
two values each. These five putative factor groups are desig-
nated as: (1) Gene expression: - neural versus other nonneural
genes; (2) age at implantation: 0 to 6 years of age versus >6
years; (3) onset of hearing loss: congenital versus noncongeni-
tal (pre/peri/postlingual); (4) implantation delay (gap): 0 to 5
versus >5 years; (5) sequence of implantation: simultaneous
bilateral implantation versus subsequent bilateral or monaural
only implantation. The median WRS  results for the five groups
relate to known or at least expected effects: the first outcome
category of each of the five groups (e.g., neural expression)
always corresponds to the expected nonfavorable category, the
second outcome category to the expected favorable category
(Fig. 5B; Supplemental Digital Content 5, http://links.lww.com/
EANDH/B161).

Welch-ANOVA treating these 10 factors as independent
variables resulted in 5 significant factors influencing variability,
namely “neural genetic,” age at implantation: >6 years, hearing
loss onset: noncongenital (pre/peri/postlingual), implantation
delay: >5 years, sequence of implantation: monaural or sub-
sequent bilateral implantation (but not simultaneous bilateral
implantation). These five categories all represented detrimental
factors leading to poorer performance and had highly signifi-
cant effects (p < 0.001), accounting for a total of 11.8% of the
observed variance. The single strongest category was neural
gene expression accounting for 3.1% of the variance. The other
expected nonfavorable categories contributed 2.3% for age at
implantation: >6 years, 2.3 % for hearing loss onset: noncongen-
ital (pre/peri/postlingual); 2.4% for delay of implantation: >5
years; 1.7% for the sequence of implantation: nonsimultaneous

bilateral or monaural (Supplemental Digital Content 5, http://
links.lww.com/EANDH/B161).

When repeating the Welch-ANOVA for the above-mentioned
reduced set of 10 categories with n = 76 subjects instead of n =
123 ears, almost the same set of factors contributed significantly
to the observed variance with similar numbers: 3.4% for neural
genetic; 2.2% for age at implantation: >6 years; 1.9% for hear-
ing loss onset: noncongenital; 2.3% for delay of implantation:
>5 years. However, for the sequence of implantation, simultane-
ous implantation explained 1.7% of the variance as a favorable
factor, whereas for n = 123 ears, nonsimultaneous implantation
explained 1.7% of the variance as an adverse factor. Altogether,
for the reduced number of items with n = 76 subjects instead of
n =123 ears, 11.5% of the variance was explained by a similar
set of factors (Supplemental Digital Content 5, http://links.lww.
com/EANDH/B161).

DISCUSSION

Phenotypic Characteristics of the Cohort

This study presents findings from a large German genetically
defined CI cohort from the regional population of southwest
Germany. As may be expected for a CI cohort, there was a shift
in the mean age toward almost a decade younger age (mean age:
35.7 years; year 2021) than the mean age of the regional popula-
tion of southwest Germany (mean age: 43.8 years; year 2020;
State Statistical Office Baden-Wiirttemberg 2021). This shift
is mainly based on a high proportion (more than one-fifth) of
pediatric probands (21.1%; 16 out of 76) in their first decade of
life, while the proportions of probands in the other age groups
in the following decades appear to be representative of the age
distribution of the general population (Fig. 1A). In a recent
study on a hereditary hearing loss cohort from our Hearing
Center that included 305 unrelated hearing-impaired probands/
families with a suspected hereditary hearing loss etiology, the
mean age (42.4 years; year 2018) was very close to the mean
age of the population in southwest Germany at the same refer-
ence date (mean age: 43.5 years; year 2018) (State Statistical
Office Baden-Wiirttemberg 2021), and the age distribution was
very similar to that of the regional population (Tropitzsch et al.
2022; includes n = 48 patients in the present study). However,
this represents the mean age of all 305 probands, including
those patients with a suspected hereditary hearing loss etiology
who remained without a genetically defined diagnosis.

Interestingly, in this hereditary hearing loss cohort, the cal-
culated mean age for the solved cases only (n = 75) was con-
siderably lower (mean age: 29.8 years; year 2018) than that of
the total cohort (mean age: 43.5; year 2018) (Tropitzsch et al.
2021, 2022). This shift toward a younger mean age is based on
a relatively high proportion (32%; n = 24 out of 75) of pedi-
atric probands in their first decade among the solved cases
(Tropitzsch et al. 2022), which is similar to the proportion in
the present study (21.1%; 16 out of 76). The diagnostic rate for
hereditary hearing loss is well established to be highly sensitive
to phenotypic characteristics (Sloan-Heggen et al. 2016). As
recently confirmed, single phenotypic characteristics, such as
autosomal-recessive inheritance, early hearing loss onset, and a
hearing loss grade of CHL, significantly elevate the diagnostic
rate up to 60% (Tropitzsch et al. 2022). These phenotypic char-
acteristics lead to a high diagnostic rate and select for younger
patients and CI candidacy. Thus, the relatively young mean age
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of the present genetic CI cohort is more likely related to the
phenotypic characteristics that increase the probability of a con-
firmed genetic diagnosis rather than the context of CI use.

The genetic component of the cohort is also reflected in the
distribution of hearing loss onset, with the majority of patients
presenting with an early hearing loss onset in the congenital
and pre/perilingual domains (<6 years) (63.2%; n = 48 out of
76) rather than with late hearing loss onset in the postlingual
domain (>6 years) (36.8%; n =28 out of 76) (Fig. 1B). This two-
to-one ratio of early versus late hearing loss onset was also seen
in another genetic CI cohort. In a Japanese genetic CI cohort of
84 probands with a confirmed genetic diagnosis, approximately
two-thirds had early hearing onset (65.5%; n = 55 out of 84),
and one-third had late hearing loss onset (34.5%; n = 29 out of
84) (Miyagawa et al. 2016). However, in other genetic CI stud-
ies, the relation between early and late-onset with a confirmed
genetic diagnosis is less well defined (Park et al. 2014, 2017) or
even shows an inverse ratio (Seligman et al. 2021).

As expected for a CI cohort, the preoperative hearing loss
grade for implanted ears (n = 123) was predominantly com-
plete hearing loss, which was present in three-quarters (76%;
n = 93) of the implanted ears at the time of implantation, while
the moderately severe to profound grades were present in only
one-quarter (24%; n = 30) of the implanted ears. This distribu-
tion of preoperative hearing loss grades is in accordance with
national guidelines (Dazert et al. 2020; Zahnert et al. 2020)
and international indication criteria (Papsin & Gordon 2007,
Carlson 2020). The age at implantation ranged from < 1 year
to octogenarians, which is similar to national and international
practice (Carlson et al. 2010, 2018; Dazert et al. 2020; Zahnert
et al. 2020).

The time delay between hearing loss onset and cochlear
implantation ranged from very short (<1 year) to very long
time-intervals (up to 7 decades). While the short delay group
(=2 years of time delay) had a significantly (p < 0.01) better
performance of 80% in the WRS, at the upper quartile, the
long delay group (>10 years of time delay) showed a significant
(p <0.05) decline, with an outcome of 55% in the WRS . This
outcome corresponds to the known poor speech perception
outcomes that occur due to relatively late timing of cochlear
implantation in relation to the onset of SHL in postlingual
adults (Dowell 2016). In children with an early (congenital,
pre/perilingual) hearing loss onset, this is even more critical
since early implantation after the onset of profound to com-
plete hearing loss may take advantage of the neuronal plasticity
inherent to critical time periods of auditory pathway develop-
ment (Sharma et al. 2002). Accordingly, the rate of speech
comprehension and expression was shown to depend on the
age of implantation, with more favorable outcomes in children
undergoing cochlear implantation before 18 months of age
(Niparko et al. 2010).

In the present study, the majority of cochlear implantations
for the first implanted ear occurred within the first decade after
hearing loss onset (52.6%; 50 out of 95), and relatively few
implantations for the second implanted ear occurred within that
first decade (14.3%; 4 out of 28). Interestingly, first implanted
ears performed at 60%, and second implanted ears at 67.5%
in the WRS, (Fig. 5A). Both categories showed no significant
difference from the median total performance at 70%. In this
context, it is important to note that the success of sequential
bilateral implantation performance for the second implanted ear

does not necessarily depend on a short interval between the first
and second ear implantations (Smulders et al. 2017).

Overall Performance of the Genetic CI Cohort

The overall median performance of all cochlear implanta-
tions (n = 123) for this genetic CI cohort was calculated at a
median of 70% for the WRS,,. For the pediatric and adoles-
cent patients (n = 42 implanted ears; n = 23 probands; age 6—17
years), the median WRS_ was noted at 80%, and for adult
patients (n = 81 implanted ears; n = 53 probands; age > 18
years), it was noted at 60%.

For pediatric and adolescent implanted ears, long-term
results (80% WRS,; at = 5 years after implantation) were
within the range of long-term outcomes in other German pedi-
atric CI cohorts (Lesinski-Schiedat et al. 2004, 2006; Illg et al.
2017; Dazert et al. 2020). For the adult cases, the performance
can be related to the largest German adult CI cohort to date (n
= 1005) from a single center (Hannover) that reached a mean
performance of 47.7% + 30.7% WRS, 1 year after implanta-
tion and then remained stable at a plateau over a period of 22
years (Lenarz et al. 2012). In the present genetic CI study, the
WRS,, of adult probands was also acquired at least 1 year after
implantation in the plateau phase for this speech test, allowing
for a comparison between the two cohorts. Another more recent
German adult multicenter CI cohort with clinically represen-
tative mixed etiologies using a single implant type reached a
mean WRS_ of 54.9+24.8% and a median of 55.0% (n = 147)
at 6 months postimplantation (Hey et al. 2020). The median of
60% for the WRS,; found in the present adult genetic CI cohort
is slightly (5%—10%) higher than the reported values of these
two reference studies. This finding correlates with the result of a
large international multicenter cohort showing that postlingual
CI probands with a genetic etiology (n = 232 out of 2251) col-
lectively performed significantly above the average of all etiolo-
gies (Blamey et al. 2013).

A comprehensive Japanese study compared the cochlear
implantation outcomes of patients with hearing loss due to a
nonsyndromic genetic etiology with those of patients with hear-
ing loss due to other etiologies. For early hearing loss onset (pre-
lingual), no statistically significant differences were observed
between the group with a defined nonsyndromic genetic hearing
loss etiology and the group with other hearing loss etiologies.
For late hearing loss onset (postlingual), no statistically signif-
icant differences were found between the group with defined
genetic hearing loss etiology and the group with other hearing
loss etiologies, but the group with defined genetic hearing loss
etiology tended to show better outcomes than the other etiology
group (Miyagawa et al. 2016).

In summary, a defined genetic hearing loss etiology may
lead to cochlear implantation outcomes at or above the aver-
age level of mixed hearing loss etiologies for both pediatric and
adult cohorts. Nevertheless, the general prognostic value based
on the evaluation of genetic factors as a contributing component
to cochlear implantation outcomes is limited. As demonstrated
in this study CI outcomes in a genetically defined background
range from very poor to excellent performance (median of
0%-97.5% for the WRS ). This wide range of results is due to
the complex and heterogeneous background of hereditary hear-
ing loss at both the molecular-genetic and clinical levels. To
address the variability question and to reach a better understand-
ing of the association between more specific genetic etiologies
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and cochlear implantation outcomes, a single gene performance
analysis appears to be appropriate as the next step.

CI Performance Ranking Based on Single Genes
Affected

The six most frequently affected genes covered one-half of
the diagnoses and involved the genes GJB2 (18%; 14 out of
76 probands), TMPRSS3 (8%; 6 out of 76 probands), MYO154
(7%; 5 out of 76 probands), SLC26A44, LOXHDI, and USH2A
(each 4%; 3 out of 76 probands). Much larger and possibly mul-
ticenter cohorts will have to be investigated to address a single
gene-based discussion in the remaining group of more rarely
affected genes.

In an American study involving 128 genetically defined
CI probands and 44 causative genes, the six most frequently
affected genes were GJB2 (16%), TMPRSS3 (10%), SLC26A44
(8%), MYO7A4 (7%), MT-RNRI (6%), and POU4F3 (5%),
which also covered one-half of the diagnoses (Seligman et al.
2021). Ethnicity is unlikely to account for the differences, as
non-Hispanic white participants represented 98% percent of
the American cohort (Seligman et al. 2021). Similarly, 86%
percent of the present cohort were of European ethnicity. In a
Japanese genetic CI cohort, the most frequently affected genes
were GJB2, CDH23, SLC26A4, OTOF, MYO7A, and TMPRSS3
in the pre- and postlingual domains (Miyagawa et al. 2016;
Nishio & Usami 2017; Usami et al. 2020). The genes GJB2,
TMPRSS3, and MYO15A4 were identified as the three most fre-
quently affected genes in the present German cohort, and GJB2
and TMPRSS3 overlapped as the most frequently affected genes
in the American (Seligman et al. 2021) and Japanese (Miyagawa
et al. 2016) cohorts. These three most frequently affected single
genes GJB2, TMPRSS3, and MYO15A4 were also representative
of the three large expression clusters of the present study. GJB2
was representative of the combined structural genes of the
Tectorial Membrane and Cochlear Duct cluster (eight genes;
37%, n = 45 implanted ears), TMPRSS3 of the Neural cluster
(eight genes; 19%, n = 23 implanted ears) and MYOI154 of the
Hair Cell cluster (12 genes; 42%, n =51 implanted ears).

In the present study, the most frequently affected gene, G/B2
(18%; 14 out of 76 probands or 21%; n =26 out of 123 implanted
ears), showed a median performance of 80% in the WRS.
The expression pattern for GJ/B2 was classified as a structural
gene in the cluster of the Cochlear Duct. GJB2 is the most fre-
quently affected hereditary hearing loss gene worldwide, with
a reported prevalence of 17.3% in the world, 27.1% in Europe,
and 14.1% in Germany (Chan & Chang 2014). Two recent
meta-analyses on G.JJB2-related pediatric cochlear implantation
outcomes showed a significantly better outcome for a GJB2
etiology than for acquired environmental etiologies. However,
GJB2 cochlear implantation outcomes were not significantly
better than those for other nonsyndromic hereditary hearing
loss (genetic diagnosis unknown and genetically defined) eti-
ologies in the absence of neurological deficits (Abdurehim et
al. 2017; Nishio & Usami 2017). The median of 80% for the
WRS,; in GJB2-related hearing loss in the present study is the
same as the 80% for the WRS_, for all pediatric genetic cases
and confirms an equivalent performance of GJB2 compared to
other genetic causes with a similar phenotypic background in
the present cohort. Correspondingly, a recent review also noted
that no report in the literature stated a poorer-than-average CI
outcome for GJB2 (Usami et al. 2020).

The second most frequently involved gene in the present
genetic CI cohort was the autosomal-recessive gene 7MPRSS3
(DFNB8/10) (8%; n = 6 out of 76 probands or 7%; n = 9 out of
123 implanted ears) in the Neural expression cluster. TMPRSS3
showed a median performance of only 30% in the WRS,
which is below the lower quartile of 45% and is designated as
“poor performance.” Consistent with other CI genetic studies
in a Japanese cohort (Miyagawa et al. 2016) and an American
cohort (Seligman et al. 2021) TMPRSS3 is one of the most fre-
quently affected genes. TMPRSS3 is known for its association
with a variable hearing loss onset related to two phenotypes
that are based on different types of mutations. These two phe-
notypes comprise a severe early hearing loss onset prelingual
type (DFNB10) and a milder late hearing loss onset postlin-
gual progressive type (DFNBS8) (Weegerink et al. 2011). There
were no pediatric patients with an early hearing loss onset in
whom TMPRSS3 was the affected gene in either the American
(Seligman et al. 2021) or our own cohort.

TMPRSS3 is a member of the type II transmembrane serine
protease family. The function of TMPRSS3 has been associated
with the activation of ENaC-mediated currents as a candidate
substrate in the inner ear (Guipponi et al. 2002) and the expres-
sion of Kcnmal potassium channel in the inner hair cells of
mice (Molina et al. 2013). In the human cochlea, we recently
localized the expression of TMPRSS3 in the cytoskeleton of
inner and outer pillar cells, Deiters cells and in subcuticular
organelles of outer hair cells, suggesting that TMPRSS3 prote-
olysis is linked to hair and supporting cell function in the organ
of Corti (Liu et al. 2018). Experimentally, in a mouse model
with the protein-truncating nonsense mutation Tmprss3¥2%X,
compromised gene function resulted in rapid early developmen-
tal hair cell loss starting at postnatal day 12, at hearing onset,
followed by late spiral ganglion degeneration at 4 months of
age (Fasquelle et al. 2011). This early progressive degeneration
pattern of hair cells observed in this mouse model is consistent
with the human progressive high-frequency hearing loss pheno-
type of DFNB8/10 (Weegerink et al. 2011) and its expression in
the human organ of Corti (Liu et al. 2018).

In the present study, the TMPRSS3 expression pattern was
classified in the Neural gene cluster, assuming its expres-
sion and functional relevance in the neural tissue components
of the cochlea. This classification is based on the expression
of Tmprss3 mRNA and protein in spiral ganglion neurons
(Guipponi et al. 2002, 2008; Nishio et al. 2015) and the obser-
vation of a late-onset loss of spiral ganglion neurons in the
Tmprss3¥*X mouse model (Fasquelle et al. 2011). Therefore,
it appears plausible that the observed poor CI performance is
related to a late loss of spiral ganglion neurons. However, CI
outcomes in TMPRSS3 patients are highly variable and include
favorable outcomes (Elbracht et al. 2007; Weegerink et al. 2011;
Eppsteiner et al. 2012; Miyagawa et al. 2013, 2015a, 2016;
Battelino et al. 2016; Shearer et al. 2017; Holder, Morrel, et
al. 2021). Interestingly, an electrocochleography study demon-
strated that auditory nerve neurophonic responses were reduced
in probands affected by pathogenic variants in TMPRSS3 com-
pared to those in probands with genetic variants affecting the
sensory part of the cochlea. These results imply that pathogenic
variants in TMPRSS3 impact the function of the spiral gan-
glion (Shearer et al. 2018). However, a recent study of a pedi-
atric case series showed more favorable cochlear implantation
outcomes (Holder et al. 2021) than the reported adult cochlear
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implantation outcomes (Eppsteiner et al. 2012; Shearer et al.
2017), including the present study. This suggests that cochlear
implantation outcomes in 7MPRSS3 may be age-sensitive
(Holder et al. 2021). Furthermore, two recent reports compiled
the results of published CI cases of patients with pathogenic
TMPRSS3 variants and described “positive outcomes” (Moon et
al. 2021) or “favorable outcomes” (Chen et al. 2022). An analy-
sis of Tmprss3/TMPRSS3 in mouse/human cochlear specimens
revealed a limited expression in spiral ganglion neurons. This
finding questioned the functional relevance of spiral ganglion
expression of TMPRSS3 in the context of cochlear implantation
and raised the argument that duration of deafness appeared as a
key factor predictive of poor performance in TMPRSS3 cases in
the literature (Chen et al. 2022).

Other genes classified in the Neural cluster, such as SOX10
and PAX3, demonstrated excellent performance. SOX10 and PAX3
are associated with Waardenburg syndrome, and a recent review
described that in most cases, CI outcomes are similar to those for
nonsyndromic hearing loss patients (Nishio & Usami 2017).

The third most frequently affected gene in this genetic CI
cohort was MYO154 (DFNB3) (7%; 5 out of 76 probands or
7%; 8 out of 123 implanted ears) in the Hair Cell expression
cluster. MYO154 showed a median performance of 77.5% in
the WRS,,, which is close to the upper quartile of 80% of the
total cohort and higher than the median performance for the
Hair Cell cluster of 70%. MYO15A4 was among the second most
frequently affected genes (5%) in our previous genetic cohort
(Tropitzsch et al. 2022), which is in line with similar propor-
tions in the results of a Dutch genetic hearing loss cohort (5.9%)
(Zazo Seco et al. 2017) and a large Towa genetic hearing loss
cohort (4.8%) (Sloan-Heggen et al. 2016). MYO154 was also
represented in the pediatric segment of the Japanese genetic CI
cohort (3%) (Miyagawa et al. 2016) and the American genetic
CI cohort (8%) (Seligman et al. 2021) as expected for an auto-
somal-recessive gene and early hearing loss onset (Usami &
Nishio 2021). Previous reports on cochlear implantation out-
comes in probands affected by pathogenic variants in MYO154
showed similar favorable outcomes (Miyagawa et al. 2013,
2015b; Shearer et al. 2017). The “good outcome” (upper middle
quarter) for MYOI154 is representative of the Hair Cell expres-
sion cluster although single genes in the same cluster such as
CDH?23 and LOXHD1 have shown poor outcomes. Other reports
in the literature describe “favorable” outcomes for both CDH23
(Usami et al. 2012) and LOXHD1 (Eppsteiner et al. 2012).

CI Performance Comparing Neural and Nonneural
Clusters

Based on the assumptions of the “spiral ganglion hypothesis,
mutations in genes that primarily affect cochlear sensory tissue
elements and synapses are associated with good cochlear implan-
tation outcomes since Cls bypass these structures and do not
depend on their functional status. However, mutations in genes
that primarily or in addition to the sensory partition affect the spi-
ral ganglion and/or the auditory nerve show poor CI performance,
since the electrical signal of the CI cannot be received or trans-
formed into neural activity (Eppsteiner et al. 2012; Shearer et al.
2017; Shearer & Hansen 2019). In the present cohort, the combi-
nation of single genes in five cochlear expression clusters allowed
a comprehensive comparison. This comparison revealed surpris-
ingly uniform median outcomes of 70% to 80% for the WRS for
all four nonneural clusters (Hair cells, Tectorial Membrane and

>

Cochlear Duct, Stria Vascularis, and Mitochondria) at or near the
upper quartile of 80% of the total cohort. In a surprisingly large
divergence, the Neural cluster performing at the lower quartile of
45% of the total cohort strongly supported the “spiral ganglion
hypothesis.” However, the distribution of outcomes in the Neural
cluster is very broad and ranges from 0% to 100% for individual
implanted ears. The two genes PAX3 and SOX10 that contributed
22% (n =5 out of 23) to the Neural cluster demonstrated “excel-
lent performance” of 90% to 95%.

It is important to note that the lesion sites of the “ANSD”
are not equivalent to the spiral ganglion and auditory nerve but
are defined by objective audiological measures that distinguish
sensory hearing loss from four different entities of synaptic
and neural hearing loss under the ANSD definition (Rance et
al. 2015). In detail, the diagnostic criteria for ANSDs allow
to differentiate ANSDs according to the site of the lesion into
(1) presynaptic disorders affecting inner hair cells and ribbon
synapses; (2) postsynaptic disorders affecting unmyelinated
auditory nerve dendrites; (3) postsynaptic disorders affecting
auditory spiral ganglion cells and their myelinated axons and
dendrites; and (4) central neural pathway disorders affecting the
auditory brainstem (Rance & Starr 2015). While the anatomical
structures of the sites in categories (1) and (2) are bypassed by
the ClI, the sites in categories (3) and (4) are relevant to the opti-
mal function of a CI and may have implications for preoperative
counseling on treatment expectations (Shearer & Hansen 2019).

Genetic variants of genes expressed in the relevant neural
domain of the peripheral auditory pathway in categories (3) and
(4) of ANSD have been demonstrated to significantly affect adult
cochlear implantation outcomes (Shearer et al. 2017)—in the fol-
lowing termed the “Iowa cohort.” This result was based on the
identification of causative mutations leading to a genetic diagnosis
in the seven genes OPA1, DIAPH3, DFNBS59, AIFM1, TBC1D24,
MT-RNRI, or TMPRSS3 associated with a spiral ganglion type
auditory neuropathy or spiral ganglion expression (Nishio et al.
2015; Moser & Starr 2016). In addition, variants in the same
seven genes predicted to be deleterious by combined annotation-
dependent depletion score analysis (Kircher et al. 2014) were
classified as a neural-genetic etiology. In the study of the “lowa
cohort” (Shearer et al. 2017), the total genetic diagnostic rate was
17% (27 of 155 patients). When re-analyzing their data by the
same statistical approach used in the present study (for details, see
Supplemental Digital Content 5, http://links.lww.com/EANDH/
B161) (Shearer et al. 2017) we identified three significant factors
in their study [bilateral sudden sensorineural hearing loss (favor-
able), sensory genetic (favorable), and SSD (nonfavorable)] that
accounted for 11.6% of the variance. The pathogenic “genetic
load” in spiral ganglion cells of the “neural-genetic” in their data
accounted for 1.4% (p = 0.146) of the total variance but was not
significant.

In the present study, 23 of 123 implanted ears contrib-
uted to the “Neural cluster” of the cohort, and all were based
on a definitive genetic diagnosis that excludes diagnostic
uncertainty based on combined annotation-dependent deple-
tion score analysis. According to the ANOVA analysis of our
data (Supplemental Digital Content 5, http://links.lww.com/
EANDH/B161), we identified five significant factors including
a nonfavorable neural genetic etiology and demographic factors
that added to 11.8% of the observed variance. Thus, the analysis
explained almost the same percentage of variance as did the
significant factors in the data of Shearer et al. (2017) (11.6%).
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Importantly, in the present study, the neural-genetic eti-
ology turned out to be a significant factor and also the larg-
est factor, accounting for 3.1% (p < 0.001) of the variance.
However, if we combine both genetic categories, that is, take
the nonsignificant nonneural genes category (p = 0.10; vari-
ance: 0.4%) into account, the explained variance sums up to
3.5%, whereas in the Iowa cohort, both, the nonsignificant
neural-genetic (see above) and the significant sensory-genetic
category (p = 0.022; variance: 3.5%) summed up to 4.9% for
genetic etiologies. One potential reason for the observed dif-
ference might be related to the inclusion of a different set of
genes assigned to the analyses of both studies (Supplemental
Digital Content 5, http://links.lww.com/EANDH/B161). As
shown in Figure 4, the neural-genetic category of the present
study included five ears related to two genes (PAX3, SOX10)
with surprisingly good performance. These two genes were
not included in the neural-genetic group of the Towa cohort
(Shearer et al. 2017).

Study Limitations

Although this retrospective study is based on one of the
largest CI cohorts with a defined genetic diagnosis, the number
of ears and subjects is still rather low in relation to the high
number of 30 investigated parameters in the statistical analysis.
When using 76 subjects instead of 123 ears as items entering
the statistical analysis, the significance of all seven significant
parameters vanished, but three of these factors remained at
least at a trend of p < 0.01. On the other hand, two new favor-
able factors gained significance. When inspecting the distribu-
tions, it appears to be plausible that the reason for this shift in
outcome is partly due to the group of unilateral implantations
which comprises four cases of 0% WRS,,, which now gain
weight when reducing the dataset from 123 items to 76 items.
This also contributed to the reduction of the median WRS,
from 70% to 65%. The results for the condensed analysis on
a reduced number of 10 broader categories remained more
robust, when reducing the number of items from 123 ears to 76
subjects. Almost the same amount of variance is explained by
five factors. In only one factor group, namely the sequence of
implantation, the significant contributing factor switched from
the nonfavorable factor “unilateral and sequential implantation
(1 and 2 ears)” to the favorable factor “simultaneous implan-
tation,” putatively due to the reduction in the median WRS.
Noteworthy, the neural-genetic group remained the strongest
factor with 3.4% (instead of 3.1% for the 123 ears) of the
explained variance.

Whether the analysis should be based on ears or subjects
as items is debatable: The genetic groups (i.e., for genetic fac-
tors/mode of inheritance) may inflict the same influence on
both ears within the same subject. This implies that subjects
should be used as items in a CI genetic study. However, even
for a defined genetic diagnosis, the hearing status may vary sig-
nificantly between both ears and exhibit phenotypes of AHL or
SSD (Tropitzsch et al. 2022). Furthermore, many other clinical
factor groups (i.e., for hearing loss onset, delay of implanta-
tion, laterality, implantation sequence) may vary significantly
between both ears within the same subject. This implies that
individual ears should be treated as separate items.

Another limitation of this study is that the relationship
between CI processor use time and CI performance was not
included in the CI variance analysis. CI processor use time is an

important clinical factor for communication skills in children
(Busch et al. 2020; Wiseman et al. 2021) and speech recogni-
tion in adults (Schvartz-Leyzac et al. 2019; Holder et al. 2021a).
Due to the very long inclusion period for cochlear implantations
over the course of 25 years between 1997 and 2021 CI data log-
ging information was not available for a large proportion of the
probands.

Nevertheless, compared to previously identified clinical fac-
tors (Lazard et al. 2012; Blamey et al. 2013) and clinical param-
eters included in the present study, neural-genetic factors are
confirmed as a significant and substantial predictive factor for
cochlear implantation outcome (Shearer et al. 2017; Shearer &
Hansen 2019).

CONCLUSION

Despite the complex interaction between genotype and
clinical phenotype the relationship of molecular genetic diag-
noses and cochlear implantation outcomes in a large German
cohort of CI recipients revealed significant variabilities. Poor
performance was observed with genetic mutations that affected
the neural components of the cochlea, supporting the “spiral
ganglion hypothesis.” Neural genetic factors accounted for
3.1% of the total variance and represented a significant and the
single largest factor within the total of the observed variance
of 11.8% including other significant demographic and clinical
factors. Future extension of cohort size may allow addressing
CI outcomes at the single gene and possibly variant level.
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