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Abstract

Objective: The increased endolymph volume affects a shift in the organ of Corti and

basilar membrane in ears with endolymphatic hydrops (EH), which might affect

distortion-product otoacoustic emissions (DPOAE) by altering the operating point of

the outer hair cells. We investigated how changes in DPOAE are related to the distri-

bution site of EH.

Study Design: Prospective study.

Methods: Among 403 patients with hearing or vestibular symptoms who underwent

contrast-enhanced magnetic resonance imaging (MRI) for the diagnosis of EH and

subsequent DPOAE testing, subjects whose hearing levels on pure tone audiometry

were ≤35 dB at all frequencies were included in this study. In patients with EH on

MRI, the presence and amplitude of DPOAE were evaluated between groups with

hearing levels of ≤25 dB at all frequencies versus hearing levels of >25 dB at one or

more frequencies.

Results: There were no differences in the distribution of EH between groups. The

amplitude of DPOAE had no clear correlation with the presence of EH. However, in

both groups, there was a significantly higher probability of the presence of a DPOAE

response from 1001 to 6006 Hz in cases with EH in the cochlea.

Conclusion: Among patients whose hearing levels were ≤35 dB at all frequencies,

better responses on DPOAE testing were found in subjects with EH in the cochlea.

Alteration of DPOAEs in the early stages of hearing impairment could indicate mor-

phological changes in the inner ear with altered basilar membrane compliance

due to EH.

Level of Evidence: 4
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1 | INTRODUCTION

In normal ears, otoacoustic emissions (OAEs) occur spontaneously or in

response to sound stimuli. Biological activity of outer hair cells (OHCs)

help amplify and sharpen traveling waves in the cochlea, contributing to

the high sensitivity, high definition, and wide dynamic range of the

human cochlea.1 The OHCs actively contract and relax in response to

changes in membrane potential. This active movement amplifies basilar

membrane oscillations by up to about 1000 times the amplitude in the

absence of the organ of Corti.2,3 The distortion-product OAE (DPOAE)

measures acoustic emissions when the cochlea is simultaneously

stimulated with pure tones of two different frequencies. The resultant

changes in hair cells modify basilar membrane vibrations, creating vibra-

tions (with a frequency of 2f1–f2) in the basilar membrane that have a

different frequency from those of the incoming sounds (f1 and f2).

Changing the frequencies makes it possible to measure acoustic emis-

sions at multiple frequencies. In general, the site of origin of 2f1–f2

DPOAE is at or near the cochlear tonotopic site of the f2 primary.4–6

Endolymphatic hydrops (EH), a hallmark of Meniere's disease (MD),

can now be visualized by magnetic resonance imaging (MRI),7 and a corre-

lation between its size and electrophysiological signs has been

reported.8–11 However, MRI often identifies EH even in the asymptom-

atic ear, that is, the ear contralateral to the MD ear.12 The presence of EH

can cause changes in the morphology of the cochlea and the inner ear,

resulting in auditory symptoms and electrophysiological changes that

might alter the response of the DPOAE. It has been reported that the

presence of EH alters the resting position of the organ of Corti due to

increased endolymphatic volume and the associated displacement of the

basilar membrane, leading to displacement of the operating point of

OHCs.13,14 Some animal studies have created models of acute and

chronic EH. Studies that generated acute EH and examined cochlear

function revealed a decrease in DPOAE response and cochlear micro-

phone potential with increased lymphatic fluid volume or pressure.15,16

As DPOAE and cochlear microphone potentials recover rapidly following

pressure release, partial decompression of the scala media is assumed to

be causal. Although, it is difficult to see acute EH formation in humans,

we hypothesize that elevated inner ear pressure occurs in the early stages

of EH and that DPOAE response may capture micro basal plate deflec-

tions. EH causes dysfunction of the cochlea, and since DPOAE measures

the specific activity of the cochlea, it might provide insight into the patho-

genesis of MD. Specifically, the involvement of OHCs in patients with EH

might be detected using DPOAEs. Furthermore, evaluation of DPOAEs is

expected to help identify which sites of the cochlea are affected by EH

and which parts of the auditory pathway are abnormal. In this study, we

investigated the impact of the early stage of EH on DPOAE responses.

2 | MATERIALS AND METHODS

2.1 | Subjects

Among 403 patients who visited our department with symptoms

related to hearing or the vestibule from 2018 to 2021, 233 adults

(466 ears) who underwent 3-Tesla MRI examination and DPOAE test-

ing to investigate the presence of EH were included in this study. All

cases had symptoms (hearing loss, vertigo, floating sensation, ear full-

ness, and tinnitus), which suggested the presence of EH. The diagnosis

of definite or probable MD was made according to the international

consensus diagnostic criteria for MD.17 Laboratory technicians per-

formed pure-tone audiometry using an AA-79 diagnostic audiometer

(Rion Co. Ltd., Tokyo, Japan) in a soundproof chamber. Air-conduction

audiometric measurement thresholds at octave intervals from 125 to

4000 Hz using 5 dB steps were used in the assessment. Subjects

whose hearing levels on pure tone audiometry were ≤35 dB at all fre-

quencies were included in the study, and were divided into two

groups: those with hearing levels ≤25 dB at all frequencies (Group 1),

and those with hearing levels >25 to ≤35 dB at one or more frequen-

cies (Group 2). Hearing levels <25 dB was chosen as WHO's grade-

matched normal hearing group without impairment, and hearing levels

>25 to ≤35 dB were chosen as the slight impairment group. In the

Global Burden of Disease Expert Group study, all patients matched

the normal to mild hearing category.18 Ears with apparent cochlear

damage (i.e., those with a hearing level of >35 dB at one or more fre-

quencies) were excluded. We also included cases who had fluctua-

tions in hearing level ≤35 dB for all frequencies and grouped patients

according to their hearing level at the time of DPOAE testing.

Informed consent has been obtained from all individuals included in

this study.

2.2 | Magnetic resonance imaging

MRI evaluation of the ear was performed using a 3T scanner (Trio or

Verio; Siemens, Erlangen, Germany or Vantage Centurian, Canon

Medical Systems, Tochigi, Japan) 4 h after intravenous administration

of a standard dose (0.2 ml/kg bodyweight; i.e., 0.1 mmol/kg body

weight) of gadolinium hydrate (Omniscan; GE Healthcare, Little Chal-

font, UK).19,20 The presence of EH was investigated using hybrid of

reversed image of positive endolymph signal and native image of posi-

tive perilymph signal (HYDROPS), hybrid of reversed image of mag-

netic resonance cisternography and positive perilymph signal by

heavily T2 weighted-3D-FLAIR, and 3-D real inversion recovery

sequences.21 At least two radiologists with more than 20 years of

experience who were blinded to the clinical symptoms classified the

degree of EH in the cochlea and the vestibule into one of three

groups: none, mild and significant, according to previously described

criteria.22 Figure 1 shows sample images of the cases included in this

study. In this study, patients with EH of mild or greater severity were

defined as having EH.

2.3 | Distortion-product otoacoustic emissions

DPOAEs were obtained using an ILO 292-USB (ILO V6) system

(Otodynamics, Herts, UK). All measurements were performed in a

soundproof room. The acoustic stimuli consisted of paired tones
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delivered simultaneously through the probe. The tones had an inten-

sity of 70 dB sound pressure level (SPL) and an automatically deter-

mined ratio between frequencies of f1 and f2 (1.22). Six pairs of

stimuli were used, corresponding to the following frequency values

for f2:1001, 1501, 2002, 3003, 4004, and 6006 Hz. Noise estimates

were based on two standard deviations above the mean noise floor.

The acceptance criteria used were a level of �20 dB SPL or greater

for the DPOAE amplitude, and a difference between the DPOAE and

noise floor of 3 dB or greater at 1001 Hz and 6 dB or greater at other

frequencies. The presence and amplitude of DPOAEs at the six f2 test

frequencies were used for statistical analysis.

2.4 | Ethics review

The study was approved by the Ethics Review Committee of Nagoya

University School of Medicine, Nagoya, Japan (No. 2022-0094).

2.5 | Statistical analyses

IBM SPSS Statistics software (version 28, IBM Corp., Armonk, NY)

was used for statistical analyses. The t-test and Fisher's exact test

were used for comparisons. The significance level was set at 5%.

F IGURE 1 Sample images using hybrid of reversed image of positive endolymph signal and native image of positive perilymph signal
(HYDROPS) images of the left ears included in this study. From left to right: no hydrops, mild hydrops, and significant hydrops. The arrows
indicate endolymphatic hydrops in the cochlea; arrowheads indicate endolymphatic hydrops in the vestibule

TABLE 1 Characteristics of the patients

Variable Group 1 (≤25 dB) Group 2 (>25 dB to ≤35 dB) Total

n 172 67 239

Age (years) 42.7 47.0 43.9

Sex (female:male) 66:64 26:31 92:95

Pure tone average (dB) 10.1 19.7 12.7

None Mild Significant None Mild Significant None Mild Significant

EH in the cochlea (%) 63 (36.6) 72 (41.9) 37 (21.5) 30 (44.8) 19 (28.4) 18 (26.9) 93 (38.9) 91 (38.1) 55 (23.0)

EH in the vestibule (%) 133 (77.3) 26 (15.1) 13 (7.6) 53 (79.1) 10 (14.9) 4 (6.0) 186 (77.8) 36 (15.1) 17 (7.1)

TABLE 2 Diagnoses of ears
Diagnosis Group 1 (≤25 dB) Group 2 (>25 dB to ≤35 dB) Total

Definite Meniere's disease 6 7 13

Probable Meniere's disease 9 5 14

Asymptomatic eara 49 6 55

Fluctuating hearing loss 2 3 5

Delayed endolymphatic hydrops 8 3 11

Sudden sensorineural hearing loss 6 3 9

Vertigob 41 8 49

Other 51 32 83

Total 172 ears 67 ears 239 ears

aAsymptomatic ears contralateral to all symptomatic ears.
bThe “Vertigo” includes possible MD based on the American Academy of Otolaryngology-Head and Neck

Surgery criteria23 and other vertigo not classified elsewhere.
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3 | RESULTS

Table 1 shows the characteristics of the patients. Group 1 included

130 cases (172 ears), and Group 2 included 57 cases (67 ears). The

average hearing in both ears was 10.1 dB in Group 1 and 19.7 dB in

Group 2. Mean patient age was 42.7 years in Group 1 and 47.0 years

in Group 2. There were no sex differences between the groups; Group

1 included 66 females (91 ears) and 64 males (81 ears), respectively,

while Group 2 included 26 females (34 ears) and 31 males (33 ears),

respectively.

In Group 1, EH was present in the cochlea in 109/172 (63.4%)

ears, and significant EH was present in 37/172 (21.5%) ears. EH

was present in the vestibule in 39/172 (22.7%) ears, and significant

EH was present in 13/172 (7.6%) ears. In Group 2, EH was present

in the cochlea in 37/67 (55.2%) ears, and significant EH was pre-

sent in 18/67 (26.9%) ears. EH was present in the vestibule in

14/67 (21.0%) ears, and significant EH was present in 4/67 (6.0%)

ears. Table 2 lists the diagnoses of auditory and vestibular symp-

toms in each ear of the patients in this study. The contralateral

asymptomatic ear was the most common, followed by cases of ver-

tigo. The “Vertigo” includes possible MD based on the American

Academy of Otolaryngology-Head and Neck Surgery criteria23 and

other vertigo not classified elsewhere. Figure 2 shows the signal-

to-noise ratio (SNR) of DPOAE by frequency. In the overall compar-

ison, Group 1 showed a better SNR than Group 2, with significant

differences at frequencies from 1501 to 6006 Hz. When comparing

cases with and without EH in the cochlea, there were no differ-

ences in SNR in group 1 (Figure 3), although there was a trend

toward greater SNR in Group 2 cases with EH (Figure 4). Table 3

shows the presence or absence of EH in the cochlea and vestibule,

the presence or absence of DPOAE waveforms at each frequency

where the SNR met acceptable criteria, and the average amplitude

of the DPOAEs. In Group 1, DPOAE waveforms were significantly

observed at the f2 frequency of 4004 Hz in patients with EH in the

cochlea (p < .01). On the other hand, in Group 2, DPOAE wave-

forms were significantly observed at 1501 Hz in patients with EH

in the cochlea (p < .05). There was no association between the

presence of DPOAE and EH in the vestibule, nor between the

amplitude of DPOAE and EH in the cochlea and vestibule. Overall,

the amplitudes of DPOAEs in Group 2 tended to be smaller than

those in Group 1.

F IGURE 2 SNR of DPOAE by frequency. Comparison of SNR for
each frequency between Groups 1 and 2. Group 1 was the group with
hearing levels ≤25 dB at all frequencies, and Group 2 was the group
with hearing levels >25 to ≤35 dB at one or more frequencies.

Symbols and thin bars indicate mean and ± 1 standard deviation
values, respectively. **Statistical significance (defined as p < .01),
***statistical significance (defined as p < .001). DPOAE, distortion-
product otoacoustic emissions; SNR, signal-to-noise ratio

F IGURE 3 SNR of DPOAE by frequency. Comparison of SNR for
each frequency with and without endolymphatic hydrops in Group
1. (Hearing levels ≤25 dB at all frequencies.) DPOAE, distortion-
product otoacoustic emissions; SNR, signal-to-noise ratio

F IGURE 4 SNR of DPOAE by frequency. Comparison of SNR for
each frequency with and without endolymphatic hydrops in Group
2. (Hearing levels >25 to ≤35 dB at one or more frequencies.) DPOAE,
distortion-product otoacoustic emissions; SNR, signal-to-noise ratio
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4 | DISCUSSION

MD consists of a triad of hearing loss, vertigo, and tinnitus, and is

thought to be caused by EH in the inner ear. MRI in these cases

shows EH in the cochlea and vestibule, and a very high rate of EH has

been reported in definite MD.12,24 On the other hand, EH has also

been reported to be present in atypical cases of MD and in subjects

with other causes of vestibulocochlear symptoms, although less fre-

quently than in MD.12 EH is present to a greater extent in the unaf-

fected ears of patients with MD compared to controls.24,25 EH in the

unaffected ear might support the epidemiologic observation that MD

shows bilateral involvement in about 9.2%–16.2% of cases,26 suggest-

ing that EH in the unaffected ear might be an early lesion or a precur-

sor lesion of MD. The present study included cases with

vestibulocochlear symptoms, but only mild cochlear damage, which

might represent the early or preliminary stage of MD. In DPOAE test-

ing, high frequency sounds of above 1 kHz are used for testing due to

high biological noise in the low-frequency range. In addition, the

response disappears when there is an increase in the hearing thresh-

old to 35–40 dB or more in cases with bone-conduction hearing.

DPOAE responses could thus be obtained in early MD and EH-related

diseases due to reversible hearing loss in the frequency range below

1 kHz and preservation of hearing at high frequencies.27 The DPOAE

is a test capable of sensitively capturing OHCs activity. In the present

study, no significant attenuation or loss of DPOAE response was

found in patients with EH with normal hearing or mild hearing loss. In

contrast, there were frequency ranges where the EH ear showed

improved SNR and also significant DPOAE responses. In the EH ear,

excessive fluid in the scala media can press on the basilar membrane

thereby stiffening it and causing an altered frequency-position map of

the cochlea and the operating point of OHC transfer function.13,14,28–

31 In the apical turn of the cochlea, where compliance of the basilar

membrane is highest, source deflection might occur, resulting in a

phase change in DPOAEs.32 It has previously been reported that

unstable operating points likely affect the phase rather than the ampli-

tude of DPOAEs. There was no obvious impairment of OHCs with an

increase in hearing threshold in the early EH ears included in this

study, suggesting that the change in DPOAE response was due to

morphological changes caused by endolymph accumulation affecting

the oscillatory nature of the basilar membrane. High pressure differ-

ences between endolymph and perilymph are known to affect the res-

onant properties of the basilar membrane. In guinea pigs, early stage

chronic hydrops occur with minimal pressure change (<67 Pa)

between endolymph and perilymph.33 This phase is mainly due to the

high flexibility of the endolymphatic boundary, which allows the endo-

lymph volume to grow without a high pressure increase.16,34 In con-

trast, the finite element method analysis revealed that EH may result

in increased or decreased basilar membrane displacement at some fre-

quency even at low pressure. Several clinical studies in humans have

reported alterations in DPOAE response in EH ears. In a study using

changes in DPOAE to evaluate glycerol test results in patients with

ear fullness without other associated symptoms, a high percentage

(58%) showed improvement. This group of patients could potentially

have been in the early stages of MD, with DPOAE confirming changes

not detected by pure tone audiometry.35 DPOAE responses were

present in more than 60% of the ears with MD, even though the aver-

age hearing threshold was greater than 40 dB.36 Unexpected DPOAEs

were also observed in some patients when the corresponding pure-

tone threshold was 50 dB. These findings might represent localized

information about the basilar membrane displacement of certain areas

of the cochlea.1

Currently, a simple screening method for asymptomatic EH is

being explored to diagnose the prodromal state of MD. Electroco-

chleography and vestibular evoked myogenic potentials are commonly

used tests for EH estimation. The combination of summating potential

amplitude and summating potential bias ratio at 1 kHz reportedly has

an overall diagnostic accuracy of 85% for MD.37 Even in patients with

only ear fullness symptoms and no MD, EH can be estimated using

the area ratio parameter of electrocochleography.38 Additionally,

vestibular-evoked myogenic potentials measured using tuning criteria

of specific frequencies showed a similar response to MD in 27% of

healthy side, asymptomatic ears with MD.39 Thus, evaluation of

DPOAE in MD patients could provide useful information regarding

cochlear function, such as changes in basilar membrane compliance

due to EH.

5 | CONCLUSION

We confirmed that DPOAEs are relatively well preserved in patients

with cochlear EH, whose hearing levels were ≤35 dB at all frequen-

cies. The characteristics of DPOAE responses in the early stages of

hearing disturbance might indicate morphological changes in the inner

ear with altered basilar membrane compliance due to EH.
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