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Comparison of vestibular function 
in hereditary hearing loss patients 
with GJB2, CDH23, and SLC26A4 
variants
Keita Tsukada 1*, Shin‑ya Nishio 2, Yutaka Takumi 1 & Shin‑ichi Usami 2

To investigate the association between hereditary hearing loss and vestibular function, we compared 
vestibular function and symptoms among patients with GJB2, SLC26A4, and CDH23 variants. Thirty-
nine patients with sensory neural hearing loss (11 males and 28 females) with biallelic pathogenic 
variants in either GJB2, SLC26A4, or CDH23 were included in this study (13 GJB2, 15 SLC26A4, and 11 
CDH23). The patients were examined using caloric testing and cervical and ocular vestibular-evoked 
myogenic potentials (cVEMP and oVEMP). We also compared vestibular function and symptoms 
between patients with these gene variants and 78 normal-hearing ears without vestibular symptoms 
as controls. The frequency of semicircular canal hypofunction in caloric testing was higher in patients 
with SLC26A4 variants (47%) than in those with GJB2 (0%) and CDH23 variants (27%). According to 
the cVEMP results, 69% of patients with GJB2 variants had saccular hypofunction, a significantly 
higher proportion than in those carrying other variants (SLC26A4, 20%; CDH23, 18%). In oVEMP, 
which reflects utricular function, no difference was observed in the frequency of hypofunction among 
the three genes (GJB2, 15%; SLC26A4, 40%; and CDH23, 36%). Hence, discernable trends indicate 
vestibular dysfunction associated with each gene.

Congenital hearing loss (HL) occurs in 1 in 700–1000 newborns, with an estimated 50–70% of cases attributed 
to genetic causes1. Over 120 genes have been identified as causative factors for non-syndromic HL2.

Our previous large cohort analysis using massive parallel DNA sequencing showed that GJB2 variants were the 
most frequent cause of HL, followed by SLC26A4 (MIM #605,646) and CDH23 (NM_22124) variants. Pathogenic 
variants in these three genes comprise 32% of the genes responsible for pre-lingual onset HL3,4.

GJB2 encodes the Connexin 26 (Cx26) protein, a member of the Connexin family, and functions as a gap 
junction protein that maintains cochlear homeostasis and the circulation of metabolites and is important for 
cellular function and survival of supporting cells5,6. More than 450 GJB2 variants have been reported as causa-
tive factors for HL (HGMD professional 2023.4, QIAGEN, Hilden, Germany). Hearing levels range from mild 
to profound according to different genotypes, and HL is thought to be non-progressive7.

Variants in the CDH23 gene are known to be the cause of both Usher syndrome type ID (USH1D) and 
non-syndromic HL (DFNB12)8,9. This gene encodes Cadherin 23, an important component of the tip link that 
maintains the arrangement of stereocilia10,11. More than 650 variants have been reported for USH1D and DFNB12 
phenotypes (HGMD professional 2023.4)8,9,12–14. As suggested by a genotype–phenotype correlation study, 
CDH23 null alleles cause USH1D, characterized by congenital profound HL, vestibular dysfunction, and late-
onset retinitis pigmentosa, whereas most missense variations cause non-syndromic HL (DFNB12)8,9,12–15, with 
a wide phenotype spectrum ranging from congenital severe-to-profound HL to late-onset high-frequency HL16.

Pathogenic variants in the SLC26A4 gene are responsible for a broad phenotypic spectrum, ranging from 
typical Pendred syndrome to non-syndromic HL (DFNB4)17. Most patients with SLC26A4 variants have inner 
ear malformations, with the most frequent feature being an enlarged vestibular aqueduct (EVA)18,19. The typi-
cal clinical characteristics of patients with EVA caused by biallelic SLC26A4 variants include fluctuating and 
progressive HL, often associated with vertigo and/or goiter17,20.
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These genes are also expressed in peripheral vestibular organs, suggesting the presence of similar sensory 
functions21. Therefore, patients with variants in these major causative genes of HL may exhibit a phenotype of 
vestibular dysfunction in addition to the phenotype of HL.

Although numerous reports have addressed HL, few have focused on or compared the features of vestibular 
symptoms and/or functions resulting from these three gene variants. In this study, we compared vestibular symp-
toms and functions among patients with HL caused by GJB2 and SLC26A4 variants with those having DFNB12 
caused by CDH23 variants. We aimed to investigate the presence of vestibular symptoms and dysfunction in 
patients with variants in these major genes and identify potential differences among them.

Methods
Patients
This observational comparative study included 39 patients with sensory-neural HL (11 males and 28 females) 
with biallelic pathogenic variants in either GJB2, SLC26A4, or CDH23 after obtaining informed written consent. 
The age at vestibular testing ranged from 8 to 54 years, and the mean age was 24.4 ± 15.8 years. None of the 
patients had a history of cochlear implant surgery. The data regarding the age and sex of patients associated with 
each gene related to HL are shown in Table 1. Thirteen patients (2 males and 11 females) with GJB2 variants, 15 
(5 males and 10 females) with SLC26A4 variants, and 11 (4 males and 7 females) with CDH23 variants under-
went vestibular testing (caloric, cVEMP, and oVEMP). No statistically significant differences were observed in 
age or sex among patients with gene variants. Although no inner ear anomalies were observed in patients with 
GJB2 and CDH23 variants, all patients with SLC26A4 variants had bilateral EVA, diagnosed using a computed 
tomography scan (according to the criteria of EVA: a diameter > 1.5 mm at the midpoint between the common 
crus and external aperture).

For the controls, vestibular testing was performed on 39 healthy participants with normal hearing and devoid 
of vestibular symptoms, as well as 175 unaffected ears with normal hearing in patients with unilateral HL result-
ing from mumps, unilateral cochlear nerve deficiency, or sudden deafness. Among the 214 healthy controls, 161 
underwent caloric testing, and 173 and 121 underwent cVEMP and oVEMP, respectively. We selected 78 ears 
(22 male and 56 female) for each vestibular test as age- and sex-matched controls. The mean age was 24.6 ± 16.2 
(range 7–58), 24.7 ± 16.5 (range 8–60), and 23.6 ± 16.4 (range 8–58) years in individuals who underwent caloric 
testing, cVEMP, and oVEMP, respectively. This study was approved by the respective ethical committees of 
the Shinshu University Ethical Committee (approval number: 718) and was conducted in accordance with the 
Declaration of Helsinki.

Genetic analysis
To confirm the presence of GJB2, SLC26A4, and CDH23 variants, a DNA fragment containing all the exons of 
each gene, including flanking intronic sequences, was sequenced using a massively parallel DNA sequencer. Any 
potential pathological variants were selected and confirmed following procedures described elsewhere15,17,22. All 
patients exhibited biallelic variants in each gene. All patients with CDH23 variants had biallelic missense variants, 
implying that they had DFNB12 and not USH1D.

Audiological evaluation
Hearing levels were determined using pure-tone audiometry (PTA). The average threshold in the conversation 
frequencies (0.5 kHz, 1.0 kHz, 2.0 kHz, and 4.0 kHz) was calculated, and the severity of hearing loss in the better 
hearing ear was categorized as mild (20–39 dB), moderate (40–69 dB), severe (70–89 dB), or profound (≥ 90 dB). 
A summary of the hearing levels associated with each gene is shown in Table 1.

Vestibular testing
The patients were examined using caloric testing, cVEMP, and oVEMP to obtain data on semicircular canal and 
otolithic functions (saccular and utricular functions, respectively).

Table 1.   Summary of age, gene variants, and hearing levels in patients with each gene. SD, standard deviation; 
dB, decibel.

GJB2 SLC26A4 CDH23

P-value(n = 13) (n = 15) (n = 11)

Age, mean ± SD 23.7 ± 15.4 21.0 ± 14.8 29.6 ± 17.4 0.30

Sex, n (%)

 Male 2 (15) 5 (33) 4 (36) 0.45

 Female 11 (85) 10 (67) 7 (64)

Hearing levels (dB), mean ± SD 78.3 ± 27.3 84.3 ± 19.6 94.2 ± 7.5 0.86

 Mild, ear (%) 2 (8) 0 (0) 0 (0)

 Moderate, ear (%) 8 (31) 7 (23) 0 (0)

 Severe, ear (%) 5 (19) 14 (47) 5 (23)

 Profound, ear (%) 11 (42) 9 (30) 17 (73)
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For cVEMP testing, electromyography (EMG) was performed using a pair of surface electrodes mounted on 
the upper half and sternal head of the sternocleidomastoid (SCM) muscle. Electrographic signals were recorded 
using a Neuropack-evoked potential recorder (Nihon Kohden Co., Ltd., Tokyo, Japan). Clicks lasting for 0.1 ms 
at 105 dBnHL were delivered via headphones. The stimulation rate was 5 Hz, with a bandpass filter intensity of 
20–2000 Hz, and an analysis time of 50 ms. Responses to 200 stimuli were averaged twice. Because the amplitude 
of the cVEMP, based on the unrectified EMG, correlates with SCM muscle activity during the test23, we measured 
SCM muscle activity using the background integrated EMG response, referred to as the area under the averaged 
rectified EMG curve, from − 20 to 0 ms before sound stimulation. In cVEMP, the amplitude was defined as the 
difference between peaks p13 and n23. Correction between p13 and n23 amplitudes was calculated as follows24:

oVEMP testing was performed using bone conductive vibration (BCV). BCV comprised 4 ms tone bursts of 
500 Hz vibration (rise/fall time = 1 ms and plateau time = 2 ms), administered via a handheld 4810 mini-shaker 
(Bruel and Kjaer, Naerum, Denmark), positioned on the forehead at the midline (Fz). The active electrode was 
situated over the inferior orbital margin, whereas a reference electrode was placed 2 cm below the active elec-
trode. The ground electrode was then placed on the chin. The patients lay in a supine position on the bed and 
looked approximately 30° above straight ahead during the recording. The signals were amplified and bandpass-
filtered between 20 and 2000 Hz. The stimulus intensity was set at 115 dB force level, with a frequency of 500 Hz, 
an analysis time of 40 ms, and 50 responses were averaged for each run. For oVEMP, the amplitude was defined 
as the difference between peaks n10 and p15.

In caloric testing, maximum slow phase velocity (MSPV) was measured using cold water irrigation (20 °C, 
5 mL, 20 s). We defined MSPV below 10°/s as areflexia and between 10° and 20°/s as hyporeflexia.

Statistical analysis
Statistical Package for the Social Sciences version 26 for Windows (IBM Co., Chicago, IL, USA) was used for all 
analyses, and the Kruskal–Wallis test was used to compare differences in age and PTA among the three groups. 
Mann–Whitney U tests were employed to compare differences in vestibular testing between patients with each 
gene variant and normal controls. The correlation between PTA severity, age, and vestibular function was cal-
culated using Spearman’s correlation coefficient. Fisher’s exact test was utilized to compare the frequencies of 
vestibular symptoms, semicircular canals, and saccular and utricular hypofunction between patients with each 
gene variant. Statistical significance was set at P < 0.05.

Results
Details of the gene variants and vestibular and audiological test results for all patients are shown in Table 2 and 
Supplementary Table S1.

Vestibular function
Nine out of 13 patients (69%) with GJB2 variants, 11 out of 15 patients (73%) with SLC26A4 variants, and 6 out 
of 11 patients (55%) with CDH23 variants exhibited at least one form of vestibular dysfunction, either caloric 
testing, cVEMP, or oVEMP.

Semicircular canal function
Figure 1a shows a comparison between the MSPV of caloric testing for ears with GJB2, SLC26A4, and CDH23 
variants and normal controls. The median MSPV was 31.3°/s in ears with GJB2 variants, 22.6°/s in ears with 
SLC26A4 variants, 22.8°/s in ears with CDH23 variants, and 34.2°/s in normal controls. Although no significant 
difference was observed in MSPV between patients with GJB2 variants and controls (P = 0.39), the MSPV in 
patients with SLC26A4 and CDH23 variants was significantly lower than that in controls (P = 0.005 for SLC26A4 
and P = 0.023 for CDH23).

Regarding the frequency of abnormal semicircular canal function, no patient with GJB2 variants had patho-
logical results in caloric testing (Table 3). Among the 15 patients with SLC26A4 variants, eight (47%) exhibited 
semicircular canal dysfunction (one bilateral areflexia, two unilateral areflexia or hyporeflexia in each ear, one 
bilateral hyporeflexia, one unilateral areflexia, and one unilateral hyporeflexia). Among the patients with CDH23 
variants, three out of 11 (27%) had semicircular canal dysfunction (one bilateral hyporeflexia and two unilateral 
hyporeflexia). Patients with GJB2 variants displayed a significantly lower incidence of semicircular canal dysfunc-
tion than those with variants in the other two genes (P = 0.012). Although the frequency of semicircular canal 
dysfunction in patients with SLC26A4 variants was higher than that in those with CDH23 variants, the difference 
was not statistically significant (P = 0.428).

Saccular function
Figure 1b shows the comparison between the corrected amplitudes of cVEMP in patients with GJB2, SLC26A4, 
or CDH23 variants and controls. The median corrected amplitudes were 0.47, 1.61, 1.37, and 1.09 in patients with 
GJB2, SLC26A4, CDH23 variants, and controls, respectively. The corrected amplitude of cVEMP in patients with 
GJB2 variants was statistically lower, and that in patients with SLC26A4 variants was higher than that in normal 
controls (P < 0.001 for GJB2 and P = 0.027 for SLC26A4).

Fourteen out of all patients (35.9%) and 19 out of 78 ears (24.4%) showed no reaction or a value lower than 
0.52, which was the cut-off for amplitude in the cVEMP results for the lowest 5% of controls. Nine out of the 
13 patients (69%) with GJB2 variants had pathological results of cVEMP (five patients unilaterally and four 

Corrected amplitude = amplitude of the averaged unrectified EMG (microV)/background integrated EMG (microV).
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patients bilaterally). Among patients with SLC26A4 and CDH23 variants, three out of 15 (20%) and two out 
of 11 (18%) patients exhibited decreased or absent cVEMP reactions, respectively (Table 3). The frequency of 
saccular hypofunction was significantly higher in patients with GJB2 variants than in those with SLC26A4 and 
CDH23 variants (P = 0.014).

Figure 1.   Comparisons between vestibular tests for the ears with GJB2, SLC26A4, and CDH23 variants 
and normal controls. (a) A comparison between MSPV of caloric testing for the ears with GJB2, SLC26A4, 
and CDH23 variants and normal controls. The MSPV in patients with SLC26A4 and CDH23 variants was 
significantly lower than that in controls (P = 0.005 in SLC26A4 and P = 0.023 in CDH23). (b) A comparison 
between corrected amplitudes of cVEMP for the ears with GJB2, SLC26A4, and CDH23 variants and controls. 
The corrected amplitude of cVEMP in patients with GJB2 variants was statistically lower, and that in patients 
with SLC26A4 variants was higher than that in controls (P < 0.001 for GJB2 and P = 0.027 for SLC26A4). (c) 
A comparison between amplitudes of oVEMP for the ears with GJB2, SLC26A4, and CDH23 variants and 
normal controls. A significantly lower amplitude in patients with CDH23 variants was shown compared with 
that in normal controls (P = 0.0028). cVEMP, cervical vestibular-evoked myogenic potentials; oVEMP, ocular 
vestibular-evoked myogenic potentials; MSPV, maximum slow phase velocity.
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Utricular function
In oVEMP, the median n10-p15 amplitudes in patients with GJB2, SLC26A4, and CDH23 variants were 7.3, 7.1, 
and 4.9 μV, respectively.

Comparing the n10-p15 amplitude of oVEMP between patients with variants in each gene and normal con-
trols (Fig. 1c), significantly lower amplitudes were observed in patients with CDH23 variants (P = 0.0028) than 
in normal controls (median 9.9 μV).

Thirteen out of all patients (33.3%) and 21 out of 78 ears (26.9%) exhibited no reaction or a value lower than 
3.9 μV, which was the cut-off for amplitude in the oVEMP results for the lowest 5% of normal controls. The 
frequencies of utricular hypofunction were 2/13 (15%) in patients with GJB2 variants, 6/15 (40%) in those with 
SLC26A4 variants, and 4/11 (36%) in those with CDH23 variants (Table 3), showing no significant difference 
(P = 0.38).

Vestibular symptoms
Thirteen out of 39 patients (33%) complained of vestibular symptoms. Eleven out of 15 patients (73%) with 
SLC26A4 variants complained of vestibular symptoms. Among patients with SLC26A4 variants, out of the 11 
patients with vestibular symptoms, eight patients (72.7%) complained of episodic vertigo, one patient (9.1%) com-
plained of episodic vertigo and chronic dizziness, and two patients (18.2%) complained of occasional dizziness. 
Furthermore, 10 out of 11 patients (90.9%) with vestibular symptoms exhibited at least one form of vestibular 
dysfunction, as evidenced by either caloric testing (7/11, 63.6%), cVEMP (3/11, 27.2%), or oVEMP (6/11, 54.5%). 
However, all patients without vestibular symptoms showed normal vestibular function in caloric testing, cVEMP, 
and oVEMP. Only one out of 13 patients (7.7%) with GJB2 variants and one out of 11 (9.1%) patients with CDH23 
variants complained of vestibular symptoms. Each patient with GJB2 or CDH23 variants complained of dizziness 
and had no history of vertigo. Patient No. 2 with GJB2 variants, who complained of dizziness, had no vestibular 
dysfunction, whereas patient No. 30 with CDH23 variants, who also complained of dizziness, showed decreased 
reactions in both cVEMP and oVEMP. The frequency of vestibular symptoms was significantly higher in patients 
with SLC26A4 variants than in those with GJB2 and CDH23 variants (P < 0.001) (Table 3).

Relationship between PTA, age, and vestibular functions
Regarding the correlation between PTA and vestibular function, no statistically significant correlations were 
found between PTA and MSPV, corrected amplitude of cVEMP, and amplitude of oVEMP in patients with any 
gene variants (Table 4).

Table 5 shows the correlation between age and vestibular function. A weak negative correlation was observed 
between age and each vestibular function test in controls (Rho = − 0.37 for caloric testing; Rho = − 0.33 for 
cVEMP and oVEMP). In patients with the GJB2 variants, the negative correlation between cVEMP and oVEMP 
was increased compared with that in controls (cVEMP; Rho = − 0.66, P < 0.01; oVEMP: − 0.49, P = 0.01). Addi-
tionally, the negative correlation in caloric testing was stronger than that in controls in the SLC26A4 variants cases 
(Rho = − 0.51, P < 0.01). In cases of CDH23 variants, the negative correlation increased compared to the normal 
controls, with strong negative correlations observed between age and both cVEMP (Rho = − 0.83, P < 0.01) and 
oVEMP (Rho = − 0.88, P = 0.01).

Table 3.   Frequencies of vestibular function in each vestibular testing and symptoms. cVEMP, cervical 
vestibular-evoked myogenic potentials; oVEMP, ocular vestibular-evoked myogenic potentials.

GJB2 SLC26A4 CDH23

P-value(n = 13) (n = 15) (n = 11)

Vestibular dysfunction, n (%)

 Normal 4 (31) 4 (27) 5 (45)

 Pathological 9 (69) 11 (73) 6 (55)

Caloric testing, n (%) 0.012

 Normal 13 (100) 8 (53) 8 (73)

 Pathological 0 7 (47) 3 (27)

cVEMP, n (%) 0.014

 Normal 4 (31) 12 (80) 9 (82)

 Pathological 9 (69) 3 (20) 2 (18)

oVEMP, n (%) 0.38

 Normal 11 (85) 9 (60) 7 (64)

 Pathological 2 (15) 6(40) 4 (36)

Vestibular symptoms, n (%)  < 0.001

 Yes 1 (8) 11 (73) 1 (9)

 No 12 (92) 4 (27) 10 (91)
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Discussion
When comparing vestibular function between each gene, 69% of patients with GJB2 variants, 73% of those with 
SLC26A4 variants, and 54.5% of those with CDH23 variants displayed at least one form of vestibular dysfunction 
in the semicircular canal, saccule, or utricle. Major genes responsible for HL have been suggested to also cause 
vestibular dysfunction.

The cochlea and vestibule are histologically adjacent and evolutionarily and embryologically similar. Our pre-
vious review showed that numerous genes expressed in the cochlea are also expressed in the peripheral vestibular 
organs21. Therefore, patients with variants in genes responsible for HL may exhibit a phenotype of vestibular 
dysfunction in addition to the HL phenotype. In a recent comprehensive study on the vestibular phenotype in 
patients with hereditary HL, decreased vestibular function in caloric tests, cVEMP, and oVEMP was observed 
in 42%, 57.8%, and 85% of patients, respectively25, indicating that vestibular dysfunction is common in patients 
with hereditary HL. However, few studies have specifically investigated vestibular function in patients with 
hereditary HL. To the best of our knowledge, this is the first study to compare vestibular function in patients 
with the major causative genes associated with HL.

In this study of vestibular function in patients with GJB2 variants, nine out of 13 patients (69%) had a 
decreased or absent reaction to cVEMP, with a significantly higher frequency compared with that in patients with 
SLC26A4 and CDH23 variants. Both our study and other previous reports also showed that 60–80% of patients 
with GJB2 variants exhibit pathological cVEMP results26–28. Most pathological cVEMP results in the present study 
and previous reports indicate that variants in GJB2 could frequently induce saccular defects. A human temporal 
bone study of compound heterozygous 35delG variants also showed cochlea saccular degeneration29. A previous 
study in mice showed that the survival of vestibular hair cells was observed in the utricle and ampulla of Cx30-
/- mice, but Cx30 was required for the survival of saccular hair cells30. Because Cx26 and Cx30 are co-localized 
in the vestibular organ31, it has been suggested that they are co-assembled from Cx26 and Cx30; thus, Cx26 may 
not be required for the survival of the utricle and ampullae in a similar manner. In the present comprehensive 
study of vestibular function in patients with GJB2 variants, all patients exhibited normal caloric responses, and 
11 out of 13 patients (85%) showed normal oVEMP reactions. Most normal reactions in the caloric test and 
oVEMP indicated that the semicircular canal and utricular functions were intact. Although no previous reports 
have focused on utricular function in patients with GJB2 variants, intact semicircular canal and utricular func-
tions were confirmed in our clinical evaluation, consistent with findings from a mouse model and temporal bone 
study. Regarding the saccular hypofunction in GJB2 variants, we had previously hypothesized that because a 
sacculus does not have dark cells, unlike the utricle and ampullae of the semicircular canal, the saccule is not 
able to maintain the endolymph, and saccular endolymph originates from the cochlea by longitudinal flow or 
diffusion; thus, the change in endolymph in the cochlea caused by GJB2 variants may directly influence the sac-
cular endolymph and induce degeneration and hypofunction of the saccule26.

Although no significant difference was observed in the frequency of semicircular canal dysfunction in patients 
with CDH23 (27%) variants, 47% of patients with SLC26A4 variants had semicircular canal dysfunction, which 
is more frequently observed in patients with other gene variants. In previous reports, the frequency of semi-
circular canal hypofunction in patients with EVA has varied from 33 to 87%32–35. However, patients with EVA 
do not always have SLC26A4 variants. A previous study on caloric testing in patients with biallelic SLC26A4 
variants in China showed that 51.6% exhibited unilateral or bilateral vestibulopathies36. This result is consistent 
with that of the present study. Moreover, a previous report from Eastern Asia showed that 75% of patients with 
EVA experienced semicircular canal hypofunction33. In contrast, approximately 30% of patients with EVA had 

Table 4.   Correlation between hearing levels and vestibular function. cVEMP, cervical vestibular-evoked 
myogenic potentials; oVEMP, ocular vestibular-evoked myogenic potentials; PTA, pure-tone audiometry.

PTA

Caloric testing cVEMP oVEMP

Rho P-value Rho P-value Rho P-value

GJB2  − 0.22 0.29  − 0.23 0.25  − 0.34 0.09

SLC26A4 0.12 0.53  − 0.072 0.71  − 0.34 0.068

CDH23  − 0.4 0.064  − 0.24 0.28  − 0.32 0.15

Table 5.   Correlation between age and vestibular function. cVEMP, cervical vestibular-evoked myogenic 
potentials; oVEMP, ocular vestibular-evoked myogenic potentials.

Age

Caloric testing cVEMP oVEMP

Rho P-value Rho P-value Rho P-value

GJB2  − 0.13 0.54  − 0.66 0.0003  − 0.49 0.01

SLC26A4  − 0.51 0.004  − 0.39 0.03  − 0.39 0.03

CDH23  − 0.35 0.11  − 0.83  < 0.001  − 0.88  < 0.001

Control  − 0.37  < 0.001  − 0.33 0.03  − 0.33 0.003
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semicircular canal dysfunction in previous reports on Caucasian populations34,35. Because a higher prevalence 
of SLC26A4 variants in patients with EVA has been reported in East Asians (80–98%) than in Caucasoid popula-
tions (20–40%)17, the higher frequency of semicircular canal dysfunction in EVA reports from East Asians than 
in Caucasoid populations may be due to SLC26A4 variants.

In this study, the corrected amplitude of cVEMP in patients with SLC26A4 variants was significantly higher 
than that in controls, with six ears of the three patients showing an extremely high amplitude (over 30 μV in 
oVEMP). Previous reports have also shown lower thresholds and higher cVEMP and oVEMP amplitudes in EVA 
cases37,38. The EVA is considered to function as a “third window” in which air-conducted sounds are shunted from 
the cochlea to the vestibule, creating air-bone gaps of hearing at lower frequencies39. Additionally, because air or 
bone vibration could be shunted by a third window, such as EVA, greater stimulation is thought to be transmitted 
to the sacculus and utricle in patients with EVA than in normal patients, resulting in lower thresholds and higher 
amplitudes of cVEMP and oVEMP37,38,40. Previous reports have mainly focused on EVA, and there are no reports 
involving cases with SLC26A4 variants. The higher amplitudes of cVEMP and oVEMP observed in our results 
are likely attributed to the effect of the third window associated with EVA. However, this effect was not present 
in all cases, as lower amplitudes of cVEMP and oVEMP were observed in 20% and 40% of cases, respectively.

The SLC26A4 gene encodes pendrin, an anion exchange protein41. In the inner ear, pendrin is predominantly 
expressed in epithelial cells of the cochlear duct, vestibular organs, and endolymphatic sac42. Although the patho-
logical mechanism of SLC26A4 variants remains elusive, studies on SLC26A4 knock-out mice have shown that 
the failure to express pendrin is related to the onset of enlargement of the endolymphatic space at the embryonic 
stage, and pendrin expression is required for embryonic- development of the inner ear43,44. Enlargement of the 
endolymphatic duct during embryonic development causes endolymphatic hydrops (ELH).

Additionally, the loss of pendrin function also causes acidification, inhibition of calcium reabsorption, and 
loss of endocochlear potential in the endolymphatic space41–43,45. Enlargement of the endolymphatic duct and 
changes in the endolymphatic environment are believed to lead to the extension of epithelial cells and impair 
cell-to-cell transmission, ultimately causing degeneration of the entire inner ear43,45. However, SLC26A4 knockout 
mice are completely deaf and show severe vestibular dysfunction, along with severe degeneration of hair cells 
in both the organ of Corti and the vestibule. These phenotypes may not always be considerably less severe in 
humans. Recently, the visualization of ELH has become possible using enhanced 3T magnetic resonance imaging 
(MRI)46. Our previous enhanced 3T-MRI study showed that all five patients with EVA and biallelic SLC26A4 
variants exhibited significant ELH47. This finding suggests that human variants in SLC26A4 induce a reduction 
in embryonic expression or dysfunction of pendrin and may also be associated with the development of ELH 
and environmental changes in the cochlear and vestibular end-organs.

These findings indicate that vestibular symptoms and dysfunction caused by SLC26A4 gene variants are influ-
enced by multiple factors, including the effect of the third window due to EVA, changes in inner ear composition 
associated with ELH, and dysfunction or degeneration of vestibular endo-organs due to SLC26A4 variants. It is 
difficult to understand why semicircular canal hypofunction occurs more frequently than otolithic hypofunction. 
One possible reason for this is that because the amplitude of VEMPs was originally high in these patients, even 
if the amplitude decreases, it may still be interpreted as a normal reaction.

Variants in CDH23 cause both DFNB12 and USH1D8,9. USH1 is characterized by profound congenital HL, 
vestibular dysfunction, and retinitis pigmentosa48. Focusing on the vestibular function of USH1, Maliulo et al. 
showed that among the patients with USH1 studied, two out of three exhibited pathological caloric tests, three 
out of four showed absent or abnormal cVEMP results, and all four displayed absent oVEMP results49. Astuto 
et al. reported that all 19 patients with USH1D who underwent caloric or rotary chair tests showed late age at 
ambulation and no vestibular reflex12. Penning et al. reported abnormal ambulation and vestibular function in 
patients with USH1D50. These findings represent a characteristic feature of vestibular dysfunction in USD1D. 
In previous reports, the patients with DFNB12 had normal vestibular function12,48,50. However, these studies 
involved a small number of patients, and detailed vestibular function in DFNB12 has not been extensively 
explored. In our study, abnormal results were observed in 21%, 18%, and 36% of cases for caloric testing, cVEMP, 
and oVEMP, respectively. In particular, the MSPV of caloric testing and oVEMP amplitudes were significantly 
lower than those of normal controls. These findings suggest the presence of some degree of vestibular dysfunction 
in patients with DFNB12. However, only one patient showed no response to oVEMP, and none showed areflexia 
in caloric testing or lack of reaction in cVEMP. Mild vestibular dysfunction is hypothesized to occur in patients 
with DFNB12. Null variants of CDH23 in mice studies are associated with USH1D, characterized by the degen-
eration of stereocilia in hair cells of the cochlear and vestibular end-organs, resulting in profound congenital 
hearing loss and vestibular dysfunction51–53. In contrast, CDH23 missense variants in mice, such as salsa54, jera55, 
and erlong56, serve as models of DFNB12, presenting with progressive HL and normal behaviors, with preserved 
vestibular tip links in salsa and jera mice. The intact vestibular hair cell observed in DFNB12 mice differs from 
that in our human vestibular function study, suggesting the possibility of mild vestibular dysfunction. Accurate 
vestibular function was not directly measured in any of the missense model mice, raising the possibility that the 
vestibular system may experience minor dysfunction even in the absence of histological disorders.

Regarding vestibular symptoms, 73% (11/15) of patients with SLC26A4 variants complained of vestibular 
symptoms, whereas less than 10% of patients with GJB2 (1/13) and CDH23 variants (1/11) complained of ves-
tibular symptoms. In a study on the vestibular symptoms of 627 patients with hereditary hearing loss, 22.8% had 
these symptoms; moreover, the symptoms were common among patients with COCH and SLC26A4 variants25. 
Our previous large cohort study showed that only three of 75 (4%) patients with GJB2 variants and one out of 25 
(4%) patients with DFNB12 complained of episodes of vestibular symptoms7,15. Previous reports on SLC26A4 
variants by Miyagawa and Sugiura showed that approximately 50% of the patients with SLC26A4 variants com-
plained of vestibular symptoms17,57, whereas a report by Jung showed that only 23% of the patients complained of 
vestibular symptoms36. Compared with previous reports, the present results regarding the frequency of vestibular 
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symptoms are relatively higher in patients with SLC26A4 variants. Although the exact reason for the difference 
in the frequencies of vestibular symptoms for SLC26A4 variants remains unknown, the incidence of vestibular 
symptoms in patients with SLC26A4 variants is higher than that in those with the other two genes. Additionally, 
there are few cases of clinical complaints of vestibular symptoms in patients with GJB2 variants and DFNB12. 
One possible reason for the absence of vestibular symptoms in patients with GJB2 variants and DFNB12 may be 
vestibular compensation caused by congenital or slowly progressive pathologies.

In this study, no clear correlation was identified between hearing levels and vestibular function for any gene. 
This lack of correlation may be attributed to the small sample size for each gene. However, regarding age and 
vestibular function, especially in the patients with CDH23 variants, a notable trend indicated a decrease in the 
amplitude of cVEMP (Rho = − 0.83) and oVEMP (Rho = − 0.88) with increasing age, showing a stronger cor-
relation than that observed in normal controls (Rho = − 0.33; cVEMP and oVEMP). Most patients with CDH23 
variants have a high frequency of progressive HL15. In the present cases of CDH23 variants, all four patients aged 
below 20 years displayed normal vestibular function, whereas six out of seven (86%) patients aged over 20 years 
showed vestibular dysfunction in at least one vestibular test. In studies of age-related HL mouse models, which 
are thought to harbor Cdh23 variants, mild decreases in hair cell density were observed in the vestibular end-
organs58,59. Given that lower frequencies were not reflected in this study, no correlation was found with hearing 
levels. In contrast to hair cells of the cochlea, those of vestibular organs are tuned to very low frequencies60. Thus, 
if HL progresses to lower frequencies with age, vestibular receptors may be affected, as well as the progressive 
pathology of HL.

Regarding GJB2 variants, cVEMP showed an increased correlation. HL in GJB2 variants is known to be a less 
progressive gene7, and the reason for the increased correlation between age and cVEMP is unclear. Long-term 
exposure to potassium influx may result in gradual deterioration of saccular function.

Regarding SLC26A4, a moderate correlation was observed between age and caloric testing. Although it was 
not associated with hearing levels, the characteristic clinical features in patients with SLC26A4 variants include 
hearing fluctuation and repeated vertigo. Repeated hearing fluctuation and vertigo with age may lead to a reduc-
tion in semicircular canal function, resembling Meniere’s disease.

Previous reports have demonstrated the existence of genotype–phenotype correlations in HL for each 
gene7,15,17. Because most patients in our cohort had similar variants, such as c.235delC in GJB2, c.2168A > G 
(p.H723R) in SLC26A4, and c.719C > T (p.P240L) in CDH23, determining a correlation in vestibular dysfunction 
between genotypes is challenging. Further genotypes should be evaluated to clarify these correlations.

In this study, trends in the characteristics of vestibular function were demonstrated in patients with each 
genetic mutation. However, one limitation of this study is the relatively small sample size. Hence, further studies 
should be conducted with a greater number of patients in the future.

Conclusions
The findings of this study suggest that the major genes responsible for HL can cause vestibular dysfunction, with 
each gene exhibiting unique characteristics in terms of the degree and location of vestibular dysfunction. These 
characteristics are summarized below:

1.	 Variants in GJB2 are likely to result in saccule dysfunction; however, dizziness is rare. Even with saccular 
dysfunction, symptoms are less likely to occur because the central nervous system has compensated since 
infancy.

2.	 Variants in SLC26A4 are likely to cause semicircular canal dysfunction, and the frequency of semicircular 
canal dysfunction tends to be higher than that in other genes. Additionally, the frequency of vestibular 
symptoms was higher, a characteristic of these gene variants. This may be attributed to the combined effects 
of genetic hypofunction, EVA, and ELH.

3.	 Unlike USH1D, DFNB12 caused by CDH23 variants displays a lower frequency of vestibular symptom and 
dysfunction. However, mild vestibular dysfunction is possible, potentially worsening with age.

These findings will also facilitate the clinical application of genetic counseling for these patients and their 
families.

Data availability
The datasets generated and/or analyzed in the current study are available from the corresponding author upon 
reasonable request.

Received: 23 December 2023; Accepted: 6 May 2024

References
	 1.	 Morton, C. C. & Nance, W. E. Newborn hearing screening—A silent revolution. N. Engl. J. Med. 354, 2151–2164. https://​doi.​org/​

10.​1056/​NEJMr​a0507​00 (2006).
	 2.	 Hereditary Hearing Loss Homepage. https://​hered​itary​heari​ngloss.​org/
	 3.	 Usami, S. I. & Nishio, S. Y. The genetic etiology of hearing loss in Japan revealed by the social health insurance-based genetic testing 

of 10K patients. Hum. Genet. 141, 665–681. https://​doi.​org/​10.​1007/​s00439-​021-​02371-3 (2022).
	 4.	 Nishio, S. Y. & Usami, S. Deafness gene variations in a 1120 nonsyndromic hearing loss cohort: Molecular epidemiology and deaf-

ness mutation spectrum of patients in Japan. Ann. Otol. Rhinol. Laryngol. 124(Suppl 1), 49S-60S. https://​doi.​org/​10.​1177/​00034​
89415​575059 (2015).

https://doi.org/10.1056/NEJMra050700
https://doi.org/10.1056/NEJMra050700
https://hereditaryhearingloss.org/
https://doi.org/10.1007/s00439-021-02371-3
https://doi.org/10.1177/0003489415575059
https://doi.org/10.1177/0003489415575059


11

Vol.:(0123456789)

Scientific Reports |        (2024) 14:10596  | https://doi.org/10.1038/s41598-024-61442-3

www.nature.com/scientificreports/

	 5.	 Kikuchi, T., Kimura, R. S., Paul, D. L. & Adams, J. C. Gap junctions in the rat cochlea: Immunohistochemical and ultrastructural 
analysis. Anat. Embryol. (Berl) 191, 101–118. https://​doi.​org/​10.​1007/​BF001​86783 (1995).

	 6.	 Martinez, A. D., Acuna, R., Figueroa, V., Maripillan, J. & Nicholson, B. Gap-junction channels dysfunction in deafness and hearing 
loss. Antioxid. Redox Signal. 11, 309–322. https://​doi.​org/​10.​1089/​ars.​2008.​2138 (2009).

	 7.	 Tsukada, K., Nishio, S., Usami, S., Deafness Gene Study, C. A large cohort study of GJB2 mutations in Japanese hearing loss patients. 
Clin. Genet. 78, 464–470. https://​doi.​org/​10.​1111/j.​1399-​0004.​2010.​01407.x (2010).

	 8.	 Bolz, H. et al. Mutation of CDH23, encoding a new member of the cadherin gene family, causes Usher syndrome type 1D. Nat. 
Genet. 27, 108–112. https://​doi.​org/​10.​1038/​83667 (2001).

	 9.	 Bork, J. M. et al. Usher syndrome 1D and nonsyndromic autosomal recessive deafness DFNB12 are caused by allelic mutations of 
the novel cadherin-like gene CDH23. Am. J. Hum. Genet. 68, 26–37. https://​doi.​org/​10.​1086/​316954 (2001).

	10.	 Rowlands, T. M., Symonds, J. M., Farookhi, R. & Blaschuk, O. W. Cadherins: Crucial regulators of structure and function in 
reproductive tissues. Rev. Reprod. 5, 53–61. https://​doi.​org/​10.​1530/​ror.0.​00500​53 (2000).

	11.	 Muller, U. Cadherins and mechanotransduction by hair cells. Curr. Opin. Cell. Biol. 20, 557–566. https://​doi.​org/​10.​1016/j.​ceb.​
2008.​06.​004 (2008).

	12.	 Astuto, L. M. et al. CDH23 mutation and phenotype heterogeneity: A profile of 107 diverse families with Usher syndrome and 
nonsyndromic deafness. Am. J. Hum. Genet. 71, 262–275. https://​doi.​org/​10.​1086/​341558 (2002).

	13.	 Oshima, A. et al. Mutation profile of the CDH23 gene in 56 probands with Usher syndrome type I. Hum. Mutat. 29, E37-46. https://​
doi.​org/​10.​1002/​humu.​20761 (2008).

	14.	 Wagatsuma, M. et al. Distribution and frequencies of CDH23 mutations in Japanese patients with non-syndromic hearing loss. 
Clin. Genet. 72, 339–344. https://​doi.​org/​10.​1111/j.​1399-​0004.​2007.​00833.x (2007).

	15.	 Miyagawa, M., Nishio, S. Y. & Usami, S. Prevalence and clinical features of hearing loss patients with CDH23 mutations: A large 
cohort study. PLoS One 7, e40366. https://​doi.​org/​10.​1371/​journ​al.​pone.​00403​66 (2012).

	16.	 Usami, S. I., Isaka, Y., Miyagawa, M. & Nishio, S. Y. Variants in CDH23 cause a broad spectrum of hearing loss: From non-
syndromic to syndromic hearing loss as well as from congenital to age-related hearing loss. Hum. Genet. 141, 903–914. https://​
doi.​org/​10.​1007/​s00439-​022-​02431-2 (2022).

	17.	 Miyagawa, M., Nishio, S. Y., Usami, S., The Deafness Gene Study Consortium. Mutation spectrum and genotype-phenotype cor-
relation of hearing loss patients caused by SLC26A4 mutations in the Japanese: A large cohort study. J Hum Genet 59, 262–268. 
https://​doi.​org/​10.​1038/​jhg.​2014.​12 (2014).

	18.	 Cremers, C. W. et al. Progressive hearing loss, hypoplasia of the cochlea and widened vestibular aqueducts are very common 
features in Pendred’s syndrome. Int. J. Pediatr. Otorhinolaryngol. 45, 113–123. https://​doi.​org/​10.​1016/​s0165-​5876(98)​00123-2 
(1998).

	19.	 Usami, S. et al. Non-syndromic hearing loss associated with enlarged vestibular aqueduct is caused by PDS mutations. Hum. Genet. 
104, 188–192. https://​doi.​org/​10.​1007/​s0043​90050​933 (1999).

	20.	 Tsukamoto, K. et al. Distribution and frequencies of PDS (SLC26A4) mutations in Pendred syndrome and nonsyndromic hearing 
loss associated with enlarged vestibular aqueduct: A unique spectrum of mutations in Japanese. Eur. J. Hum. Genet. 11, 916–922. 
https://​doi.​org/​10.​1038/​sj.​ejhg.​52010​73 (2003).

	21.	 Nishio, S. Y. et al. Gene expression profiles of the cochlea and vestibular endorgans: Localization and function of genes causing 
deafness. Ann. Otol. Rhinol. Laryngol. 124(Suppl 1), 6S-48S. https://​doi.​org/​10.​1177/​00034​89415​575549 (2015).

	22.	 Abe, S., Usami, S., Shinkawa, H., Kelley, P. M. & Kimberling, W. J. Prevalent connexin 26 gene (GJB2) mutations in Japanese. J. 
Med. Genet. 37, 41–43. https://​doi.​org/​10.​1136/​jmg.​37.1.​41 (2000).

	23.	 Colebatch, J. G., Halmagyi, G. M. & Skuse, N. F. Myogenic potentials generated by a click-evoked vestibulocollic reflex. J. Neurol. 
Neurosurg. Psychiatry 57, 190–197. https://​doi.​org/​10.​1136/​jnnp.​57.2.​190 (1994).

	24.	 Shojaku, H., Takemori, S., Kobayashi, K. & Watanabe, Y. Clinical usefulness of glycerol vestibular-evoked myogenic potentials: 
Preliminary report. Acta Otolaryngol. Suppl. 545, 65–68. https://​doi.​org/​10.​1080/​00016​48017​50388​144 (2001).

	25.	 Han, J. H. et al. Characterization of vestibular phenotypes in patients with genetic hearing loss. J. Clin. Med. 13, 2001. https://​doi.​
org/​10.​3390/​jcm13​072001 (2024).

	26.	 Tsukada, K., Fukuoka, H. & Usami, S. Vestibular functions of hereditary hearing loss patients with GJB2 mutations. Audiol. Neu-
rootol. 20, 147–152. https://​doi.​org/​10.​1159/​00036​8292 (2015).

	27.	 Todt, I., Hennies, H. C., Basta, D. & Ernst, A. Vestibular dysfunction of patients with mutations of Connexin 26. Neuroreport 16, 
1179–1181. https://​doi.​org/​10.​1097/​00001​756-​20050​8010-​00009 (2005).

	28.	 Kasai, M. et al. Vestibular function of patients with profound deafness related to GJB2 mutation. Acta Otolaryngol. 130, 990–995. 
https://​doi.​org/​10.​3109/​00016​48100​35965​08 (2010).

	29.	 Jun, A. I. et al. Temporal bone histopathology in connexin 26-related hearing loss. Laryngoscope 110, 269–275. https://​doi.​org/​10.​
1097/​00005​537-​20000​2010-​00016 (2000).

	30.	 Qu, Y. et al. Analysis of connexin subunits required for the survival of vestibular hair cells. J. Comp. Neurol. 504, 499–507. https://​
doi.​org/​10.​1002/​cne.​21459 (2007).

	31.	 Forge, A. et al. Gap junctions in the inner ear: Comparison of distribution patterns in different vertebrates and assessement of 
connexin composition in mammals. J. Comp. Neurol. 467, 207–231. https://​doi.​org/​10.​1002/​cne.​10916 (2003).

	32.	 Berrettini, S. et al. Large vestibular aqueduct syndrome: Audiological, radiological, clinical, and genetic features. Am. J. Otolaryngol. 
26, 363–371. https://​doi.​org/​10.​1016/j.​amjoto.​2005.​02.​013 (2005).

	33.	 Song, J. J. et al. Vestibular manifestations in subjects with enlarged vestibular aqueduct. Otol. Neurotol. 39, e461–e467. https://​doi.​
org/​10.​1097/​MAO.​00000​00000​001817 (2018).

	34.	 Yang, C. J. et al. Vestibular pathology in children with enlarged vestibular aqueduct. Laryngoscope 126, 2344–2350. https://​doi.​
org/​10.​1002/​lary.​25890 (2016).

	35.	 Zalewski, C. K. et al. Vestibular dysfunction in patients with enlarged vestibular aqueduct. Otolaryngol. Head Neck Surg. 153, 
257–262. https://​doi.​org/​10.​1177/​01945​99815​585098 (2015).

	36.	 Jung, J., Seo, Y. W., Choi, J. Y. & Kim, S. H. Vestibular function is associated with residual low-frequency hearing loss in patients 
with bi-allelic mutations in the SLC26A4 gene. Hear. Res. 335, 33–39. https://​doi.​org/​10.​1016/j.​heares.​2016.​02.​009 (2016).

	37.	 Zhou, G. & Gopen, Q. Characteristics of vestibular evoked myogenic potentials in children with enlarged vestibular aqueduct. 
Laryngoscope 121, 220–225. https://​doi.​org/​10.​1002/​lary.​21184 (2011).

	38.	 Zhou, Y. J. et al. Contrasting results of tests of peripheral vestibular function in patients with bilateral large vestibular aqueduct 
syndrome. Clin. Neurophysiol. 128, 1513–1518. https://​doi.​org/​10.​1016/j.​clinph.​2017.​05.​016 (2017).

	39.	 Merchant, S. N. & Rosowski, J. J. Conductive hearing loss caused by third-window lesions of the inner ear. Otol. Neurotol. 29, 
282–289. https://​doi.​org/​10.​1097/​mao.​0b013​e3181​61ab24 (2008).

	40.	 Liu, X. et al. Air and bone-conducted vestibular evoked myogenic potentials in children with large vestibular aqueduct syndrome. 
Acta Otolaryngol. 141, 50–56. https://​doi.​org/​10.​1080/​00016​489.​2020.​18158​36 (2021).

	41.	 Wangemann, P. et al. Loss of cochlear HCO3- secretion causes deafness via endolymphatic acidification and inhibition of Ca2+ 
reabsorption in a Pendred syndrome mouse model. Am. J. Physiol. Renal. Physiol. 292, F1345-1353. https://​doi.​org/​10.​1152/​ajpre​
nal.​00487.​2006 (2007).

	42.	 Royaux, I. E. et al. Localization and functional studies of pendrin in the mouse inner ear provide insight about the etiology of 
deafness in pendred syndrome. J. Assoc. Res. Otolaryngol. 4, 394–404. https://​doi.​org/​10.​1007/​s10162-​002-​3052-4 (2003).

https://doi.org/10.1007/BF00186783
https://doi.org/10.1089/ars.2008.2138
https://doi.org/10.1111/j.1399-0004.2010.01407.x
https://doi.org/10.1038/83667
https://doi.org/10.1086/316954
https://doi.org/10.1530/ror.0.0050053
https://doi.org/10.1016/j.ceb.2008.06.004
https://doi.org/10.1016/j.ceb.2008.06.004
https://doi.org/10.1086/341558
https://doi.org/10.1002/humu.20761
https://doi.org/10.1002/humu.20761
https://doi.org/10.1111/j.1399-0004.2007.00833.x
https://doi.org/10.1371/journal.pone.0040366
https://doi.org/10.1007/s00439-022-02431-2
https://doi.org/10.1007/s00439-022-02431-2
https://doi.org/10.1038/jhg.2014.12
https://doi.org/10.1016/s0165-5876(98)00123-2
https://doi.org/10.1007/s004390050933
https://doi.org/10.1038/sj.ejhg.5201073
https://doi.org/10.1177/0003489415575549
https://doi.org/10.1136/jmg.37.1.41
https://doi.org/10.1136/jnnp.57.2.190
https://doi.org/10.1080/000164801750388144
https://doi.org/10.3390/jcm13072001
https://doi.org/10.3390/jcm13072001
https://doi.org/10.1159/000368292
https://doi.org/10.1097/00001756-200508010-00009
https://doi.org/10.3109/00016481003596508
https://doi.org/10.1097/00005537-200002010-00016
https://doi.org/10.1097/00005537-200002010-00016
https://doi.org/10.1002/cne.21459
https://doi.org/10.1002/cne.21459
https://doi.org/10.1002/cne.10916
https://doi.org/10.1016/j.amjoto.2005.02.013
https://doi.org/10.1097/MAO.0000000000001817
https://doi.org/10.1097/MAO.0000000000001817
https://doi.org/10.1002/lary.25890
https://doi.org/10.1002/lary.25890
https://doi.org/10.1177/0194599815585098
https://doi.org/10.1016/j.heares.2016.02.009
https://doi.org/10.1002/lary.21184
https://doi.org/10.1016/j.clinph.2017.05.016
https://doi.org/10.1097/mao.0b013e318161ab24
https://doi.org/10.1080/00016489.2020.1815836
https://doi.org/10.1152/ajprenal.00487.2006
https://doi.org/10.1152/ajprenal.00487.2006
https://doi.org/10.1007/s10162-002-3052-4


12

Vol:.(1234567890)

Scientific Reports |        (2024) 14:10596  | https://doi.org/10.1038/s41598-024-61442-3

www.nature.com/scientificreports/

	43.	 Wangemann, P. Mouse models for pendrin-associated loss of cochlear and vestibular function. Cell. Physiol. Biochem. 32, 157–165. 
https://​doi.​org/​10.​1159/​00035​6635 (2013).

	44.	 Kim, H. M. & Wangemann, P. Failure of fluid absorption in the endolymphatic sac initiates cochlear enlargement that leads to 
deafness in mice lacking pendrin expression. PLoS One 5, e14041. https://​doi.​org/​10.​1371/​journ​al.​pone.​00140​41 (2010).

	45.	 Everett, L. A. et al. Targeted disruption of mouse Pds provides insight about the inner-ear defects encountered in Pendred syn-
drome. Hum. Mol. Genet. 10, 153–161. https://​doi.​org/​10.​1093/​hmg/​10.2.​153 (2001).

	46.	 Nakashima, T. et al. Visualization of endolymphatic hydrops in patients with Meniere’s disease. Laryngoscope 117, 415–420. https://​
doi.​org/​10.​1097/​MLG.​0b013​e3180​2c300c (2007).

	47.	 Tsukada, K. & Usami, S. I. Detailed MR imaging assessment of endolymphatic hydrops in patients with SLC26A4 mutations. Auris 
Nasus Larynx 47, 958–964. https://​doi.​org/​10.​1016/j.​anl.​2020.​05.​018 (2020).

	48.	 Bork, J. M. et al. Clinical presentation of DFNB12 and Usher syndrome type 1D. Adv. Otorhinolaryngol. 61, 145–152. https://​doi.​
org/​10.​1159/​00006​6829 (2002).

	49.	 Magliulo, G. et al. Usher’s syndrome: Evaluation of the vestibular system with cervical and ocular vestibular evoked myogenic 
potentials and the video head impulse test. Otol. Neurotol. 36, 1421–1427. https://​doi.​org/​10.​1097/​MAO.​00000​00000​000832 (2015).

	50.	 Pennings, R. J. et al. Variable clinical features in patients with CDH23 mutations (USH1D-DFNB12). Otol. Neurotol. 25, 699–706. 
https://​doi.​org/​10.​1097/​00129​492-​20040​9000-​00009 (2004).

	51.	 Di Palma, F. et al. Mutations in Cdh23, encoding a new type of cadherin, cause stereocilia disorganization in waltzer, the mouse 
model for Usher syndrome type 1D. Nat. Genet. 27, 103–107. https://​doi.​org/​10.​1038/​83660 (2001).

	52.	 Miyasaka, Y. et al. Compound heterozygosity of the functionally null Cdh23(v-ngt) and hypomorphic Cdh23(ahl) alleles leads to 
early-onset progressive hearing loss in mice. Exp. Anim. 62, 333–346. https://​doi.​org/​10.​1538/​expan​im.​62.​333 (2013).

	53.	 Jones, S. M. et al. A quantitative survey of gravity receptor function in mutant mouse strains. J. Assoc. Res. Otolaryngol. 6, 297–310. 
https://​doi.​org/​10.​1007/​s10162-​005-​0009-4 (2005).

	54.	 Schwander, M. et al. A mouse model for nonsyndromic deafness (DFNB12) links hearing loss to defects in tip links of mecha-
nosensory hair cells. Proc. Natl. Acad. Sci. U. S. A. 106, 5252–5257. https://​doi.​org/​10.​1073/​pnas.​09006​91106 (2009).

	55.	 Manji, S. S. et al. An ENU-induced mutation of Cdh23 causes congenital hearing loss, but no vestibular dysfunction, in mice. Am. 
J. Pathol. 179, 903–914. https://​doi.​org/​10.​1016/j.​ajpath.​2011.​04.​002 (2011).

	56.	 Han, F. et al. A new mouse mutant of the Cdh23 gene with early-onset hearing loss facilitates evaluation of otoprotection drugs. 
Pharmacogenom. J. 12, 30–44. https://​doi.​org/​10.​1038/​tpj.​2010.​60 (2012).

	57.	 Sugiura, M. et al. Long-term follow-up in patients with Pendred syndrome: Vestibular, auditory and other phenotypes. Eur. Arch. 
Otorhinolaryngol. 262, 737–743. https://​doi.​org/​10.​1007/​s00405-​004-​0884-z (2005).

	58.	 Park, J. C., Hubel, S. B. & Woods, A. D. Morphometric analysis and fine structure of the vestibular epithelium of aged C57BL/6NNia 
mice. Hear. Res. 28, 87–96. https://​doi.​org/​10.​1016/​0378-​5955(87)​90156-0 (1987).

	59.	 Shiga, A. et al. Aging effects on vestibulo-ocular responses in C57BL/6 mice: Comparison with alteration in auditory function. 
Audiol. Neurootol. 10, 97–104. https://​doi.​org/​10.​1159/​00008​3365 (2005).

	60.	 Salt, A. N. & Hullar, T. E. Responses of the ear to low frequency sounds, infrasound and wind turbines. Hear. Res. 268, 12–21. 
https://​doi.​org/​10.​1016/j.​heares.​2010.​06.​007 (2010).

Acknowledgements
We would like to thank Editage (www.​edita​ge.​com) for English language editing.

Author contributions
K.T. designed the study, collected the data, performed the data analysis, wrote the manuscript, created the figures, 
and performed the literature search. S.N. and Y.T. provided expert knowledge and edited the manuscript. S.-iU. 
designed the study and revised the manuscript accordingly. All the authors contributed to the manuscript and 
approved the submitted version.

Funding
This study was supported by the Health and Labour Sciences Research Grant for Comprehensive Research 
on Disability Health and Welfare from the Ministry of Health, Labour and Welfare of Japan [H29-Nanchitou 
(Nan)-Ippan-031, 20FC1048] (S-iU), Grant-in-Aid from the Japan Agency for Medical Research and Develop-
ment (AMED) [18kk0205010, 18ek0109114, 20ek0109363, 23ek0109542] (S-iU), and Grant-in-Aid for Scientific 
Research (C) [19K09905](KT).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​024-​61442-3.

Correspondence and requests for materials should be addressed to K.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1159/000356635
https://doi.org/10.1371/journal.pone.0014041
https://doi.org/10.1093/hmg/10.2.153
https://doi.org/10.1097/MLG.0b013e31802c300c
https://doi.org/10.1097/MLG.0b013e31802c300c
https://doi.org/10.1016/j.anl.2020.05.018
https://doi.org/10.1159/000066829
https://doi.org/10.1159/000066829
https://doi.org/10.1097/MAO.0000000000000832
https://doi.org/10.1097/00129492-200409000-00009
https://doi.org/10.1038/83660
https://doi.org/10.1538/expanim.62.333
https://doi.org/10.1007/s10162-005-0009-4
https://doi.org/10.1073/pnas.0900691106
https://doi.org/10.1016/j.ajpath.2011.04.002
https://doi.org/10.1038/tpj.2010.60
https://doi.org/10.1007/s00405-004-0884-z
https://doi.org/10.1016/0378-5955(87)90156-0
https://doi.org/10.1159/000083365
https://doi.org/10.1016/j.heares.2010.06.007
http://www.editage.com
https://doi.org/10.1038/s41598-024-61442-3
https://doi.org/10.1038/s41598-024-61442-3
www.nature.com/reprints


13

Vol.:(0123456789)

Scientific Reports |        (2024) 14:10596  | https://doi.org/10.1038/s41598-024-61442-3

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

http://creativecommons.org/licenses/by/4.0/

	Comparison of vestibular function in hereditary hearing loss patients with GJB2, CDH23, and SLC26A4 variants
	Methods
	Patients
	Genetic analysis
	Audiological evaluation
	Vestibular testing
	Statistical analysis

	Results
	Vestibular function
	Semicircular canal function
	Saccular function
	Utricular function
	Vestibular symptoms
	Relationship between PTA, age, and vestibular functions

	Discussion
	Conclusions
	References
	Acknowledgements


