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Abstract: Auditory neuropathy spectrum disorder (ANSD) is often missed by standard hearing tests,
accounting for up to 10% of hearing impairments (HI) and commonly linked to variants in 23 genes.
We assessed 122 children with HI, including 102 with sensorineural hearing loss (SNHL) and 20 with
ANSD. SNHL patients were genotyped for common GJB2 variants using qPCR, while ANSD patients
underwent whole exome sequencing, with variants analyzed across 249 genes. Homozygous GJB2
variants were found in 54.9% of SNHL patients. In 60% of ANSD patients, variants were detected in
OTOF (25%), CDH23, TMC1, COL11A1, PRPS1, TWNK, and HOMER2 genes, including eight novel
variants. Transient evoked otoacoustic emissions testing revealed differences at 4000 Hz (p = 0.0084)
between the ANSD and SNHL groups. The auditory steady-state response (ASSR) test showed
significant differences at 500 Hz (p = 2.69 × 10−4) and 1000 Hz (p = 0.0255) compared to pure-tone
audiometry (PTA) in ANSD patients. Our questionnaire shows that the parents of children with
SNHL often report an improved quality of life with hearing aids or cochlear implants, while parents
of children with ANSD frequently experience uncertainty about outcomes (p = 0.0026), leading to
lower satisfaction.

Keywords: sensorineural hearing loss; cochlear implant; hearing aid; pediatrics; whole-exome sequencing

1. Introduction

Auditory neuropathy spectrum disorder (ANSD) encompasses a wide range of hear-
ing impairments (HI) of varying severity with rehabilitation outcomes rather difficult to
predict [1]. The auditory signs of ANSD include preserved otoacoustic emissions (OAEs),
cochlear microphonics potential (CM), and absent acoustic reflexes. In Russia and several
other countries, the first stage of newborn hearing screening relies solely on OAE testing.
Therefore, patients with ANSD often go undetected and are identified late. Since patients
with ANSD have normal OAEs, they are not referred for the second stage of audiological
screening, which results in the delayed diagnosis of ANSD [2–4]. The second stage of
screening is for children who did not pass the newborn hearing screening or for those who
have risk factors for HI. Among children with ANSD, hearing thresholds may improve
in 58.7% of cases and even normalize in 35.5% by the age of 1.5 years [5]. According to
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the pertinent literature sources, the prevalence of ANSD varies from 1% to 10% among
individuals with HI [6–8].

ANSD is often linked to prematurity, hyperbilirubinemia, congenital cytomegalovirus
infection, and genetic disorders [1]. However, most ANSD cases are genetically deter-
mined [9]. ANSD development is associated with variants in 23 genes [10].

Based on the localization of pathology, ANSD is classified into the pre-synaptic and
post-synaptic forms [11]. The genes related to the pre-synaptic form include OTOF,
SLC17A8, CACNA1D, and CABP2. Variants in these genes disrupt the inner hair cell
function in the inner ear, making the affected patients potential candidates for cochlear
implantation (CI). Genes linked to the post-synaptic forms of ANSD include DIAPH3,
OPA1, ATP1A3, MPZ, PMP22, NEFL, TIMM8A, AIFM1, and WFS1. Employing CI for aural
rehabilitation in patients carrying the variants that cause the post-synaptic form did not
prove successful [12]. OTOF variants predominantly cause non-syndromic ANSD [13]. Pa-
tients with OTOF-associated ANSD typically respond better to CI than to hearing aids (HA).
Over 200 variants in the OTOF gene have been identified, with these variants accounting
for congenital ANSD in more than 41% of cases in China [14].

Revealing the genetic background underlying ANSD allows for more accurate prog-
nosis of speech development in children after CI. A review of 33 studies involving CI
in children with ANSD demonstrated improvement in speech, language, and auditory
parameters [15]. Predicting the efficiency of patient rehabilitation requires establishing
the precise disorder etiology including an underlying genetic factor. Comparing auditory
profiles among patients with different genetic variants is essential for timely diagnosis and
successful auditory rehabilitation, making it a critically relevant research focus.

The aim of our study is to enhance the early-stage ANSD diagnosis efficacy through a
comparative analysis of patient auditory profiles and genotype–phenotype matching.

2. Results
2.1. Molecular Genetic Testing and the Genotype-Phenotype Matching Analysis

As shown in Figure 1, genetic variants were observed in most patients. In our study,
56 (54.90%) sensorineural hearing loss (SNHL) patients had homozygous (47—c.35delG, 5—
c.358–360delGAG, total 50.98%) and compound heterozygous (3—c.35delG/c.313–326del14,
1—c.35del/c.358–360delGAG, 3.92% in total) GJB2 variants. Additionally, 12 (60%) ANSD
patients presented with nucleotide sequence variants in various genes. Furthermore, we
identified 10 carriers of GJB2 gene variants, including 6 patients with c.35delG, and 2 each
with c.358–360delGAG and c.313–326-del14 variants.

The children with ANSD were included in the group I and the children with conven-
tional SNHL were included in group II, respectively. Molecular genetic testing demon-
strated that the prevalence of the genetically determined hearing loss among the children
undergoing treatment in the FSBI ‘The National Medical Research Center for Otorhino-
laryngology of the Federal Medico-Biological Agency of Russia’ was 55.74%.

Analyzing the data from the children with ANSDs, we noted high levels of heterogene-
ity of this disorder (Table 1). Nevertheless, the pathogenic variants in the OTOF gene were
most frequently observed, occurring in homozygous or compound heterozygous states in
five out of twenty patients.
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Table 1. Nucleotide sequence variants in different genes among patients with auditory neuropathy spectrum disorders (ANSDs) (N = 12, 60% of all ANSD cases in
the present study).

Patient Sex
Hearing Aids (HA)/Cochlear

Implant (CI), Age at the
Moment of Installation

Lifetime of
HA/CI (Months)

Quality of Life Assessment
(0 Points—No Change,

10 Points—Life Has Become
More Fulfilling)

Genetic Variant OMIM Disease Reported

1 Male HA, 16 years 4 5
OTOF(NM_194248.3):c.3021G > C (p.Trp1007Cys) (heterozygous)

Deafness, autosomal
recessive 9 (MIM:601071)

This study
OTOF(NM_194248.3): c.4747C > T (p.Arg1583Cys) (heterozygous) [14]

2 Male CI, 15 years 4 5
OTOF(NM_194248.3): c.3021G > C (p.Trp1007Cys) (heterozygous) This study
OTOF(NM_194248.3): c.4747C > T (p.Arg1583Cys) (heterozygous) [14]

3 Male HA, 8 years 4 5
OTOF(NM_194248.3): c.3021G > C (p.Trp1007Cys) (heterozygous) This study
OTOF(NM_194248.3): c.4747C > T (p.Arg1583Cys) (heterozygous) [14]

4 Female CI, 4 years 6 6 OTOF(NM_194248.3): c.4903A > T (p.Arg1635Ter) (homozygous) [16]
5 Female CI, 4 years 3 7 OTOF(NM_194248.3): c.1111G > C (p.Gly371Arg) (homozygous) [17]

6 Female CI, 2 years 74 10
CDH23(NM_022124.6): c.3067G > A (p.Asp1023Asn) (heterozygous) Deafness, autosomal

recessive 12 (MIM:601386)

[18]
CDH23(NM_022124.6): c.6442G > A (p.Asp2148Asn) (homozygous) [19]

7 Female CI, 2 years 12 6 CDH23(NM_022124.6): c.6442G > A (p.Asp2148Asn) (homozygous) [20]

8 Female HA, 5 years 13 8 COL11A1(NM_001854.4): c.1678C > T (p.Pro560Ser) (heterozygous) Deafness, autosomal
dominant 37 (MIM:618533) This study

9 Male CI, 1 year 6 9
TMC1(NM_138691.3): c.421_425del
(p.Arg141ValfsTer4) (heterozygous) Deafness, autosomal

recessive 7 (MIM:600974)
This study

TMC1(NM_138691.3): c.1592A > T (p.Asp531Val) (heterozygous) This study

10 Male CI, 6 years 10 6 HOMER2(NM_004839.4): c.992A > C (p.Asp331Ala) (heterozygous) Deafness, autosomal
dominant 68 (MIM:616707) This study

11 Male HA, 14 years 8 8
TWNK(NM_021830.5): c.561_562insA
(p.Asp188ArgfsTer38) (heterozygous)

Mitochondrial DNA depletion syndrome 7
(hepatocerebral type) (MIM:271245),
Perrault syndrome 5 (MIM:616138)

This study

TWNK(NM_021830.5): c.1852C > T (p.Pro618Ser) (heterozygous) This study

12 Male HA, 2 years 2 3 PRPS1(NM_002764.4): c.202A > G (p.Met68Val) (hemizygous)

Deafness, X-linked 1 (MIM:304500) Arts
syndrome (MIM:301835)

Charcot-Marie-Tooth disease, X-linked
recessive, 5 (MIM:311070) Phosphoribosyl

pyrophosphate synthetase
superactivity (MIM:300661)

This study

Notes: Patients 1, 2, and 3 are siblings. CI—cochlear implant; HA—hearing aid.
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The extended survey results are presented in Table S1. This table includes two carriers
of clinically significant variants in genes associated with ANSD, as follows: the boy with CI
carried both OTOF(NM_194248.3): c.2165G > C (p.Arg722Pro) and SPNS2(NM_001124758.3):
c.310G > C (p.Ala104Pro) variants, while the girl with HA carried the CDH23(NM_022124.6):
c.5386C > A (p.Pro1796Thr) variant. All three variants have not been previously described.

Among the children with confirmed diagnoses, we identified eight nucleotide se-
quence variants that have not been previously reported in the literature. We classified the
following variants as likely pathogenic: OTOF(NM_194248.3): c.3021G > C (p.Trp1007Cys)
(CADD score = 31), TMC1(NM_138691.3): c.1592A > T (p.Asp531Val) (CADD score = 31),
TMC1(NM_138691.3): c.421_425del (p.Arg141ValfsTer4), TWNK(NM_021830.5): c.561_562insA
(p.Asp188ArgfsTer38), PRPS1(NM_002764.4): c.202A > G (p.Met68Val) (CADD score = 23).
The data from the literature reported the patient with the Charcot–Marie–Tooth disease and
bilateral SNHL onset at 6–10 years of age; this patient had an altered amino acid sequence at
the same position (p.Met68Leu) as identified in our patient no. 12 [21]. We classified the fol-
lowing variants as having uncertain clinical significance: COL11A1(NM_001854.4): c.1678C
> T (p.Pro560Ser) (CADD score = 28.5), HOMER2(NM_004839.4): c.992A > C (p.Asp331Ala)
(CADD score = 27.4), TWNK(NM_021830.5): c.1852C > T (p.Pro618Ser) (CADD score = 22.5).
Despite the p.Pro618Ser variant being predicted as benign, it is located in the functional SF4
helicase domain, which contains 116 missense/in-frame variants, including 36 pathogenic
variants, 79 variants of unknown significance, and only 1 benign variant.

Pathogenic variants in the OTOF gene were transmitted from mothers to patients
4 and 5 (fathers were not available for genetic analysis). Patient 9 inherited the TMC1
p.Arg141ValfsTer4 and p.Asp531Val variants from his mother and father, respectively.
Patient 12 inherited the PRPS1 variant p.Met68Val from his mother.

Patient 5 also harbored a previously undescribed variant TECTA(NM_005422.4):
c.4966A > G (p.Met1656Val) in a heterozygous state, associated with deafness, autoso-
mal dominant 8/12 (MIM:601543), and deafness, autosomal recessive 21 (MIM:603629).
However, according to CADD, this variant was classified as benign (score = 22.6).
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Patient 11 was monitored throughout infancy for breath-holding spells and perinatal
brain injury. The patient was diagnosed with delayed speech development. Five years
after the onset of the condition, the hearing loss was observed, initially unilateral and
later bilateral. The patient is under the care of an otorhinolaryngologist and audiologist
with a diagnosis of stage 2 bilateral mixed (predominantly sensorineural) hearing loss.
Additionally, mild myotonic syndrome was diagnosed by a neurologist. Stage 2 bilateral
SNHL is present, along with speech impairment, asthenic syndrome, and behavioral issues.
A psychiatrist diagnosed the patient with F06.7 (ICD-10).

2.2. Hearing Test Results

All parents of patients in groups I and II reported hearing loss (100%), with 44% also
reporting speech delays (N = 54). No other complaints were noted by the patients or their
legal representatives.

Comprehensive otolaryngological examinations confirmed that none of the children
had acute ENT pathology at the time of assessment. Additionally, computed tomogra-
phy (CT) scans of the temporal bones and magnetic resonance imaging (MRI) of the brain
revealed no pathological changes.

In our study, a comparative analysis of the signal-to-noise ratio during the registra-
tion of transient evoked otoacoustic emissions (TEOAEs) (Figure 2A, Table 2) revealed a
statistically significant difference at 4000 Hz (p = 0.008348) between the ANSD and SNHL
patients. The least pronounced difference was observed at 500 Hz, since both groups
showed negative signal-to-noise ratios. However, a comparison of the mean values across
all frequencies did not reveal any statistically significant differences (p = 0.5633).

Table A1 presents the median and interquartile range (Q1-Q3) of the auditory steady-
state response (ASSR) test results in patients from Group II, with values separately for the
right and left ears at each frequency. The data in Figure A1 correspond to patients with
severe and profound hearing loss (N = 94), for whom CI was indicated.
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Figure 2. Comprehensive audiologic assessments. (A) comparative analysis of mean signal-to-noise
ratios during transient-evoked otoacoustic emissions (TEOAEs) registration in patients from the
group I (auditory neuropathy spectrum disorders, ANSDs) and group II (sensorineural hearing
loss, SNHL). (B) comparison of mean results from pure-tone audiometry (PTA) and auditory steady-
state response (ASSR) tests in patients with ANSDs. Abbreviations: OAEs—otoacoustic emissions.
Mann–Whitney U test. p < 0.01 is designated as ‘**’, ns—not significant (p > 0.5).
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Table 2. Comparative characterization of signal-to-noise ratios during the registration of transient
evoked otoacoustic emissions (TEOAEs) in patients with auditory neuropathy spectrum disorders
(ANSDs) (I group) and in patients with SNHL (II group). Mann–Whitney U test.

Frequency Group I
Me [25%, 75%] N Ears Group II

Me [25%, 75%] N Ears p-Value

500 Hz −6.25 [−7.5, −4.625] 20 −4.5 [−6, −3.5] 102 0.05552
1000 Hz −4.725 [−6.125, 4.912] 20 −5 [−6, −3.5] 102 0.3011
2000 Hz −4 [−5.162, 7.75] 20 −5 [−6, −3.5] 102 0.08219
4000 Hz −3.25 [−4.75, 7.75] 20 −5 [−6.5, −3.5] 102 0.008348

Notes: Me—median.

In ANSD patients, results from the pure-tone audiometry (PTA) test indicated lower
thresholds compared to those recorded during the ASSR test (p = 0.009585) (Figure 2B).
Comparative analysis of the metrics obtained from the ASSR and PTA tests revealed
statistically significant differences at frequencies of 500 Hz (p = 0.0002689) and 1000 Hz
(p = 0.02546) within the ANSD patient group (Table 3). However, during this study, not all
patients were able to perform PTA due to the age of the patients or lack of understanding
of the task.

Table 3. Pure-tone audiometry (PTA) test and the auditory steady-state response (ASSR) test compar-
ison of the both ears in auditory neuropathy spectrum disorders patients. Mann–Whitney U test.

Frequency PTA Test
Me [25%, 75%] N Ears ASSR Test

Me [25%, 75%] N Ears p-Value

500 Hz 52.5 [50.62, 54.38] 6 77.5 [72.5, 80] 20 0.0002689
1000 Hz 62.5 [60, 70.62] 6 81.25 [75, 85] 20 0.02546
2000 Hz 71.25 [63.75, 78.75] 6 80 [75, 85] 20 0.1584
4000 Hz 76.25 [73.12, 81.25] 6 73.75 [64.38, 83.12] 20 0.669

Notes: Me—median.

Acoustic impedance testing revealed that all patients exhibited a type ‘A’ tympano-
metric curve, as classified by Jerger (1970) [22]. In all examined children with ANSDs,
as well as those with SNHL of the IV degree, the acoustic reflex was absent. Auditory
brainstem response (ABR) testing with click stimuli showed that in patients with ANSDs
(group I), the V wave peak was undetectable bilaterally, though the CM (I wave) was
measured. Specifically, the CM was detected at an 80 dB stimulus in 40% (eight patients)
and at 90 dB in 60% (twelve patients). Among the SNHL patients (group II), the V wave
peak was observed primarily at 90–100 dB in 94 cases, at 40 dB in one child, and at 60–70
dB in four patients.

The degree of hearing loss in ANSD patients was determined based on subjective
hearing assessment, whereas for SNHL patients, the degree of hearing loss was established
using objective methods such as ASSR and ABR tests.

Figure 3 illustrates the distribution of hearing loss severity among patients with
ANSDs and SNHL. In patients with ANSDs, a more severe degree of hearing loss pre-
dominates (seven cases of ‘severe’ and seven of ‘profound’), and there are no cases of
mild or moderate hearing loss. Patients with SNHL are represented across all severity
categories, with a significant portion in the ‘severe’ and ‘profound’ categories (30 and 64,
respectively). The Pearson’s chi-square test was applied, revealing a statistically significant
relationship between the type of hearing loss (ANSDs or SNHL) and the degree of hearing
loss (χ² = 17.04, df = 3, p = 0.00069). Post hoc analysis with a Bonferroni correction showed
that significant differences were observed in the following severity categories: moderate
(p = 0.017) and profound (p = 0.002) hearing loss, where SNHL was found to exhibit a
tendency towards a greater severity of loss compared to ANSDs. We cannot consider the
results of the chi-square test valid, as the conditions were not met—all expected values
should be greater than 1, and at least 20% of the expected values should exceed 5. Therefore,
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we applied Fisher’s exact test, which is used for small sample sizes or when expected fre-
quencies are low. We calculated the p-values for each comparison using 2 × 2 contingency
tables for each pair of severity categories and applied a Bonferroni correction. The only
statistically significant comparison was between moderately severe and profound hearing
loss, with a p = 0.0008 and an adjusted p = 0.0047. This indicates that there is a significant
difference between the severity of hearing loss in these categories for patients with ANSDs
and SNHL, with SNHL showing a greater severity of hearing loss in these two categories
compared to ANSDs.
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2.3. Quality of Life Assessment

Patients were stratified based on the use of the following rehabilitation tools: 11 ANSD
patients and 83 SNHL patients used CI, while 9 ANSD patients and 19 SNHL patients used
HAs. In both groups, patients predominantly used CI.

According to the survey (Document S1), SNHL patients had been using technical
devices longer (20.37 ± 16.4 months) than ANSD patients (14.35 ± 13.1 months).

Changes in the quality of life since the start of HA or CI use, presented on a 10-point scale
in Figure 4, indicate that the parents of children with SNHL are generally more satisfied
with their children’s improvements than parents of children with ANSDs (p = 0.0026). On a
10-point scale, parents of children with SNHL reported a median satisfaction score of 7 [9,10],
whereas parents of children with ANSDs reported a median satisfaction score of 6 [7,9].
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3. Discussion

In our study, the genetically determined hearing loss accounted for 74% of all children
undergoing both treatment and monitoring at the FSBI ‘The National Medical Research
Center for Otorhinolaryngology’ of the Federal Medico-Biological Agency of Russia, with
ANSD patients comprising 17.65% of these cases. The most common genetic cause of
ANSDs observed was variants in the OTOF gene, consistent with the existing literature,
occurring in 25% of cases in our study.

The observed improvement in hearing in children with ANSDs following gene therapy
represents a promising advancement in the treatment of genetic hearing loss. While CI
continues to be the primary method for auditory and verbal rehabilitation in ANSD patients,
gene therapy offers a potentially more effective and natural alternative. Gene therapy
using AAV1-hOTOF for bilateral hearing loss in five children showed no serious adverse
effects and improved hearing and speech perception. The average auditory brainstem
response threshold was restored from >95 dB to 50–85 dB, and all patients recovered speech
perception and sound localization ability [23].

From our findings, only a subset of the identified genes (OTOF, TWNK, PRPS1) could
be directly linked to ANSDs. For instance, one patient with compound heterozygosity
for the p.Arg1583His and p.Gln1883* variants in the OTOF gene underwent cochlear
implantation at the age of 20 months. After five years of monitoring, their average pure
tone thresholds at 500, 1000, 2000, and 4000 Hz increased by 25–37.5 dB [24]. Another
patient with Perrault syndrome, associated with TWNK variants and onset of hearing loss
at 5.5 years, received a CI at 6.5 years old. After 1 year, the average hearing threshold
increased from 98.75 dB to 38.25 dB; the vowel, consonant, disyllable, and tone recognition
scores in the quiet field were 36, 36, 36, and 56%, respectively [25]. In this patient and
another patient carrying compound heterozygous variants in the TWNK gene, CI improved
CAP and SIR scores.

The contribution of the COL11A1, CDH23, TMC1, and HOMER2 genes to ANSD devel-
opment has not been previously described, which emphasizes that we still lack profound
knowledge of this disease. CI was found to be completely ineffective for a German patient
with the heterozygous variant COL11A1(NM_080629.2): c.2644C > T (p.Arg882Trp) [26].
Conversely, patients with CDH23 variants demonstrated improvements in hearing and
speech outcomes post-CI [27], including those with the CDH23(NM_022124.6): c.2591G
> T (p.Gly864Val) variant in a compound heterozygous state, similar to findings in pa-
tient 6 [18]. Although the CDH23(NM_022124.6): c.6442G > A (p.Asp2148Asn) variant
is prevalent in Europe with 138 healthy heterozygous individuals reported [28], no cases
of CI in patients with this variant have been documented. Excellent clinical outcomes
were observed with CI in two half-siblings with compound heterozygosity at the TMC1
gene (p.Arg34 and p.Trp321*) and in a patient with variants p.Arg389* and p.Arg512* [29].
HOMER2-associated deafness is extremely rare, with the only described variants being
p.Arg196Pro, p.Met281Hisfs*9, and p.Pro278Alafs*10. The patients carrying these variants
did not undergo CI [30]. As whole genome and whole exome sequencing become more
accessible, the development of multigene panels, including ‘hearing loss’ panels with
dozens of genes associated with hearing loss, presents a promising approach for detecting
rare forms of congenital hearing loss in ANSD patients.

Audiological testing is essential for diagnosing ANSDs and encompasses a range of
hearing assessment methods.

TEOAEs revealed a statistically significant difference between ANSDs and SNHL
patients at 4000 Hz. Notably, patients with OTOF gene variants continued to exhibit
TEOAE responses regardless of age, consistent with the existing literature [31]. In contrast,
TEOAEs were absent in other patients, and the signal-to-noise ratio was negative, leading
to no significant differences between the groups.

Acoustic impedance testing showed that all ANSD patients in our study had a type ‘A’
tympanometric curve, with no acoustic reflexes recorded. In ABR testing with click stimuli,
CM in ANSD patients were typically detected at 80 and 90 dB.
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Given the clinical and audiological characteristics of ANSDs, we conducted a statistical
analysis comparing the results of PTA testing with visual reinforcement and the ASSR
test. This analysis revealed a significant difference only at 500 Hz and 1000 Hz. Due
to age and difficulty comprehending instructions, not all patients were able to complete
behavioral audiometry to determine behavioral thresholds. Survey responses from parents
of children with sensorineural hearing loss commonly indicated positive quality-of-life
improvements after using HA or CI. Conversely, parents of children with ANSDs may face
greater uncertainty in the prognosis of the child’s development, which leads to a low level
of satisfaction with the quality of life.

Currently, it is not possible to draw comprehensive conclusions on auditory and speech
rehabilitation outcomes for ANSD patients, as not all have reached the 5-year milestone of
HA or CI use. As we expand the cohort of patients with genetically confirmed ANSDs and
extend the observation period, we will be able to assess the long-term effectiveness of CI
and HA in this population. This ongoing research aims to refine the criteria for cochlear
implantation and develop an optimized rehabilitation algorithm tailored for children
with ANSDs.

4. Materials and Methods
4.1. Patients

This study was conducted from 2021 to 2024 at the clinical base of the FSBI ‘The Na-
tional Medical Research Center for Otorhinolaryngology’ of the Federal Medico-Biological
Agency of Russia, as well as in the laboratories of the Russian National of Further Profes-
sional Education, the Russian Medical Academy of Continuous Professional Education, and
the FSBI ‘National Medical Research Center For Obstetrics, Gynecology, And Perinatology
Named After Academician V.I. Kulakov’. All patients provided written informed consent
for the sample collection, subsequent analysis, and publication thereof.

We examined 122 children with HI, including 102 pediatric patients (mean age:
3.7 ± 4.1 years) with various degrees of SNHL and 20 children with clinically confirmed
ANSDs (mean age: 5.65 ± 4.63 years).

All children underwent comprehensive clinical and audiologic assessments, which
included the collection of complaints and case history, a complete otolaryngological ex-
amination, CT imaging of the temporal bones, and MRI of the brain. The audiological
evaluations involved the following procedures: acoustic impedance testing (Interacous-
tics AT235; Interacoustics A/S Drejervaenget 8 DK-5610, Assens, Denmark), recording
TEOAEs (Interacoustics Eclipse EP25; Interacoustics A/S Drejervaenget 8 DK-5610, As-
sens, Denmark) and short-latency auditory evoked potentials (SLAEPs) using Chirp-LS
signals (Interacoustics Eclipse EP25; Interacoustics A/S Drejervaenget 8 DK-5610, Assens,
Denmark), as well as in children with ANSDs using click signals with stimuli of different
polarities (CM registration) (Interacoustics Eclipse EP25; Interacoustics A/S Drejervaenget
8 DK-5610, Assens, Denmark). For ANSD patients, auditory evaluations involved recording
click signals in response to stimuli of different polarities (rarefaction and condensation
phases). Additionally, an ASSR test was performed (Interacoustics Eclipse EP25; Interacous-
tics A/S Drejervaenget 8 DK-5610, Assens, Denmark) and the children with ANSDs also
underwent PTA testing (Interacoustics AC40; Interacoustics A/S Drejervaenget 8 DK-5610,
Assens, Denmark).

ANSDs were identified based on the following audiological signs: lack of acoustic
reflex registration, presence of normal CM, presence or absence of OAEs (depending
on the timing of diagnosis), and abnormal ABR waveforms. Exclusion criteria included
conductive and mixed hearing loss; chronic middle ear conditions; malformations of
the external, middle, or inner ear; acute upper respiratory infections, and any history or
presence of clinically significant uncontrolled diseases in any organ system.

The parents of all examined children completed the survey created by the specialists
of the FSBI ‘The National Medical Research Center for Otorhinolaryngology of the Federal
Medico-Biological Agency of Russia’ to assess the effectiveness of aural rehabilitation
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(Document S1). The survey assessed patient demographics, comfort and side effects
of device use, rehabilitation support, and overall impact on quality of life, providing a
comprehensive view of each child’s experience with their hearing rehabilitation device.

After the diagnosis had been established by routine hearing tests, all patients under-
went molecular genetics testing.

4.2. qPCR

For SNHL patients, we performed genotyping of the frequent GJB2 variants (c.35delG,
c.167delT, c.235delC, c.313–326del14, and c.358–360delGAG) using the ‘Surdogenetic’ kit
(JSC DNA-Technology, Moscow, Russia) following the manufacturer’s instructions using
the DT-96 thermocycler (JSC DNA-Technology, Moscow, Russia).

4.3. Whole Exome Sequencing (WES)

For children with a clinically confirmed ANSD, we carried out WES with subsequent
analysis and data interpretation.

DNA-libraries were prepared using 500 ng of genomic DNA with the MGIEasy Uni-
versal DNA Library Prep Set (MGI Tech, Shenzhen, China), following the manufacturer’s
protocol. DNA fragmentation was performed via ultrasonication using Covaris S-220
(Covaris, Inc., Woburn, MA, USA) resulting in the average fragment length of 250 bp. Prior
to DNA fragmentation, the libraries were pooled according to the protocol described in [32]
using the SureSelect Human All Exon v7 and v8 probes (Agilent Technologies, Santa Clara,
CA, USA), which cover the whole human exome. DNA and library concentrations were
measured with Qubit Flex (Life Technologies, Carlsbad, CA, USA) using the dsDNA HS
Assay Kit (Invitrogen, Waltham, MA, USA), following the manufacturer’s instructions. The
quality of the prepared libraries was assessed using Bioanalyzer 2100 with the High Sensi-
tivity DNA kit (Agilent Technologies, Santa Clara, CA, USA), as per the manufacturer’s
protocol. Subsequently, the libraries were circularized and sequenced in the paired-end
mode using the DNBSEQ-G400 with the DNBSEQ-G400RS High-throughput Sequencing
Set PE100 (MGI Tech, Shenzhen, China) achieving an average coverage of 100×.

FastQ files were generated with the basecallLite software (ver. 1.0.7.84) from the
manufacturer (MGI Tech, Shenzhen, China). The quality of the obtained sequencing data
was assessed using the FastQC v0.11.9 software (Babraham Institute, Cambridge, UK) [33].
Based on the quality control results, the correction of raw reads was performed using
the bbduk v38.96 software [34]. For each sample, we conducted the bioinformatics anal-
ysis of sequencing data which included aligning reads to the human reference genome
GRCh38 with bwa-mem2 v2.2.1 (Wellcome Trust Sanger Institute, Cambridge, UK) [35]
and SAMtools v1.9 (Wellcome Sanger Institute, Hinxton, UK) [36], identification of du-
plicates and obtaining the exome enrichment quality metrics using Picard v2.22.4 (Broad
Institute, Cambridge, MA, USA) [37], variant calling using bcftools v1.9 (Wellcome Sanger
Institute, Hinxton, UK) [38] and Deepvariant v1.5.0 [39], variant annotation using AnnoVar
v2020Jun08 (Center for Applied Genomics, Children’s Hospital of Philadelphia, Philadel-
phia, PA, USA) [40], Intervar v2.2.2 (Wang Genomic Lab, Philadelphia, PA, USA) [41],
and our custom Python3 scripts for the optimization and quality improvement of the
final annotation files. A CNV search was performed using CNVkit v0.9.8 [42], and CNV
annotation was performed with ClassifyCNV v1.1.1 (Genotek Ltd., Moscow, Russia) [43]
and AnnotSV v3.2.3 [44]. After the bioinformatics analysis, we performed a final quality
check with MultiQC v1.16 [45].

For this study, we assembled a panel comprising 249 genes (Table S2) associated with
the diagnoses of ‘auditory neuropathy’ and ‘hearing loss’. The selection of genes was based
on the Human Phenotype Ontology panels (HPO) ‘Infantile sensorineural hearing impair-
ment (HP:0008610)’ and ‘Congenital sensorineural hearing impairment (HP:0008527)’ [46],
as well as keyword searches for ‘sensorineural hearing loss’ and ‘deafness’ in the Online
Mendelian Inheritance in Man (OMIM). We excluded those variants associated only with
conductive hearing loss. The clinical significance of identified variants was interpreted
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following the ACMG criteria [47], utilizing variant databases and the literature sources.
The population frequencies were obtained from gnomAD v.4.0.0 [28] и RUSeq [48].

Statistical data analysis was performed using the RStudio version 2024.03.0 (Posit PBC,
Boston, MA, USA). Data with a normal distribution are presented as the mean ± SD, while
non-normally distributed data are presented as the median [Q1, Q3]. The Mann–Whitney
U test was used to compare quantitative data between the two groups. A p-value < 0.05
was considered statistically significant.

5. Conclusions

Our study identified statistically significant differences between ANSDs and SNHL
patients in signal-to-noise ratio measures. Additionally, all patients with homozygous
or compound heterozygous mutations in the OTOF gene (five out of twenty) exhibited
transient evoked otoacoustic emissions (TEOAEs). Comparative analysis between hearing
thresholds from behavioral audiometry and the ASSR test revealed statistically significant
differences only at 500 Hz and 1000 Hz. At this stage, comprehensive conclusions on
auditory and speech rehabilitation outcomes in ANSD patients are premature due to the
limited duration of HA/CI use (less than 5 years in many cases). Further results will be
shared as this study progresses.
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Appendix A

Table A1. Auditory steady-state response (ASSR) test results in patients with sensorineural hearing
loss (SNHL) (group II).

Frequency, Ear Me [25%, 75%] N Ears

500 Hz AD 90 [80–95] 102
500 Hz AS 90 [85–100] 102

1000 Hz AD 95 [85–100] 102
1000 Hz AS 95 [90–100] 102
2000 Hz AD 95 [86.25–100] 102
2000 Hz AS 90 [90–100] 102
4000 Hz AD 90 [85–100] 102
4000 Hz AS 95 [85–100] 102

Notes: Me—median; AD—right ear; AS—left ear.

https://www.mdpi.com/article/10.3390/ijms252312554/s1
https://www.mdpi.com/article/10.3390/ijms252312554/s1
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