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Objectives: Hereditary hearing loss exhibits high degrees of genetic
and clinical heterogeneity. To elucidate the population-specific and age-
related genetic and clinical spectra of hereditary hearing loss, we investi-
gated the sequencing data of causally associated hearing loss genes in a
large cohort of hearing-impaired probands with a balanced age distribu-
tion from a single center in Southwest Germany.

Design: Genetic testing was applied to 305 hearing-impaired probands/
families with a suspected genetic hearing loss etiology and a balanced age
distribution over a period of 8 years (2011-2018). These individuals were
representative of the regional population according to age and sex distri-
butions. The genetic testing workflow consisted of single-gene screening
(n = 21) and custom-designed hearing loss gene panel sequencing (n =
284) targeting known nonsyndromic and syndromic hearing loss genes
in a diagnostic setup. Retrospective reanalysis of sequencing data was
conducted by applying the current American College of Medical Genetics
and Genomics/Association for Molecular Pathology guidelines.

Results: A genetic diagnosis was established for 75 (25%) of the probands
that involved 75 causal variants in 35 genes, including 16 novel causal
variants and 9 medically significant variant reclassifications. Nearly half
of the solved cases (47%; n = 35) were related to variants in the five most
frequently affected genes: GJBZ (25%), MYO15A, WFS1, SLC26A4, and
COL11A7 (all 5%). Nearly one-quarter of the cases (23%; n = 17) were
associated with variants in seven additional genes (TMPRSS3, COL4A3,
LOXHD1, EDNRB, MY06, TECTA, and USHZ2A). The remaining one-third
of single cases (33%; n = 25) were linked to variants in 25 distinct genes.
Diagnostic rates and gene distribution were highly dependent on phe-
notypic characteristics. A positive family history of autosomal-recessive
inheritance in combination with early onset and higher grades of hearing
loss significantly increased the solve rate up to 60%, while late onset
and lower grades of hearing loss yielded significantly fewer diagnoses.
Regarding genetic diagnoses, autosomal-dominant genes accounted for
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37%, autosomal-recessive genes for 60%, and X-linked genes for 3% of
the solved cases. Syndromic/nonsyndromic hearing loss mimic genes
were affected in 27% of the genetic diagnoses.

Conclusions: The genetic epidemiology of the largest German cohort
subjected to comprehensive targeted sequencing for hereditary hearing
loss to date revealed broad causal gene and variant spectra in this popula-
tion. Targeted hearing loss gene panel analysis proved to be an effective
tool for ensuring an appropriate diagnostic yield in a routine clinical set-
ting including the identification of novel variants and medically significant
reclassifications. Solve rates were highly sensitive to phenotypic charac-
teristics. The unique population-adapted and balanced age distribution of
the cohort favoring late hearing loss onset uncovered a markedly large
contribution of autosomal-dominant genes to the diagnoses which may
be a representative for other age balanced cohorts in other populations.

Key words: Deafness, Gene panel diagnostics, Genetic epidemiology of
German hearing loss patients, Hearing loss genetic diagnostics, Hereditary
hearing loss, Syndromic/nonsyndromic hearing loss mimic genes.
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INTRODUCTION

Hearing loss is the most prevalent sensory disorder, nega-
tively affecting communication, social interaction, and quality
of life, and worldwide is the third leading cause of disability
(Cunningham & Tucci 2017; World Health Organization 2018;
GBD Hearing Loss Collaborators 2021). A commonly cited
figure of the World Health Organization (WHO) is that 6.1%
of the world’s population (466 million people) are affected by
disabling hearing loss, defined as hearing impairment above 40
dB HL (for adults =15 years of age) and 30 dB HL (for children
from birth to 14 years of age) in the better ear (World Health
Organization 2018; Olusanya et al. 2019b). However, the defi-
nition of disabling hearing loss excludes the clinically signifi-
cant entities of all unilateral (<20 dB HL in the better ear; 235
dB HL in the worse ear) and mild (20-34.9 dB HL) bilateral
hearing impairment (Global Burden of Disease Hearing Loss
Expert Group et al. 2013; Olusanya et al. 2019a). Accounting
for unilateral and mild bilateral hearing loss as suggested by
the Global Burden of Disease (GBD) Hearing Loss Expert
Group, the global hearing loss prevalence is much higher and
was projected to be 18.7% of the world’s population (1.4 billion
people) in 2015 (GBD 2015 Disease and Injury Incidence and
Prevalence Collaborators 2016; Tucci et al. 2017; Wilson et al.
2017; James et al. 2018; Olusanya et al. 2019b). Four years later
and according to the current figures of the GBD 2019 Hearing
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Loss Collaborators and the WHO World Report on Hearing,
20.3% (1.57 billion people) of the world’s population or “1 in 5”
had mild to complete (=20 dB HL) hearing loss in 2019 (GBD
Hearing Loss Collaborators 2021; Wilson & Tucci 2021; World
Health Organization 2021).

In Germany, the prevalence of hearing loss, including mild
hearing loss, in the adult population has been estimated to be
15.5% according to WHO criteria (von Gablenz et al. 2020).
This prevalence is slightly lower than that reported in other
European and U.S. studies with similar dates of completion and
applied parameters (von Gablenz et al. 2017). Recent meta-
analyses have shown a hearing loss prevalence of 16% to 25%
for adults (Lohler ef al. 2019) and 1% to 4% for children and
adolescents (Schmucker et al. 2019) in Germany.

Hereditary hearing loss accounts for the major portion of hear-
ing loss throughout all age groups. It is classified according to
clinical phenotype, including the pattern of inheritance, distinc-
tive physical examination results, and audiologic features that
may suggest nonsyndromic or syndromic types of hearing loss, as
well as according to the genotype determined by causal variants
in hearing loss-associated genes. Hereditary hearing loss exhibits
a variable age of onset, grade, and progression depending on the
underlying genes and variants involved. However, even in patients
with identical genotypes, hereditary hearing loss may exhibit
broad heterogeneity of the clinical phenotype. It is assumed that
hereditary hearing loss follows an autosomal-recessive mode of
inheritance in 80% of cases, with 19% following an autosomal-
dominant and 1% an X-linked mode of inheritance (Shearer et al.
2017). In congenital hearing loss onset, a genetic background
accounts for up to 80% of cases (Korver et al. 2017; Shearer et al.
2017). In childhood onset, genetic causes account for 60% of hear-
ing loss cases in developed countries (Morton & Nance 2006).
Hereditary hearing loss appearing in childhood, adolescence, and
early and middle adulthood is mainly determined by monogenic
factors with complete penetrance of causative genetic variants in a
single gene. However, during adulthood, hearing loss increasingly
develops from the multifactorial interaction of environmental and
polygenic factors in more than one gene that shape a complex
disease situation, especially for age-related hearing loss in late
adulthood (Vuckovic et al. 2018). Nevertheless, the contribution
of genetic factors even in age-related hearing loss persists at an
estimated rate of 50%, and this also includes monogenic forms
(Boucher et al. 2020; Van Eyken et al. 2007a,b).

Presently, 123 genes are known to be associated with non-
syndromic hearing loss (NSHL) (Azaiez et al. 2018; Van Camp
& Smith 2021) and over 600 recognized hereditary syndromes
include hearing loss as part of the clinical synopsis (Parker &
Bitner-Glindzicz 2015). In many of these syndromes, hearing
loss is the first clinical symptom, which has led to their desig-
nation of affected genes as NSHL mimics (Sloan-Heggen et al.
2016; Shearer et al. 2019). Widespread genetic testing for hearing
loss was initiated more than two decades ago after the discovery
of GJB2 as the first autosomal-recessive hearing loss-associated
gene (Kelsell ef al. 1997). In the 2000s, single-gene screening
for GJB2 became the most frequent genetic test for hearing loss
owing to the substantial genetic load of causal G.JJB2 variants in
several populations worldwide and the relative ease of sequenc-
ing GJB2, a small, single-exon gene (Smith et al. 2005; Snoeckx
et al. 2005). Technologically, for more than a decade, genetic test-
ing remained constrained to targeted single-gene Sanger sequenc-
ing with a relatively low diagnostic yield. The discovery of more

than 40 new hearing loss-associated genes over the course of
the 2000s led to continuous growth in the genetic heterogeneity
available for diagnostic evaluation. This growth led to a diagnos-
tic predicament of how to choose the next single causative gene
after GJB2 was ruled out (Hilgert ez al. 2009).

Completion of the Human Genome Project in 2003 (Collins
et al. 2003) and the advent of next-generation sequencing (NGS)
(Tucker et al. 2009) represented great leaps forward in genetic
testing. This technical progress eliminated the single-gene road-
block and enabled the development of targeted hearing loss gene
panels, which were first described and introduced to the clinic in
2010 (Shearer et al. 2010). Targeted hearing loss panels includ-
ing a substantial number of or possibly all known hearing loss
genes quickly became established as the new standard of care
(Shearer & Smith 2012; Alford et al. 2014; Shearer & Smith
2015). Genetic hearing loss panels are now offered by multiple
laboratories in many countries, as outlined in the NIH genetic
testing registry (Rubinstein e al. 2013). Since NGS has also sig-
nificantly facilitated novel gene discovery, the number of hear-
ing loss genes has continuously expanded, entailing the repeated
addition of novel genes to updated versions of targeted hearing
loss panels. Over the last decade, the number of validated genes
available for clinical diagnostics has tripled, with more than 200
known genes currently used in routine clinical genetic testing in
some centers (Rubinstein e al. 2013; Thorpe & Smith 2020).

Hearing loss gene panels have a proven cost-effectiveness
and high diagnostic yield of up to 40% across all ages, hear-
ing loss grades and ethnicities (Sloan-Heggen et al. 2016).
Depending on the number and selection of genes included,
phenotypic characteristics, the ethnic background of the patient
population studied, and the variant interpretation rules applied,
a wide range of diagnostic yields has been uncovered (Shearer
et al. 2019; Vona et al. 2019). To date, for the German popula-
tion, only a small-scale report including 30 probands describing
the diagnostic yield of gene panel sequencing based on 80 or
129 genes in two different panel versions has been published
(Vona et al. 2014). Based on this small cohort, reliable insight
into the molecular genetic epidemiology of German patients is
not feasible. Another multicenter study including 131 Western
European probands with presumed autosomal-recessive NSHL
from two centers in Belgium and Germany estimated that
combined prescreening for GJB2 followed by targeted panel
sequencing using a panel of 79 genes would result in a projected
genetic diagnosis in a total of 25% to 30% of analyzed patients
and a 10% increase in sensitivity over that of GJB2 testing alone
(Sommen et al. 2016). Here, we report on a combined targeted
sequencing approach applied to 305 patients recruited between
2011 and 2018 at a single center (Hearing Center; Department of
Otolaryngology—Head & Neck Surgery, Tiibingen, Germany)
that resulted in genetic diagnosis in 25% of the patients accord-
ing to the current American College of Medical Genetics and
Genomics/Association for Molecular Pathology (ACMG/AMP)
guideline criteria and hearing loss expert panel (HL-EP) speci-
fications (Richards et al. 2015; Oza et al. 2018).

MATERIALS AND METHODS

Patient Recruitment

This retrospective study was approved by the Ethics
Committee at the University of Tiibingen (Institutional Review
Board; IRB). Written informed consent was obtained from
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patients or, in the case of minors, from their legal guardians. The
patients included in this study had been sequentially enrolled
in genetic diagnostic testing over the course of eight years
(2011-2018) without phenotype restriction, including all ages.
Only one proband is represented for each family. Relatives of
patients were not included in this analysis, except for segrega-
tion, as stated. Otherwise, no exclusions were made. Phenotypic
data, family history, and ethnicity were recorded. Ethnicity was
assigned by geographic descent according to the United Nations
“Standard Country or Area Codes for Statistical Use” origi-
nally published as Series M, No. 49 (M49 standard) (Statistics
Division United Nations 2021). The involved area codes were
Western European (M49 code 155), Eastern European (M49
code 151), Southern European (M49 code 039), Western Asian
(M49 code 145), and Southern Asian (M49 code 034).

Statistical Analysis

Clinical and audiologic phenotypic data were recorded for all
probands of the cohort. Diagnostic rates for specific phenotypic
features (inheritance, hearing loss age of onset, hearing loss grade,
laterality, and ethnicity) were compared for a specific group to
all other members of the cohort using Fisher’s exact test (levels
of significance: p < 0.05; p < 0.005). Data were compiled using
Microsoft Excel and analyzed using IBM SPSS Statistics V24.

Testing Workflow

Genomic DNA extracted from EDTA-treated blood (3—5mL)
was isolated according to the manufacturers’ recommendations by
using either a QIAamp DNA Blood Maxi Kit or a QIAsymphony
instrument (Qiagen, Hilden, Germany) for all sequencing. DNA
quantity and quality were determined using both a Qubit fluo-
rometer and a NanoDrop ND-8000 (Thermo Fisher Scientific,
Dreieich, Germany). Genetic testing was applied to a total of 305
hearing-impaired individuals/families with a suspected genetic
hearing loss etiology. Inheritance patterns were based on fam-
ily history. The genetic testing workflow consisted of single-gene
screening (n = 21) and custom-designed hearing loss gene panel
sequencing (n = 284) targeting known nonsyndromic and syn-
dromic hearing loss genes for a total of 305 probands.

Single-gene Screening

Depending on the clinical phenotype, selected single-gene
analysis by Sanger sequencing was performed for the genes
GJB2 (n=18), GJB3 (n=3), GJB6 (n = 3), OTOF (n= 1), and
SLC26A44 (n =2) in 21 patients. Single-gene analysis was used
as a screening tool at the beginning of the study (2011-2016),
followed by targeted gene panel analysis in unsolved cases.
After July 2016, the single-gene sequencing step was omitted,
and genetic analysis directly proceeded to comprehensive gene
panel sequencing including all genes previously employed in
the single-gene screening.

Targeted Gene Panel Design, Sequencing,
and Bioinformatic Analysis

Targeted sequencing of genes known to be associated with
nonsyndromic and syndromic hearing loss was performed in
284 patients with five panel versions over a period of eight
years (see Table in Supplemental Digital Content 1, http:/
links.lww.com/EANDH/A958, which shows the gene content

included in each panel version, and Table in Supplemental
Digital Content 2, http://links.lww.com/EANDH/A959, which
shows all gene transcripts used for gene panel design). These
hearing loss panels were sequentially numbered version 1
(n = 2 tested patients), version 2 (n = 100), version 3 (n = 44),
version 4 (n = 127), and version 5 (n = 11). The versions of
the hearing loss panel evolved in cooperation with the Center
for Genomics and Transcriptomics (CeGaT) GmbH, Tiibingen,
Germany, and were expanded over an 8-year period from 2011
to 2018, with an increasing total number of hearing loss genes
in each version. Version 1 (October 2011-April 2012) covered
71 genes, version 2 (May 2012—May 2013) 95 genes, version 3
(June 2013—November 2014) 110 genes, version 4 (December
2014-September 2017) 164 genes, and Version 5 (October
2017-2018) 179 genes.

Library preparation targeting the coding and flanking
intronic sequences was performed using an Agilent in-solu-
tion target enrichment procedure. Libraries were sequenced
using the SOLiD 5500x1 System (n = 95; Applied Biosystems,
Thermo Fisher Scientific, Waltham, MA/Life Technologies,
Grand Island, NY) or the Illumina HiSeq 2500 (n = 155), HiSeq
4000 (n = 16), or NovaSeq 6000 (n = 18) system (Illumina, San
Diego, CA). The enrichment kit and method used were estab-
lished, validated, and provided by CeGaT GmbH. CeGaT is
accredited by the German Accreditation Body (DAkkS) accord-
ing to DIN EN ISO 15189:2014, by the College of American
Pathologists and is CLIA certified as previously described
(Weisschuh et al. 2020).

The 2 x 75 base pair (bp) reads produced by the SOLiD
5500x1 platform were analyzed using LifeScope software ver-
sion 2.1 or 2.5 (Life Technologies). Reads were mapped to the
human reference genome (hgl9) with a BLAST-like mapping
algorithm using color codes. Single-nucleotide variants and
small insertions/deletions (indels) were called with a frequentist
algorithm at high-coverage positions or with a Bayesian algo-
rithm. Sequencing reads generated by the Illumina platforms
were demultiplexed using [llumina CASAVA (1.8.2) (Illumina).
Adapter sequences were removed with Skewer 0.1.116, and the
trimmed reads were mapped to the human reference genome
(hg19) using Burrows—Wheeler Aligner (BWA-mem 0.7.2)
(Li & Durbin 2010). Reads mapping to more than one loca-
tion with identical mapping scores were discarded (internal
software). Read duplicates resulting from PCR amplification
were removed (SAMtools 0.1.18). Variants were called using
SAMtools and VarScan (2.3.3) (http://dkoboldt.github.io/
varscan). Technical artifacts were removed (custom-made soft-
ware), and the remaining variants were annotated based on
several internal and external databases. Since November 2012
(during version 2), copy number variations (CNVs) have been
computed using an in-house-developed method (by CeGaT)
based on sequence coverage depth as previously described
(Dohrn et al. 2017). All analyzed panel genes were part of the
CNYV analysis, with the exception of STRC in panel version
3 (see Table in Supplemental Digital Content 1, http://links.
Ilww.com/EANDH/A958). Starting with gene panel version
3 (June 2013), screening included known deep intronic vari-
ants in genes such as USH24, CDH23 and CLRNI. Version 3
(June 2013—November 2014) and version 4 (December 2014—
September 2017) contained: USH2A4, rs1421396656; CDH?23,
rs1183500485; version 5 (October 2017-2018): USH24, 8
intronic positions; CDH23, rs1183500485 and rs367928692.
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The current version 6 (since January 2021) includes deep
intronic variants for USH2A: 26 intronic positions, CDH23:
rs1183500485, 15367928692 and CLRNI: 15924764326,
rs373838930, and rs36798692.

Variant Filtering and Classification

Only variants (single-nucleotide variants/small indels) in the
coding and flanking intronic regions (8bp) with a minor allele
frequency (MAF) <1.5% were evaluated using prediction tools to
predict the effects of single-nucleotide variants or small indels on
splicing within this splice region. Known pathogenic deep intronic
variants and known disease-causing variants (according to a
licensed version of the Human Gene Mutation Database (HGMD),
HGMD Professional version 2020.4) located within +30bp of
flanking intronic regions and having MAFs of up to 5% were also
evaluated. MAFs were taken from the following databases: 1000
Genomes, dbSNP, Exome Variant Server, EXAC, gnomAD, and
an in-house database. At least one causative or rare variant was
resequenced using conventional Sanger sequencing, providing a
second, independent confirmation of the variant and confirming
that the NGS data and stock DNA matched. Depending on the
quality of the NGS data, causative variants were validated using
Sanger sequencing. Individual medical reports for all patients con-
tained all variants with an MAF <1% (in genes associated with
an autosomal-recessive mode of inheritance) or <0.1% (in genes
associated with an autosomal-dominant mode of inheritance)
and excluded variants classified as likely benign (LB) or benign
(B) according to the current literature at the time of sequencing.

A retrospective reanalysis of all sequencing data was con-
ducted uniformly, applying current knowledge and criteria.
In silico prediction of variants was performed based on the out-
put of the programs MutationTaster2 (Adzhubei et al. 2010),
PolyPhen-2, SIFT (Kumar et al. 2009) assisted by Alamut
(Interactive Biosoftware; SOPHiA GENETICS, Rouen,
France). To assess the effects of variants on splicing, multiple
tools were used (Jian et al. 2014) and were complemented with
additional in silico predictions in NetGene2 (Brunak et al.
1991; Hebsgaard et al. 1996) and Fruitfly (Celniker et al. 2002).

Public archives of interpretations, namely, an archive of clini-
cally relevant variants (ClinVar) (Harrison et al. 2016; Landrum
et al. 2016, 2020), the Genome Aggregation Database (gno-
mAD) (Karczewski et al. 2020), the Deafness Variation Database
(DVD) (Shearer et al. 2014a; Azaiez et al. 2018) and a licensed
version of the HGMD (HGMD Professional, version 2020.4)
(Stenson et al. 2020), were used to assist in variant prioritization
and reanalysis of all data sets based on current versions.

Based on this reanalysis, variants were classified according
to ACMG/AMP guidelines for genetic hearing loss (Richards et
al. 2015; Oza et al. 2018) assisted by the public version of The
Human Genomic Variant Search Engine (VarSome) (Kopanos
et al. 2019). According to these recommendations, variants
reported in this study were categorized as follows: pathogenic
(P), likely pathogenic (LP), variants of uncertain significance
(VUSs), LB, and B.

While the original diagnostic reports written by “Praxis
fiir Humangenetik” addressed to the referring physician used
a different grading system, the following criteria were applied
to reach a genetic diagnosis to qualify as a “solved” case as
described previously (Weisschuh et al. 2020): (1) one het-
erozygous variant classified as “P” or “LP” was detected in a
gene categorized for autosomal-dominant hearing loss; (2) a

hemizygous variant classified as “P” or “LP” was found in a
gene categorized for X-linked hearing loss; (3) two variants
(suspected or shown to lie on separate alleles) classified as “P”
or “LP” were identified in a gene categorized to cause autoso-
mal-recessive hearing loss. Detection of a single “P” or “LP”
allele in a gene associated with autosomal recessive disease
either alone or in combination with a “VUS” variant was classi-
fied as an “unsolved” case.

RESULTS

Patient Cohort Summary and Audiologic
Characterization

The patient recruitment area of the Hearing Center Tiibingen
is geographically located in the center of Southwest Germany
(State of Baden-Wiirttemberg; BW). In the study, 305 unrelated
hearing-impaired probands well-balanced across all age groups
(mean age; X £ SD: 42.4 + 23.6; year 2018) were included
(Fig. 1A; Table 1; see Table in Supplemental Digital Content
3, http://links.lww.com/EANDH/A960). The mean age of the
cohort was close to the mean age of the population in Southwest
Germany on the same reference date (mean age: 43.5; year
2018) (State Statistical Office Baden-Wiirttemberg 2021).
The age structure of the cohort shows that probands were evenly
distributed across all age groups (=11%/decade), with a peak in
the sixth decade and a decline thereafter. Similar to mean age,
the age structure of the cohort is highly representative of the age
distribution in the general population of Southwest Germany
(State Statistical Office Baden-Wiirttemberg 2021) (Fig. 1A).
The cohort comprised 149 males (48.9%; state of BW: 49.7%,
year 2018) and 156 females (51.1%; state of BW: 50.3%,
year 2018), also a representative of the gender distribution in
the population of Southwest Germany (State Statistical Office
Baden-Wiirttemberg 2021) (Table 1; see Table in Supplemental
Digital Content 3, http://links.lww.com/EANDH/A960).

Similar to the balanced age distribution, phases of hearing
loss onset from congenital onset to late adult onset in the sev-
enth decade were disseminated over all age groups in the cohort.
The phases of congenital, prelingual and perilingual hearing loss
onset are defined until 6 years of age (age < 6 years; early onset),
representing a critical developmental time period that is essen-
tial for auditory plasticity (Sharma et al. 2002) and the acquisi-
tion of language and music perception capabilities (Fuller et al.
2013, 2019). Postlingual hearing loss onset is defined as starting
after this time period (age > 6 years; late onset). Pre/perilingual
hearing loss, including congenital hearing loss onset (<6 years;
early onset), was recognized in 42% (n = 127) and postlingual
onset (>6 years; late onset) in 58% (n = 178) of the probands.
In the postlingual group, the prevalence of hearing loss onset
was almost equal among the second to fifth decades (=11.5%/
decade) and started to decline in the sixth decade (Fig. 1B).

Based on family history, the pattern of inheritance included
66 patients (22%) with autosomal-recessive hearing loss, 79
patients (26%) with autosomal-dominant hearing loss, two
male patients (1%) with X-linked hearing loss and 158 patients
(52%) with a sporadic type of hearing loss (Table 2; Fig. 1C; see
Table in Supplemental Digital Content 3, http://links.lww.com/
EANDH/A960).

For the autosomal-recessive inheritance group, an early
hearing loss onset appeared in the majority of cases (n = 38;
57%). Hearing loss was stable in 26 (68%) and progressive in
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Fig. 1. Demographic and phenotypic characteristics of the cohort. A, Age structure of the study population (SP) (n = 305) across all age groups in decades (blue
bars). The percentage for each decade is shown below the bar. The age structure of the cohort was compared to the age distribution in Southwest Germany
(BW) for the same reference year (2018) and decades (data from State Statistical Office Baden-Wiirttemberg 2021) (orange bars). B, Age-related distribution
of hearing loss onset. The phases of prelingual and perilingual hearing loss onset, including congenital onset, are shown in the first bar (<6 years). Postlingual
hearing loss onset starts at the second bar (7-9 years) and continues for subsequent decades. The percentage for each time window is shown below the bar.
C, Overview of the modes of inheritance based on family history in the total patient cohort. Pie chart showing the respective proportions of autosomal-
dominant, autosomal-recessive, and X-linked inheritance patterns, as well as patients with sporadic hearing impairment.

12 (32%) of these early onset cases. Late hearing loss onset was In the autosomal-dominant inheritance group, hearing loss
observed in 28 (42%) of the autosomal-recessive cases. Hearing onset was recognized in the early onset time period in one-
loss was stable in 6 (21%) and progressive in 22 (79%) of these fourth of the cases (n = 21; 27%). Hearing loss was stable in 8

postlingual cases (Table 2). (38%) and progressive in 13 (62%) of these early onset cases.
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TABLE 1. Demographic characteristics and ethnicity of the
patient cohort

Characteristic Number %
Age (mean + SD), yrs 42.4 + 23.6
Sex
Male 149 49
Female 156 51
All 305 100
Ethnicity
Western European 237 77.8
Western Asian 31 10.2
Eastern European 17 5.6
Southern European 14 4.6
Southern Asian 5 1.6
Other 1 0.3

Late hearing loss onset was observed in 58 (73%) of the auto-
somal-dominant cases. Hearing loss was stable in 4 (7%) and
progressive in 54 (93%) of these postlingual cases (Table 2).

The distribution in the sporadic group presented 66 (42%)
early and 92 (58%) late hearing loss onset cases. In the early
onset group, 39 (59%) patients showed stable hearing loss, and
27 (41%) showed progressive hearing loss. In the late onset
group, 19 (21%) showed stable and 73 (79%) showed progres-
sive hearing loss (Table 2).

Of the two cases of male X-linked hearing loss, one dis-
played progressive early hearing loss onset, and the other pro-
gressive postlingual hearing loss onset.

Grades of hearing impairment were classified as recom-
mended by the GBD Expert Group on Hearing Loss (Global
Burden of Disease Hearing Loss Expert Group et al. 2013;
Olusanya ef al. 2019a; GBD Hearing Loss Collaborators 2021).
The results for all single ears (n = 610) were distributed among
all hearing loss grades, including normal hearing (—10.0 to 19.9
dB HL) (n = 48; 7.9%), mild hearing loss (20.0-34.9 dB HL)
(n = 43; 7.0%), moderate hearing loss (35.0-9.9 dB HL) (n =
69; 11.3%), moderately severe hearing loss (50.0-64.9 dB HL)
(n = 81; 13.3%), severe hearing loss (65.0-79.9 dB HL) (n =
82; 13.4%), profound hearing loss (PHL; 80.0-94.9 dB HL)
(n = 78; 12.8%), and complete or total hearing loss
(CHL; 295.0 dB HL) (n = 209; 34.3%) (Fig. 2A).

With regard to laterality, the majority of probands pre-
sented with bilateral symmetric hearing loss (n = 241; 79.0%).

TABLE 2. Family history in relation to hearing loss onset
and progression

Family History Total Early Onset Late Onset
Autosomal-recessive 66 (22%) 38( 7%) 28 (43%)
Stable 26 (68%) 6 (21%)
Progressive 12 (32%) 22 (79%)
Autosomal-dominant 79 (26%) 21 (27%) 58 (73%)
Stable 8 (38%) 4 (7%)
Progressive 13 (62%) 54 (93%)
X-linked 2 (1%) 1 (50%) 1 (50%)
Stable 0 (0%) 0 (0%)
Progressive 1(100%) 1(100%)
Sporadic 158 (52%) 66 (42%) 92 (58%)
Stable 39 (59%) 19 (21%)
Progressive 27 (41%) 73 (79%)

Early hearing loss onset refers to congenital/pre/perilingual onset (<6 years of age).
Late hearing loss onset refers to postlingual onset (>6 years of age).

One-tenth displayed bilateral asymmetric hearing loss (AHL)
(n = 30; 9.8%) (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) (Fig. 2B).

A further tenth exhibited unilateral hearing loss within the
definition of SSD (n =34; 11.1%) (better ear: PTA <30 dB HL;
poorer ear: PTA > 70 dB HL; interaural threshold gap: = 40 dB
HL) (Van de Heyning et al. 2016) (Fig. 2C).

Lower grades of bilateral hearing loss, including normal,
mild, and moderate (<50 dB HL) hearing loss (n = 88; 19.1%),
were much less frequent than higher grades (=50 dB HL) of
bilateral hearing loss (n = 372; 80.9%) (Fig. 2D).

The ethnic background of the probands was primarily
Western European (n = 237; 77.8%), with the majority coming
from the local region of Southwest Germany. Other ethnicities
(n=68; 22.2%) representing the general migration background
of the regional population were Western Asian (n = 31; 10.2%),
Eastern European (n = 17; 5.6%), Southern European (n = 14;
4.6%), Southern Asian (n = 5; 1.6%), and other (n = 1; 0.3%)
(Table 1; Fig. 3; see Table in Supplemental Digital Content 3,
http://links.lww.com/EANDH/A960). This distribution is based
on a slightly higher general migration background in the pop-
ulation in Southwest Germany (33.4%; year 2019; 2018 data
were not available for this comparison) (State Statistical Office
Baden-Wiirttemberg 2021).

Diagnostic Yield of Targeted Genetic Sequencing
and Phenotypes

The overall diagnostic yield for the cohort of 305 unrelated
patients who underwent combined targeted genetic testing was
25% (n=175) according to ACMG/AMP criteria (Richards et al.
2015) and the hearing loss specification according to the HL-EP
(Oza et al. 2018). Segregation testing was performed in 18 of
the solved cases (see Table in Supplemental Digital Content 4,
http://links.lww.com/EANDH/A961).

The diagnostic rate varied with phenotypic categories such
as inheritance, hearing loss onset, hearing loss grade, laterality,
and ethnicity (Fig. 3A).

In probands with a family history of autosomal-recessive
hearing loss, the solve rate was significantly higher than aver-
age (41%; n=27/66; p <0.05). In patients with a family history
of autosomal-dominant [19%; n = 15/79; not significant (n.s.)]
or sporadic (20%; n = 31/158; n.s.) hearing loss, the solve rate
was lower but not significantly so.

For hearing loss onset, the diagnostic rate increased signifi-
cantly for congenital (48%; n = 12/25; p < 0.05) and pre/peri-
lingual (40%; n = 41/102; p < 0.05) hearing loss and declined
significantly for postlingual hearing loss onset (12%; n=22/178;
p < 0.005). Combined congenital and pre/perilingual hearing
loss onset (early onset) also significantly increased the diagnos-
tic rate (42%; n = 53/127; p <0.05).

Considering the hearing loss grade for single ears, cases
with complete hearing loss yielded a significantly higher solve
rate (36%; n = 76/209; p < 0.05). Lesser hearing loss grades in
the severe-to-profound range (20%; n = 48/241; n.s.) and in the
normal to moderate range (16%; n = 26/160; p < 0.05) showed
a continuous trend toward lower solve rates.

Hearing loss laterality did not significantly affect the solve
rate; however, the trend indicated that patients with symmetric
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Fig. 2. Distribution of hearing loss grades in the cohort. A, Distribution of hearing loss grades for all single ears (n = 610). B, Distribution of hearing loss grades for
probands with bilateral symmetric (n = 241) and asymmetric (n = 30) hearing loss (AHL) (better ear: PTA >30 and <55 dB HL; poorer ear PTA >70 dB HL; interaural
threshold gap =15 dB HL). C, Distribution of hearing loss grades for probands with single-sided deafness (SSD) (n = 34); better ear (blue bars): PTA <30 dB HL; poorer
ear (orange bars): PTA >70 dB HL; interaural threshold gap: 240 dB HL; according to the consensus framework for SSD and AHL (Van de Heyning et al. 2016).
D, Separation of bilateral mild and moderate (<50 dB HL) hearing loss (blue bars) (n = 88) and higher-grade (=50 dB HL) bilateral hearing loss (orange bars) (n =
372) for single ears. NH, 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); PHL, profound hearing loss (80.0 to 94.9 dB HL); SHL, severe hearing loss (65.0 to 79.9 dB HL); CHL,
complete or total hearing loss (>95.0 dB HL). Classification follows 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. 2019a). Percentage values for different hearing loss grades are shown below bars.

bilateral hearing loss (27%; n = 64/241; n.s.) were more likely
to receive a genetic diagnosis than patients with asymmetric
bilateral hearing loss (20%; n = 6/30; n.s.) or SSD (unilateral
hearing loss) (15%; n =5/34; n.s.).

Ethnicity did not significantly influence the diagnostic
rate. As stated above, the cohort was dominated by Western
European probands (77.8%; n = 237/305). Their diagnostic
rate was slightly below average (22%; n = 52/237; n.s.). Other
ethnicities showed considerable variation in solve rates, but the
number of diagnosed probands in these ethnic groups was too
small to reach significance.

The combination of clinical and audiological phenotypic
characteristics starkly impacted the solve rates. Inheritance
patterns for autosomal-recessive, autosomal-dominant and
sporadic hearing loss were combined with other clinical charac-
teristics. The stepwise combination of the three inheritance pat-
terns with other characteristics such as early hearing loss onset
(congenital and pre/perilingual), bilateral symmetric laterality
and high hearing loss grades (severe, profound, and complete)
led to an increase in solve rates to over 60% for all inheritance
patterns. For the autosomal-recessive and sporadic inheri-
tance patterns, the increase in diagnostic rates was significant
(» <0.005) (Fig. 3B).

Gene Distribution

The diagnosis of the 75 solved cases involved 35 genes
and 70 clinically relevant (P, LP) variants (Fig. 4; see Table
in Supplemental Digital Content 4, http:/links.lww.com/
EANDH/A961, for detailed gene and variant distributions of
solved cases).

The overall gene distribution showed that nearly half of the
solved cases (47%; n = 35) were related to variants in the five
most frequently affected genes: GJB2 (25%), MYO154, WFS1,
SLC26A44, and COL11A41 (each 5%). Nearly one-quarter of
the cases (23%; n = 17) were correlated to causative variants
in seven additional genes, namely, TMPRSS3, COL4A3, and
LOXHDI (each 4%; n = 3), and EDNRB, MYO6, TECTA, and
USH2A4 (all 2.7%; n = 2). Overall, 69% of the solved cases
(n = 52/75) were attributed to causative variants in only 12
genes. The remaining third (31%; n = 23) of the single cases
were allocated to causative variants in 23 additional single
genes (ACTG1, CDH23, COCH, COL2A1, COL4A5, COL9A2,
DIAPHI, DIAPH3, EYA4, GATA3, KCNQ4, MANBA,
MARVELD2, MITF, MYO7A, OTOF, PAX3, POU4F3, SMPX,
SOX10, STRC, TFAP24, and TMIE) (Fig. 4A; Supplemental
Digital Content 4, http://links.lww.com/EANDH/A961, for
gene distributions of solved cases).
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Fig. 3. Impacts of phenotypic characteristics on diagnostic solution rates. A, Individual clinical and audiologic characteristics impact the diagnostic rates. Color
shading indicates five clinical and audiologic categories: inheritance, hearing loss onset, hearing loss grade, laterality, and ethnicity. The dashed line indicates
the overall diagnostic rate for this study (25%). The bars in the column chart indicate the percentages of patients with the noted individual characteristics in
the five categories (the number of patients is noted for each characteristic). Statistical significance was determined with Fisher’s exact test (*p < 0.05 and **
p < 0.005). B, Combination of above-average clinical and audiological characteristics impacts the diagnostic rates. Sequential addition of phenotypic criteria
to inheritance leads to a stepwise increase in the diagnostic rate (the number of patients is noted for each characteristic). Statistical significance was determined
with Fisher’s exact test (*p < 0.05; **p < 0.005). Adapted from Sloan-Heggen et al. (2016).

After establishing a genetic diagnosis in the solved cases Iww.com/EANDH/A962 showing distribution of cases in syn-
(n=75/305; 25%), a group of probands received a genetic diag- dromic/NSHL mimic genes). These included Waardenburg syn-
nosis that implicated a syndromic/NSHL mimic gene (20/75; drome (n = 5; 6.3%), Alport syndrome (n = 4; 5.3%), Pendred
27%) (see Table in Supplemental Digital Content 5, http://links. syndrome (n = 4; 5.3%), Stickler syndrome (n = 3; 4%), Usher
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Fig. 4. Distribution of 35 genes among 70 clinically relevant (pathogenic, likely pathogenic) variants among 75 solved cases. A, Pie chart of the overall gene
distribution. B, Pie chart of the gene distribution for autosomal-recessive genes. C, Autosomal-dominant genes. D, Variant distribution for all cases (n = 305) of
443 different variants from a total of 106 different genes. Classification as pathogenic, likely pathogenic, variants of unknown significance, likely benign and
benign according to ACMG/AMP criteria for hearing loss (Oza et al. 2018; Richards et al. 2015).

syndrome (n = 2; 2.7%), Branchio-Oculo-Facial syndrome
(n=1; 1.3%), and Beta-Mannosidosis (n = 1; 1.3%).

Gene Distribution According to Gene Associated
Inheritance Pattern

After establishing a genetic diagnosis, the contribution of dis-
tinct genes was linked to their established mode of inheritance
(i.e., autosomal-recessive genes, autosomal-dominant genes,
and X-linked genes) (Fig. 4B and C). The list of candidate genes
curated or precurated by the ClinGen Hearing Loss Gene Curation
Expert Panel (HL GCEP) associated with nonsyndromic and
syndromic hearing loss was used for classification (DiStefano
et al. 2019). Genes with a dual mode of inheritance (COL4A43,
MYO7A, TECTA, and WFSI) were classified on an individual
case basis (see Table in Supplemental Digital Content 6, http://
links.Iww.com/EANDH/A963 showing HL GCEP classifications
for all 35 genes that contributed to the diagnostic yield).

Autosomal-dominant genes accounted for 37% of the
genetic diagnoses, autosomal-recessive genes for 60%, and
X-linked genes for 3%.

At the single-gene level, causative variants in GJB2 were the
most common cause among autosomal-recessive genes (45%),
followed by MYO154 and SLC26A44 (both 10%), TMPRSS3 and
LOXHDI (both 7%). Among the autosomal-dominant genes
WFSI1 and COL11A1 (both 13%) appeared as the most frequent
followed by EDNRB and MYO6 (both 6%) (see Fig. 4B and C,
showing the distribution of autosomal-recessive and autosomal-
dominant genes).

Gene Distribution in Early and Late Hearing Loss
Onset

Hearing loss onset in the diagnosed cases (n = 75) was dis-
tributed between early onset (congenital and pre/perilingual
stages) (72%; n = 54/75) (Fig. 5A), and the late onset (post-
lingual stages) (28%; n = 21/75) (Fig. 5B). In the larger early
hearing loss onset group, 27 genes contributed to the diagno-
sis, while 16 genes participated in a diagnosis in the late onset
group (Fig. 5A and B).

Early hearing loss onset primarily exhibited an autosomal-
recessive mode of inheritance in more than a third of the cases
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Fig. 5. Gene distribution according to onset. Gene distribution of solved cases with (A) early (congenital and pre/perilingual hearing loss onset; <6 years) (27
genes) and (B) late (postlingual hearing loss onset; >6 years) (16 genes) hearing loss onset.

(39%; n = 21/54). The other two-thirds were distributed among
autosomal-dominant (15%; n=_8/54), sporadic (44%; n=24/54),
and X-linked (2%; n = 1/54) modes of inheritance. Late hearing
loss onset was more evenly distributed among the autosomal-
recessive (36%; n = 8/22), autosomal-dominant (27%; n = 6/22),
and sporadic (32%; n = 7/22) modes of inheritance and one case
of X-linked inheritance (4%; n = 1/22).

The distribution of the 27 genes associated with early onset
was dominated by GJB2 (31%; n = 17), MYO154 (7%; n = 4),
COLI11A41, SLC26A44 (both: 6%; n = 3), associated with half of
the cases (50%; n=27). One-sixth of the cases (15%; n = 8) were
associated with four genes, namely, WFSI, EDNRB, LOXHDI,
and USH2A (all four: 4%; n = 2). The remaining one-third of
single cases (35%; n = 19) were associated with 19 distinct genes
(CDH23, COCH, COL2A41, COL9A2, DIAPH3, EYA4, MANBA,
MARVELD?2, MITF, MYO6, OTOE PAX3, SMPX, SOX10, STRC,
TECTA, TFAP24, TMIE, and TMPRSS3) (Fig. 5A). Although
these early onset cases were dominated by autosomal-recessive
genes, nine autosomal-dominant genes also showed an associa-
tion with early onset (COLI1A1, EDNRB, COL2A41, DIAPH3,
EYA4, MITF, PAX3, SOX10, and TFAP24).

In the late onset group, the distribution of 16 genes showed
predominance for COL4A3 (14%; n=3), TMPRSS3, GJB2, and
WFSI (all: 9.5%; n = 2). Over half of the remaining diagnoses
were represented by single cases (57%; n= 12) associated with 12
distinct genes (ACTGI, COL11AI, COL4AS5, DIAPHI, GATA3,
KCNQ4, LOXHDI, MYO6, MYO7A4, POU4F3, SLC26A4, and
TECTA) (Fig. 5B). Autosomal-dominant genes dominated this
late hearing loss onset group. Four autosomal-recessive genes
demonstrated an association with late hearing loss onset in sin-
gle cases (TMPRSS3, GJB2, LOXHD1, and SLC26A44).

Variant Distribution, Classification, and Interpretation
In total, for all cases (n = 305), 443 different variants from

105 different genes were identified, demonstrating that the over-

all variant classification and interpretation was based on a much

broader range of genes and variants than the genes (n = 35) and
variants (n = 70) involved in the diagnostic yield of the solved
cases (n =75 of 305). Of these 443 variants, 25 (6%) were clas-
sified as P, 93 (21%) as LP, 304 (69%) as VUS, 15 (3%) as LB,
and 6 (1%) as B according to ACMG/AMP criteria for hearing
loss (Richards et al. 2015; Oza et al. 2018) (Fig. 4D).

In the solved cases, the clinically significant variants (P and
LP) (n = 70) were differentially distributed across variant clas-
sifications, located in the coding regions, and canonical splice
sites. Missense variants represented the majority of the variants
(n = 28; 40%), followed by frameshift (n = 12; 17%), nonsense
(n=29; 13%), stop-gain (n = 6; 9%, splice donor (n = 7; 10%),
splice acceptor (n = 3; 4%), missense and splice region (n = 2;
3%), and frameshift and splice region, deletion, and synony-
mous (all n = 1; 1%) variants (see Table in Supplemental Digital
Content 4, http:/links.lww.com/EANDH/A961 showing clini-
cally significant variants types of all solved cases).

In addition, further clinically significant single heterozy-
gous variants (P and LP) (n = 51) were found in unsolved cases
(see Table in Supplemental Digital Content 7, http://links.lww.
com/EANDH/A964 showing a list of heterozygous clinically
significant variants types of undiagnosed patients). These het-
erozygous variants were located in various autosomal-recessive
genes (n = 206) lacking a second causal variant. In these carrier
patients, a genetic diagnosis could not be conclusively made
since only one heterozygous P or LP variant was identified in
genes associated with autosomal-recessive inheritance.

In the solved cases (n = 75), the ACMG/AMP variant classi-
fication deviated from the DVD and/or ClinVar classification for
45 (59%) of the identified clinically significant variants (P and
LP) (n = 70). There was classification agreement for 31 (41%)
variants. A comparative overview of the ACMG/AMP classifica-
tion versus the ClinVar and DVD classifications for clinically rel-
evant variants (P and LP) in the solved cases (n = 75) is given in
Supplemental Digital Content 4, http://links.lww.com/EANDH/
A961 (for variants in ClinVar with multiple submissions for
pathogenicity, their most pathogenic submission was selected).
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Novel Variants and Medically Significant
Reclassifications

A substantial portion of the 46 deviating classifications was
represented by 16 (35%) novel causal variants (withinn =13 fam-
ilies) previously listed in neither ClinVar nor DVD. These novel
variants were distributed among the SLC2644, TECTA, OTOF
(alln=2), SMPX, TMPRSS3, COL11A41, MYO6, MYO7A, EYA4,
POU4F3, TFAP2A, KCNQ4, and GATA3 genes (all n = 1). Major
categorical changes between ACMG/AMP and ClinVar/DVD that
resulted in medically significant reclassifications were observed
for 9 (20%) variants (within n = 9 families) of the 46 deviating
classifications. These medically significant reclassifications were
changes from VUS to LP in eight cases and from VUS to P in one
case (the most pathogenic submission in either ClinVar or DVD
was used for comparison). The 9 medically significant reclas-
sifications were distributed among 8 genes (LOXHDI, n = 2;
and COL4A43, COLY9A2, COL1141, EDNRB, MYO154, WFSI,
and DIAPH3, all n = 1). The remaining portion (n = 21; 46%)
of the 46 variant classification discrepancies were medically
nonsignificant reclassifications (i.e., P to LP). The pedigrees of
all families and corresponding audiograms of all index patients
with novel causal variants (n = 13 families) and medically signifi-
cant reclassifications (n = 9 families) are shown in Supplemental
Digital Content 8, http:/links.lww.com/EANDH/A965.

In the group of novel causal variants, five cases were from
simplex families, and eight cases were from multiplex families.
In the group of medically significant reclassifications, six cases
were from simplex families, and three cases were from multiplex
families. In the multiplex families with novel causal variants, on
average, 2.9 (range 2—6) family members were affected by hearing
loss. In the multiplex families with medically significant reclas-
sifications, 3.0 family members were affected by hearing loss.

Single-gene Sequencing

Until 2016, asafirstscreening step, targeted single-gene Sanger
sequencing was applied for GJB2, GJB3, GJB6, SLC2644, and
OTOF, depending on the clinical and, if available, radiological
presentation of the probands. Variant identification by single-gene
sequencing solved 18 of 21 cases. The most frequently impli-
cated gene was GJB2 (GJB2, n = 16; OTOF, n = 1; SLC2644,
n = 1) (see Table in Supplemental Digital Content 4, http://links.
Iww.com/EANDH/A961 for listing of variants). The variants
detected in GJ/B2 (NM_004004.5) in a homozygous state (11/16)
were ¢.35delG (7/16), c.71G>A (2/16), c.—23+1G>A (1/16), and
¢.109G>A (1/16). Additional GJB2 cases demonstrating a com-
pound heterozygous state (5/16) were c.[35delG]; [139G>T]
(2/16); c.[35delG]; [c.313_326del] (2/16), and c.[35delG];
[c.269T>C] (1/16) (see Table in Supplemental Digital Content 3,
http:/links.lww.com/EANDH/A960).

Furthermore, screening for OTOF revealed one com-
pound heterozygous case with two novel causative alleles
(c.[2719C>T]; ¢.[5203C>T]) not described in DVD or ClinVar
at the time of diagnosis. Since then, the ¢.[5203C>T] variant
has been registered in the HGMD and was recently diagnosed
as a biallelic OTOF mutation in a Taiwanese family that pre-
sented with a phenotype compatible with auditory neuropathy
of autosomal-recessive inheritance (Wu et al. 2019). Screening
of SLC26A44 revealed one case with two known alleles
([c.918+1G>T]; [c.1001+1G>Al]), the latter of which was pre-
viously described in European populations (Coyle et al. 1998;
Ladsous et al. 2014).

Targeted Hearing Loss Gene Panel (NGS)

Subsequent variant identification by targeted hearing loss
gene panel sequencing in 284 cases solved 57 cases (20%;
n = 57/284) (see Tables in Supplemental Digital Content 3,
http://links.lww.com/EANDH/A960 and 4 http:/links.lww.
com/EANDH/A961). No variants were identified in 57 cases
(20%). In the remaining 170 patients (60%), a genetic diagnosis
could not be conclusively made according to current knowledge
and ACMG/AMP criteria (Richards et al. 2015; Oza et al. 2018)
(i.e., VUS or only one heterozygous P or LP variant that was
identified in a gene with autosomal-recessive inheritance).

DISCUSSION

Phenotypic Characteristics of the Cohort

The unique feature of the large German cohort in this study is
its age structure, which is highly representative of the age struc-
ture of the regional population in Southwest Germany (Fig. 1A).
More importantly, this age structure is also reflected in the distri-
bution of hearing loss onset, with the majority of patients show-
ing late hearing loss onset in the postlingual domain (Fig. 1B).
This is unusual, as most cohorts used in comprehensive targeted
genetic testing efforts for hereditary hearing loss have had early
hearing loss onset with a predominance in the congenital and
pre/perilingual domains (Sloan-Heggen et al. 2016; Sommen
et al. 2016; Zazo Seco et al. 2017). This may have resulted in
potential bias toward phenotypic characteristics such as autoso-
mal-recessive inheritance, bilateral symmetric hearing loss, and
higher grades of hearing loss and hence influenced the solve
rates.

Relationship of Phenotype to Diagnostic Yield

The overall diagnostic yield of comprehensive targeted
genetic testing in the present German hearing loss cohort of
305 unrelated probands was 25%. However, the solve rate
was sensitive to phenotypic characteristics in the categories of
inheritance, hearing loss onset, and hearing loss grade. Single
characteristics, such as autosomal-recessive inheritance, early
hearing loss onset, or a grade of severe-profound-complete hear-
ing loss, significantly elevated the solve rate. When these pheno-
typic characteristics were combined, solve rates at or above 60%
were reached (Fig. 3B). Conversely, postlingual hearing loss
onset or lower grades of hearing loss led to a significant decline
in the solve rate (Fig. 3A). As the majority of the individuals
were of Western European ethnicity (79%) and other ethnicities
showed no significant differences in the solve rate compared to
the overall solve rate (Fig. 3A), it seems appropriate to compare
these results to those for other Western European and Caucasian
cohorts.

At first glance, the diagnostic rate of 25% of the present study
appears similar to that of a Western European hearing-impaired
cohort with a Belgian-German background with a diagnostic rate
0f 25% to 30%. The Belgian-German study included 131 patients
with autosomal-recessive NSHL and combined prescreening of
GJB2 with targeted panel sequencing of 79 hearing loss genes.
Based on previous data, the contribution of G.JB2 was estimated
to be 15% to 20%, and the increase in sensitivity by targeted
panel sequencing of non-GJB2 genes was assessed to be 10%
for this Belgian-German cohort (Sommen et al. 2016). However,
this increase in sensitivity included only P genotypes. By incor-
porating LP genotypes, an additional 12% increase in sensitivity
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would lead to an increase in sensitivity by panel sequencing of
22%, raising the overall estimated solve rate to 35% to 40%.

The contribution of GJB2 to the general diagnostic yield of
the present study was only 6% (n = 19 of 305). The increase
in sensitivity by targeted panel sequencing of non-GJB2 genes
summed to 20% (n = 60 of 305), which is a 1:3 relation instead
of a 1:1 relation found for GJB2 and non-GJB2 genes in the
Belgian-German study. The discrepancies between the two
studies can be explained in part by two specific phenotypic
inclusion criteria of the Belgian-German study: prelingual
hearing loss onset and autosomal-recessive mode of inheri-
tance. Considering only patients with pre/perilingual (includ-
ing congenital) hearing loss onset (early onset) in the present
study (42%; n = 127 of 305), the contribution of GJB2 to the
diagnostic yield rises to 13% (n = 17 of 127) (Figs. 1B and
5A and B). This is within the range of the estimated GJB2
contribution in the Belgian-German cohort of 15% to 20%.
Considering the non-GJB2 genes, the increase in sensitivity in
the early hearing loss onset group reaches 28% (n =36 of 127;
P and LP classifications), resulting in an overall solve rate of
43% (n = 54 of 127) for this group (Fig. 3A). This is slightly
above the estimated rate for the Belgian-German cohort (35%-—
40%). However, only half of the probands with an early onset
also had an autosomal-recessive mode of inheritance, while
the other half were distributed among autosomal-dominant
and sporadic modes of inheritance and one X-linked case.
Combining early onset and autosomal-recessive inheritance,
the solve rate increases to 56% (n =20 of 36) (Fig. 3B) which is
approximately 20% above the estimated diagnostic rate of the
Belgian-German cohort applying with the same inclusion cri-
teria. This higher solve rate may be due to further phenotypic
variations such as hearing loss grade, laterality, and regional
ethnicity variations, as well as the greater number of genes in
the respective hearing loss gene panels (79 versus 71-179 in
the present study).

A second Western European study with a Dutch background
obtained a solve rate of 33.5% (n = 67 of 200 patients) using
exome sequencing followed by targeted hearing loss gene
panel analysis of 120 genes (Zazo Seco et al. 2017), which is
8.5% higher than the present study. Although the Dutch study
included all ages of hearing loss onset and modes of inheritance,
the cohort was dominated (70%) by hearing loss onset in the
congenital domain (n = 79) and the first decade of life (n = 60),
with an even higher combined solve rate for these two groups
of 44% (n = 61 of 139) (Zazo Seco et al. 2017). In the present
study, the proportion of the same age group (0-9 years) in the
overall cohort (42.3%; n = 129 of 305) was much smaller and
not dominant (42.3% versus 70% in the Dutch cohort) (Fig. 1B).
However, considering absolute size (n = 129) and the specific
solve rate (43%; n = 56 of 129), this group with early onset
shows the same results as those in the Dutch study (44%; n =
61 of 139). Interestingly, for late hearing loss onset in all sub-
sequent decades (=10 years), the solve rate in the Dutch study
declined to 10% (n = 6 of 61), which is close to that in the pres-
ent study, with a solve rate of 12% (n = 22 of 178) for the same
late onset group (=10 years). (The numbers are slightly different
from those in the postlingual analysis shown in Fig. 3A, as 2 pro-
bands from the hearing loss group with onset at 7-9 years were
added to the first decade for exact comparison.) Although the
absolute number of probands in the late onset group was almost
three times higher (n = 178 versus 61) than that in the Dutch

study, the solve rate remained relatively low, emphasizing the
diagnostic gap for postlingual hearing loss onset.

One of the largest studies to date used a gene panel platform
targeting 66 or 89 deafness-associated genes and enrolled 1119
patients with a more diverse ethnic background in the United
States (University of Towa), with no exclusion criteria based on
phenotype or inheritance. This cohort exhibited a diagnostic
yield of 39% (n = 440) contributed by 49 genes (Sloan-Heggen
et al. 2016). This may seem to be a much higher rate than that
(25%) obtained in the present study. However, the diagnostic
rate in the Towa study also varied considerably based on pheno-
typic characteristics (Sloan-Heggen et al. 2016). Approximately
half of the probands had Caucasian ethnicity, allowing for com-
parisons with the abovementioned Western European studies.
Similar to the result in the Dutch study (Zazo Seco et al. 2017),
85% (954 of 1119) of the probands had congenital (56%) or
childhood (29%) hearing loss onset (Sloan-Heggen ef al. 2016).
Patients with congenital hearing loss had a significantly greater
diagnostic rate (44%) than patients with childhood (29%) or
adult (28%) hearing loss onset (Sloan-Heggen et al. 2016).
Combining congenital and childhood onset in the Iowa cohort,
the solve rate is calculated at 33%, which is actually lower than
the early onset (0-9 years) solve rate of 43% in the present and
44% in the Dutch studies. The predominance of early onset in
the Towa study (85% versus 44% in the present study) essentially
explains the difference in the overall solve rate of 39% versus
the 25% observed here. A recent data update of the lowa cohort
with 2460 individuals confirmed an overall solve rate of 39.9%.
For congenital and childhood (3—6 years) onset, the solve rates
were noted at 53.6% and 39.6%, respectively (Shearer et al.
2019). This compares to almost equivalent solve rates for con-
genital and childhood (pre/perilingual) onset of 48% and 40%,
respectively, in the present study and reflects similar age-related
declines in the two cohorts.

In summary, the diagnostic rates in targeted genetic studies
are highly sensitive to phenotypic characteristics. If phenotypes
are carefully controlled, surprising accordance of diagnostic
rates emerges between these studies.

Gene Distribution

All 35 genes that impacted the diagnostic yield of this study
are listed by the HL GCEP (DiStefano et al. 2019). Accordingly,
the clinical validity has been classified as “definitive” for 25 of
these genes, as “moderate” for 1 gene, as “limited” for 1 gene
and as “not yet assessed” or “not done” for § genes (see Table in
Supplemental Digital Content 6, http://links.lww.com/EANDH/
A963 showing the ClinGen HL GCEP classifications for all 35
genes that contributed to the diagnostic yield). The majority of
the solved cases (79%; n = 59 of 75) were based on “definitive”
genes, and the remaining cases were related to genes classi-
fied as “moderate” (1%; n = 1), “limited” (2%; n = 2), or “not
done” (17%; n = 13) (see Table in Supplemental Digital Content
6, http://links.lww.com/EANDH/A963). The gene classification
also revealed that 27% of the solved cases received a genetic diag-
nosis implicating a syndromic/NSHL mimic gene (see Table in
Supplemental Digital Content 5, http://links.lww.com/EANDH/
A962 showing cases in syndromic/NSHL mimic genes).

Nearly half of the genetic diagnoses were represented by only
five frequently causative genes, namely, GJB2 (25%), MYO154,
WFS1, SLC2644, and COL11A41 (all 5%). The relative distri-
bution of the involved genes varied notably according to their
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known inheritance patterns (Fig. 4A—C) and hearing loss onset
(Fig. 5A and B). Due to the unique age structure of the cohort
representative of the local population (Fig. 1A), equal numbers
of recessive (GJB2, MYO154, and TMPRSS3) and dominant
(WFS1, COLI1A1, and COL4A3) genes were uncovered among
the six most frequent causative genes. This is unusual and dif-
ferent from the observations in other cohorts that emphasize
early hearing loss onset.

The autosomal-dominant mode of inheritance is generally
expected to account for only 19% of prelingual NSHL cases, the
X-linked mode is expected to account for <1%, and the autoso-
mal-recessive mode is expected to account for 80% (Smith et
al. 2005; Shearer et al. 2017), a pattern that is well supported
by the results of the lowa study, with 14% autosomal-dominant,
1% X-linked, and 85% autosomal-recessive genetic diagnoses
(Sloan-Heggen et al. 2016). In the present study, the quota of
autosomal-dominant genetic diagnoses was much higher, at
41% (n=31). Likewise, autosomal-recessive cases represented
only 56% (n = 42) of the genetic diagnoses, and X-linked cases
represented 3% (n = 2). This unusually large proportion of
autosomal-dominant genetic diagnoses most likely is related to
the balanced age structure of this study representative of the
local population and hence a much larger fraction of late onset
hearing loss than in other cohorts. This high rate of autosomal-
dominant genetic diagnoses is also reflected in the gene dis-
tribution as compared to that of other studies. For example,
in the Towa study, the six most frequent causal genes, GJB2
(21.6%), STRC (16.1%), SLC26A44 (6.6%), TECTA (5.2%),
MYOI154 (4.8%), and MYO7A (4.5%), which were involved in
more than half of the diagnoses, are predominantly recessive
genes (Sloan-Heggen et al. 2016). This includes autosomal-
dominant modes of inheritance in genes that may exhibit an
early onset, as in the case of TECTA (DFNAS&/12) (Walls et al.
2020) and MYO74 (DFNA11) (Yamamoto et al. 2020), reflect-
ing the overall predominance of early onset hearing loss in the
Iowa cohort. The same six genes were confirmed as the most
frequent causal genes by a recently enlarged data set of the same
cohort with 2460 individuals (Shearer et al. 2019). The only two
genes among the six most frequent causal genes that overlapped
between the present study and the Towa study were the genes
GJB2 and MYO154, both of which cause recessive NSHL.

In some populations, the prevalence of pathogenic variants in
GJB2 has been assessed to account for up to 50% of the genetic
diagnoses of NSHL (Denoyelle et al. 1999; Kenneson et al.
2002). A meta-analysis revealed an overall prevalence of biallelic
GJB2-associated hereditary hearing loss of 17.3% worldwide,
27.1% for Europe, and 14.1% for Germany (Chan & Chang
2014). Applying broad inclusion criteria, including all types of
unspecified hearing loss (including late onset), the global preva-
lence of GJB2 declined significantly to 12.3% (Chan & Chang
2014). In German cohorts, the prevalence of biallelic GJB2 vari-
ants associated with hereditary hearing loss shows a broad range.
Over the last two decades, sequential studies have revealed
diagnostic rates of 14.3% (Gabriel et al. 2001) (early hearing
loss onset), 2.6% (Kupka et al. 2002) (early hearing loss onset),
16.7% (Zoll et al. 2003) (childhood and adult onset, not speci-
fied), 21% (Bartsch et al. 2010) (early hearing loss onset), 31%
(Beck et al. 2015) (childhood onset), and 13.4% (Burke et al.
2016) (childhood and adult onset). The last study represents the
largest cohort and a relatively broad age range. The diagnos-
tic rate of 13.4% corresponds to the 14.1% estimate from the

meta-analysis for Germany (Chan & Chang 2014; Burke et al.
2016). The present study reveals a much lower overall diagnostic
yield for causative biallelic GJB2 variants of 6.2% (19 of 305).
However, if calculated for early hearing loss onset, the preva-
lence increases to 14.2% (18 of 127), and for late onset, it
declines to 0.6% (1 of 178). Interestingly, the overall prevalence
of causative GJB2 mutations in the Caucasian ethnicity group of
the Iowa study can be calculated at 8.2% (45 out of 549), which
appears close to the overall value of 6.2% (19 out of 305) in the
present study.

With regard to the diagnostic contribution among the solved
cases, G.JB2 accounted for 25% overall (19 of 75 solved cases).
For the early onset group, the proportion increased to 33% and
for the late onset group decreased to 5%. In the Iowa study, the
diagnostic contribution of GJB2-related hearing loss to the solved
cases in the Caucasian ethnicity group was 22% (corrected for
GJB2 prescreening), which is close the present study. As the lowa
study was dominated (85%) by early hearing loss onset, the fig-
ures of the present study need to be narrowed down to this phe-
notype for comparison. With regard to early hearing loss onset
and European ethnicity, the G.JB2-related values for diagnostic
contribution condense to 21.2% (14 of 66) in the present study.
Applying the same phenotypic characteristics, the overall preva-
lence of the cohort slightly declines to 5.2% (14 of 269). Both
values for diagnostic contribution and overall prevalence come
remarkably close to the results from the Caucasian group in the
Towa cohort, 22% and 8.2%, respectively. Again, the example of
GJB2 demonstrates that comparisons between cohorts need to be
carefully tailored according to phenotypic characteristics before
drawing conclusions.

The diagnostic contribution of the MYO154 (DFNB3) gene
of 5% is close to those in the Dutch (5.9%) (Zazo Seco et al.
2017) and the Towa (4.8%) (Sloan-Heggen et al. 2016) studies.
Causative mutations in MYOI54 are among the second most
frequent cause of hearing loss in this study, including novel vari-
ants and medically significant reclassifications (Supplemental
Digital Content 7, http://links.lww.com/EANDH/A964). In
other cohorts, MYO154 was also ranked as one of the most fre-
quent causes of NSHL (Rehman et al. 2016).

The third gene, TMPRSS3 (DFNB8/10), is known for its vari-
able hearing loss onset. Depending on the type of mutation, two
phenotypes have been described: a severe early onset prelingual
type (DFNB10) and a milder late onset postlingual progres-
sive type (DFNBS) (Weegerink et al. 2011). Most TMPRSS3
cases in this study had a postlingual onset, and this gene was
the second most frequent causal gene in the postlingual domain
(Fig. 5B).

All other genes involved in a frequent diagnosis of the
cohort were primarily genes that cause autosomal-dominant
hearing loss (WFS1, COL11A41, and COL4A3). The gene WFS1
(DFNA6/14/38) is among the 10 genes most commonly causing
hearing loss in other cohorts (Shearer ef al. 2019) and is recog-
nized for its characteristic low-frequency-hearing-loss pheno-
type (Bespalova et al. 2001; Cryns et al. 2002). A recent study
screening a large cohort of Japanese probands investigated
distinct types of audiometric configurations in heterozygous
WFS1 variants. Although low-frequency hearing loss proved
to be the most prevalent type, some individuals also showed
high-frequency hearing loss (Kobayashi et al. 2018). A case of
heterozygous WFSI autosomal-dominant hearing loss based
on medically significant reclassification also demonstrated
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high-frequency hearing loss in this study (case 148; see Table in
Supplemental Digital Content 7, http://links.lww.com/EANDH/
A964 showing pedigree and audiogram).

Until recently, the gene COLI1A1 was primarily associ-
ated with syndromic hearing loss manifested as autosomal-
dominant Marshall syndrome (MRSHS), autosomal-dominant
or autosomal-recessive Stickler syndrome type II (STL2) and
autosomal-dominant or autosomal-recessive fibrochondrogen-
esis 1 (FBCG1) characterized by ophthalmologic, facial, and
skeletal abnormalities (OMIM 2021b). Current evidence also
identifies COLI1A1 as a gene causing autosomal-dominant
NSHL (DFNA37). The first reported case was caused by a
heterozygous splice-site altering variant (c.652-2A>C) identi-
fied in a large European-American family, expanding the phe-
notypic spectrum of COLI1AI to NSHL (Booth et al. 2019).
In the present study, two families with NSHL were identified,
each with a causative splice-site altering variant (cases 262 and
273, see Table in Supplemental Digital Content 4, http://links.
Iww.com/EANDH/A961 showing the variants). The splice-site
variant (¢.652-1G>C) and a de novo variant (c.4338+2T>C)
were further characterized and published while this article was
under review. The splice-site variant (¢.652-1G>C) affects the
same intron 4 canonical splice site originally reported for the
European-American family (c.652-2A>C) (Booth et al. 2019)
but elicits a different splicing outcome (Rad ef al. 2021). All
other reported families also showed no phenotypic evidence of
syndromic features, providing further confirmation of COL11A1
as an autosomal-dominant NSHL gene.

The COL4A3 gene is associated with syndromic hearing loss
in autosomal-dominant Alport syndrome (OMIM 2021a). Two
of four probands diagnosed with causal COL4A3 variants in
this study were characterized by syndromic features, including
a segregation-supported medically significant reclassification
for the variant ¢.4882T>G previously classified as a VUS (case
32; see Table in Supplemental Digital Content 7, http://links.
Iww.com/EANDH/A964 showing pedigree and audiogram).
The two other cases were nonsyndromic mimics. Hearing loss
is a characteristic feature of Alport syndrome and may appear
as the primary clinical manifestation. A genetic diagnosis may
help identify early renal disease (Rosado et al. 2015).

Panel Version

When considering diagnostic yield in relation to the panel
version employed (see Tables in Supplemental Digital Content 1,
http://links.lww.com/EANDH/A958 and 2, http:/links.lww.
com/EANDH/A959 showing list of genes and transcripts, respec-
tively), most of the patients were tested using hearing loss pan-
els version 2 (35%; n = 100), containing 95 genes (recruitment
period: May 2012-May 2013), and version 4 (45%; n = 127),
containing 164 genes (recruitment period: December

TABLE 3. Diagnostic yield according to gene panel version

No. No. Solved Diagnostic
Panel Version Genes Probands Cases Yield
Version 1 71 2 0 0%
Version 2 95 100 20 20.0%
Version 3 110 44 6 13.6%
Version 4 164 127 26 20.5%
Version 5 179 11 5 45.5%

2014—September 2017) (Table 3). Analysis of diagnostic yield
per gene panel version showed a solve rate of 20.0% for ver-
sion 2 and a solve rate of 20.5% for version 4 (Table 3). It is
inferred that despite a stark increase of 69 genes (a growth of
73%) on gene panel version 4 compared to version 2, the solve
rate increased by only 0.5%. This corresponds to the observa-
tion that almost all 35 genes that contributed to the 75 diagnoses
were already represented in the early gene panel (version 2).
This gene panel version contained 32 of 35 genes (91%) that
contributed to 72 of 75 (96%) of the solved cases. Only one
gene and two genes that were added to version 3 and version
4, respectively, contributed to the small increase in diagnostic
yield. Two-thirds of the genes involved in a diagnosis (n = 22;
63%) accounted for only one diagnosis each.

This observation agrees with updated results from the
Iowa cohort reporting genetic testing data from 2460 hearing-
impaired individuals that revealed diminishing returns for the
use of a larger number of genes in hearing loss panel sequenc-
ing. In this recent data update of the Iowa cohort, 79 different
genes were identified as causative, but half of the genes (n = 34;
43%) accounted for a low frequency of diagnoses, with only
one or two cases per gene (Shearer et al. 2019). The results pre-
sented here are also in line with the notion that the continuous
increase in the number of genes in targeted genetic screening is
useful and should be maintained to identify rare diagnoses but
may not significantly increase the diagnostic yield.

This is also confirmed by observations in hereditary reti-
nal degeneration, another sensory disease, that was studied
in a comprehensive cohort of patients diagnosed in the larg-
est center for inherited retinal degeneration in Germany over
a period of nine years (2010-2018). This retinal study on the
genetics of retinal dystrophies applied similar methodologies in
the same diagnostic laboratory (CeGaT), recruited through the
same Medical Center (University of Tiibingen Medical Center),
was performed during the same study period (2010-2018) and
had a similar geographic focus with regards to the catchment
area of the probands in Southwest Germany. When diagnos-
tic rates for the early retinal gene panel versions [version 1
(RET.1): 150 genes; version 2 (RET.2): 128 genes] were com-
pared to the latest panel [version 9 (RET.9): 379 genes] only a
marginal increase of the diagnostic rate (from 67.3% for RET.1
and RET.2 to 69.2% for RET.9) was detected (Weisschuh et al.
2020). This led to the similar conclusion that the genes with the
highest disease-causing variant load had already been identified
in the early retinal gene panel versions.

For hereditary hearing loss the observations mentioned
above clearly shift the diagnostic bottleneck from the escalating
addition of new genes that was eminent a decade ago (Hilgert et
al. 2009) and was resolved by the introduction of targeted gene
panels (Shearer ef al. 2010) to the level of variant classification
(Azaiez et al. 2018).

Variants of Unknown Significance

VUSs represented two-thirds (69%) of the variants in the
analysis and hence were by far the largest group among the
classified variants in this study. This dominance of VUSs is in
accord with the VUS distribution of medically relevant hearing
loss variants within coding and splice-site regions in the DVD
(74.3%; 72,066 of 97,007) (Azaiez et al. 2018). In the present
study, variants most frequently assigned to the VUS category
were found in the large genes ADGRVI (n=21; 4.7%), CDH23
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(n = 18; 4.1%), MYO7A4 (n = 16; 3.6%), and USH24 (n = 13;
2.9%). The correlation of larger gene size with a larger number
of VUSs is expected and may correspond to the higher variant
load of larger genes in the overall variant analysis of the DVD
(Azaiez et al. 2018).

Future re-evaluation of the current data will improve diag-
nostic results over time as the understanding and interpreta-
tion of variants in hearing loss will improve. The development
and refinement of databases such as ClinVar and the HGMD
and disease-specific databases such as the DVD will support
the interpretation of VUSs in the future (Azaiez et al. 2018).
Moving from targeted panel sequencing or exome sequencing to
whole-genome sequencing will reveal the noncoding pathogenic
spectrum and further increase the complexity of the pursuit to
integrate genomic and phenotypic data for clinical interpretation.

Copy Number Variations

CNVs are a major cause of NSHL and have been shown to
contribute to between =18% (Shearer ef al. 2014b) and 20%
of genetic hearing loss diagnoses (Sloan-Heggen et al. 2016).
In particular, CNVs of the STRC gene (DFNB16) (Verpy et al.
2001) provided nearly three of four causal CNVs (Shearer et al.
2014b) or 16.1% of the total diagnoses (Sloan-Heggen et al.
2016). In this study, we identified one patient with a homo-
zygous STRC partial deletion (c.(?_3499)_(4993_?)del; see
Table in Supplemental Digital Content 4, http://links.lww.com/
EANDH/A961), representing only 1.3% of the total diagnoses.
Furthermore, we identified four individuals with heterozygous
deletions (see Table in Supplemental Digital Content 7, http://
links.lww.com/EANDH/A964), corresponding to a carrier fre-
quency of 1.8% (5/284), compared to 4.7% in a previous study
(Shearer et al. 2014b). The gene-specific diagnostic yield and
carrier frequency for CNVs in STRC was relatively low in the
present study. This gene is frequently deleted in patients of
European descent (Francey et al. 2012; Vona et al. 2015) and
was determined by molecular genetic testing to be the second
most implicated gene in patients of French, Czech, and German
cohorts (Vona et al. 2015; Baux et al. 2017, Plevova et al. 2017).
With respect to other CN'Vs, one heterozygous deletion of exons
32-37 was identified in the OTOG gene that was suspected to be
in compound heterozygosity with a putative splice-altering vari-
ant (¢.2796-3C>G). Of note, identification of CNVs based on
sequence coverage depth as previously described (Dohrn et al.
2017) was introduced early in the course (November 2012) of
this retrospective study and was consistently performed (with
the exception of STRC in panel version 3, leaving out 44 of 305
probands; 14%) so that CNV analysis covered the majority of
the probands.

Considering phenotypic characteristics, STRC has primar-
ily been described as a major contributor to pediatric bilateral
NSHL, especially in patients with mild-moderate hearing loss
(Francey et al. 2012). Causal variants in STRC provided the
most common diagnosis among patients with mild-to-moder-
ate hearing loss in the Towa cohort and accounted for 30% of
diagnoses for this hearing loss grade. Mild-to-moderate hear-
ing loss accounted for 44% and severe-to-profound hearing loss
for 56% of the patient population in the Caucasian ethnicity
group of the Towa cohort (Sloan-Heggen et al. 2016). In the
present study, the overall proportion of bilateral normal to mild-
to-moderate hearing loss (<50 dB HL) was only 19%, which

is less than half of the proportion in the Iowa cohort (Fig. 2D).
Hence, the relatively small number of probands demonstrating
the typical audiologic phenotypic characteristics for STRC may
provide a possible explanation for the low diagnostic contribu-
tion of STRC-related CNVs.

Further expansion of the cohort will reveal whether the
observed CNV frequency and STRC contribution remain repre-
sentative of this population.

CONCLUSIONS

In summary, we present the first large study of comprehen-
sive targeted hearing loss sequencing in a German cohort. The
cohort is unique because of its age structure, which is represen-
tative of the overall age distribution in the regional population
of Southwest Germany. Only six genes accounted for half of the
diagnoses, and 35 genes contributed an overall diagnostic yield
of 25%. The solve rate was highly sensitive to phenotypic charac-
teristics. Gene-specific participation in the genetic diagnoses was
strongly influenced by the large proportion of postlingual hearing
loss onset, which was reflected in an unusually high—more than
40%—contribution of autosomal-dominant genes to the diagno-
ses. A sequential increase in gene content in the targeted panels
did not equitably increase diagnostic returns. The diagnostic bot-
tleneck appeared in the substantial number of identified VUSs.
These VUSs hold promise for increasing the diagnostic rate in
future re-evaluations based on a growing knowledge base.
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