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Abstract

Endolymphatic hydrops (EH) has been visualized on magnetic resonance imaging (MRI) in patients with various inner ear diseaseh
The purpose of this study was to evaluate the prevalence and risk factors of significant EH on inner ear MRI in patients with 1 or
more audiovestibular symptoms and to predict the incidence of significant EH using multivariate analysis and multilayer perceptron
artificial neural network modeling. This retrospective study included a total of 135 patients with 1 or more audiovestibular symptoms
who do not meet the diagnostic criteria for MD and underwent inner ear MRI at our institution from July 2021 to January 2024.
The EH grade of each patient was evaluated, and “significant EH” was considered grade Il or lll. Of 135 patients with 1 or more
audiovestibular symptoms, 48 patients (35.6%) presented with significant EH and 87 patients (64.4%) without significant EH on
inner ear MRI. The prevalence of significant EH was higher in males, which was statistically significant (P = .007). The prevalence of
significant EH was higher in the right ear, and the mean age of patients with significant EH was 1.94 years higher, but no statistical
significance was observed (P = .660 and .456, retrospectively). The odds ratio for significant EH development was 2.696 (95%
confidence interval: 1.296-5.607) times higher in men, which was statistically significant. Predicting the incidence of significant
EH development using multivariate analysis, sex was the only variable that was statistically significant (P = .008). Based on a
predictive model using multilayer perceptron (MLP), the classification accuracy of the model was 79.5%. In our study, the male
gender could be related to the risk of developing significant EH in patients with audiovestibular symptoms. The accuracy of our
suggested MLP model for predicting the incidence of significant EH was 79.5%, with sex being the highest predictor importance.
In the future, inner ear MRI and MLP neural network modeling can be combined as a noninvasive and precise support system in
the diagnosis of EH.

Abbreviations: Al = artificial intelligence, ANN = artificial neural network, Cl = confidence intervals, EH = endolymphatic hydrops,
Gd = gadolinium, hT2W = heavily T2-weighted, HYDROPS = hybrid of reversed image of positive endolymph signal and native
image of positive perilymph signal, MD = Meniere disease, MLP = multilayer perceptron, MRI = magnetic resonance imaging, OR =
odds ratio, SNHL = sensorineural hearing loss.
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1. Introduction

Endolymphatic hydrops (EH) is a pathological and anatom-
ical condition characterized by distension of the endolym-
phatic compartment of the inner ear.!! EH primarily occurs
in the cochlea and saccule of the vestibule but may progress
to the utricle and semicircular canal.”! Although the specific
mechanisms of EH development in a variety of diseases remain
unknown, various conditions, including infection, trauma,
tumors, and clinical disorders such as Meniere disease (MD),
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are reported to be associated with EH.P! Progressive hydrops
is the result of permanent impairment of endolymph resorp-
tion, mainly caused by clinical disorders of the endolymphatic
sac, including MD, labyrinthine syphilis, and delayed hydrops
syndrome.*

The pathophysiology of EH is due to an increased endolym-
phatic volume caused by an imbalance between the secretion and
resorption of the endolymph. This high endolymphatic volume
causes distension of the structure bounding the endolymphatic
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space, which results in the bending of Reissner and basilar mem-
branes and may rupture the boundary membranes.! Moreover,
previous studies have suggested that increased endolymphatic
volume influences the ionic concentration of the endolymphatic
fluid with potassium hyperpermeability, which is toxic to hair
cells.>*1 Thus, EH progression results in clinical symptoms such
as hearing loss and vertigo.

Visualization of the EH has been enabled with the use of
delayed post-gadolinium (Gd) contrast sequences on magnetic
resonance imaging (MRI). Since Gd contrast diffuses to the
perilymph but not to the endolymph, the perilymph signal is
altered, which allows differentiation between the 2 structures.”!
Grading systems have been proposed to evaluate the EH sever-
ity on MRI and its association with the clinical parameters of
MD.®%1 EH appears to be also visible in patients with various
diseases, including idiopathic sudden sensorineural hearing
loss (SNHL), viral infection, autoimmune diseases, and recur-
rent peripheral vestibulopathy.!%!!l However, previous studies
have shown that the EH MRI findings are associated with the
progression of MD, and most studies have been performed on
patients with MD.I%12531 To the best of our knowledge, no prior
study has examined the statistical significance of the association
between sex and EH presence evaluated on MRI. Therefore,
EH evaluation on inner ear MRI should be further examined
in patients who present various audiovestibular symptoms
that do not satisfy the criteria of the MD diagnostic guidelines
and to find associations between sex, age, affected ear, and EH
presence.

The purpose of this study was to evaluate the prevalence
and risk factors of significant EH on inner ear MRI in patients
with 1 or more audiovestibular symptoms and to predict the
incidence of significant EH using multivariate analysis and
multilayer perceptron (MLP) artificial neural network (ANN)
modeling.

2. Materials and methods
2.1. Study population

Institutional review board approval was obtained (IRB No.
EMC 2022-12-001-001). This retrospective study included 135
patients with 1 or more audiovestibular symptoms, including
dizziness, tinnitus, ear fullness, and fluctuating hearing loss, but
who did not meet the diagnostic criteria for MD and under-
went inner ear MRI at our institution from July 2021 to January
2024.

2.2. Inner ear MRI acquisition

All MRI scans were performed using a 3-tesla MRI scan-
ner (MAGNETOM® Skyra; Siemens Medical Solutions)
with a 32-channel array head coil. All patients were admin-
istered a single dose (0.2mL/kg body weight) of intrave-
nous Gadobutrol (gadolinium-DO3A-butriol, Gadovist®)
4 hours prior to MRI scanning. The following sequences
were acquired in all MRI examinations for evaluation of the
inner ear anatomy and grading of EH: heavily T2-weighted
(hT2W) magnetic resonance cisternography, hT2W 3-
dimensional fluid-attenuated inversion recovery with an
inversion time of 2250 ms (positive perilymph image), hT2W
3-dimensional inversion recovery with an inversion time of
2050 ms (positive endolymph image), and hybrid of reversed
image of positive endolymph signal and native image of pos-
itive perilymph signal (HYDROPS). The hT2W magnetic
resonance cisternography sequence was obtained as an ana-
tomical reference of the total endolymphatic fluid images.
The HYDROPS sequence was acquired by subtracting posi-
tive endolymph image from positive perilymph image to eval-
uate the degree of EH.!"?I
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2.3. Radiological evaluation of EH

Based on the grading systems introduced by Barath et al®® and
Bernaerts et al,”’ EH was graded by an experienced neurora-
diologist and a 3rd-year radiology resident. EH in the vesti-
bule and cochlea was independently evaluated by comparing
the relative areas of the contrast-enhanced perilymph space to
the nonenhanced endolymphatic space on axial HYDROPS
images.

Cochlear hydrops was evaluated according to the criteria
introduced by Barath et al,’® in which the degree of hydrops
is categorized as normal, grade I, or grade II. In the normal
cochlea, the scala tympani, scala vestibuli, and interscalar sep-
tum are individually recognized. In grade I cochlear hydrops, the
scala media becomes ambiguous, and the dark signal intensity
replaces the structure owing to mild dilation of the nonenhanc-
ing cochlear duct. In grade II cochlear hydrops, the cochlear
duct is further distended, and the scala vestibuli are entirely
obliterated as the hydrops progresses.

Vestibular hydrops was evaluated based on a modified 4-stage
grading system introduced by Bernaerts et al,’! in which the
degree of hydrops is categorized as normal, grades I, II, and III.
The saccule and utricle are recognized separately in the normal
vestibule. In grade I vestibular hydrops, the saccule, the smallest
component of the vestibular sacs, becomes equal to or larger
than the utricle; however, the saccule and utricle are still sepa-
rately recognized. In grade II vestibular hydrops, the saccule and
utricle are fused, but an enhanced perilymphatic space is still
present. In grade III vestibular hydrops, peripheral rim enhance-
ment of the perilymphatic space is no longer visible, and the
bony vestibule becomes fully obliterated.

In this study, the EH grade of each patient was evaluated, and
“significant EH” was considered as grade II cochlear hydrops
and grade II or III vestibular hydrops since mild EH (grade I)
was clinically equivocal. Previous research showed that as the
diagnostic scale of MD increased in the order unaffected, pos-
sible, probable, and definite, the proportions of severe hydrops
increased. Moreover, the presence and severity of EH was sig-
nificantly increased in the clinically affected ear compared to the
unaffected ear.®!4

2.4. Statistical analyses

Statistical data analyses were performed with IBM SPSS Statistics
28.0 (SPSS Inc., Chicago, IL). The general characteristics of the
study population were calculated as mean (standard devia-
tion) and frequency (%). The comparisons within the groups
with significant EH were performed using the Mann-Whitney
test and Chi-square normality test after normality verification.
For risk evaluation of developing significant EH, the odds ratio
(OR) was analyzed based on sex and the site of symptomatic
ear (left or right). In addition, multivariate analysis and MLP
ANN modeling analysis were performed to predict the incidence
of significant EH. P values < .05 were considered statistically
significant.

2.5. ANN modeling analysis

MLP ANN modeling analysis was performed to predict the
incidence of significant EH (Fig. 1). MLP is a form of ANN
consisting of an input layer, 1 or more hidden layers, and an
output layer. The neurons in each layer are structured to be
completely connected to the previous layer. The hidden layer
network consisted of 1 hidden layer, 3 nodes, and a hyperbolic
tangent activation function. The output layer network consisted
of a dependent variable, 2 nodes, a softmax activation function,
and a cross-entropy loss function. The MLP was modeled with
training and testing sets (5:5). The independent variables used in
the model were sex, age, and the site of symptomatic ear, and the
dependent variable was the incidence of significant EH.
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3. Results

3.1. Demographics

This retrospective study included a total of 135 patients (50
males and 85 females) with 1 or more audiovestibular symp-
toms, including dizziness, tinnitus, ear fullness, and fluctuating
hearing loss. The mean age was 48.3 years, ranging from 13 to
81 years.

3.2. Imaging findings

Significant EH on inner ear MRI was observed in 48 (35.6%)
of 135 patients with 1 or more audiovestibular symptoms,
and no significant EH was observed in 87 patients (64.4%).
Different degrees of EH on axial HYDROPS images in patients
with audiovestibular symptoms are presented in Figures 2 to
4. Significant vestibular (grade II) and cochlear EH (grade II)
were detected in a 60-year-old male with dizziness and left
tinnitus (Fig. 2). Significant vestibular EH (grade II) without
cochlear EH was visible in a 46-year-old female with dizzi-
ness and right ear fullness (Fig. 3). Significant hydrops in both
cochlea (grade II) and vestibule (grade III) were shown in a
45-year-old male with left sudden sensorineural hearing loss
(Fig. 4).

3.3. General characteristics and significant EH

General characteristics of the study population are shown in
Table 1. There was a statistically significant (P =.007) higher
prevalence of significant EH in men in the group with signifi-
cant EH, which consisted of 25 men (52.1%) and 23 women
(47.9%), compared to the group without significant EH, which
consisted of 25 men (28.7%) and 62 women (71.3%). The
group with significant EH had a mean age of 49.33 =+ 14.50
years, while the group without significant EH had a mean age
of 47.39 + 15.29 years. The significant EH group had a higher
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mean age of 1.94 years (P =.456). The left ear was clinically
affected in 21 patients (43.8%), the right ear in 23 patients
(47.9%), and both ears in 4 patients (8.3%) in the group with
significant EH. In the group without significant EH, the left ear
was clinically affected in 45 patients (51.7%), the right ear in 35
patients (40.2%), and both ears in 7 patients (8.0%). Although
the right ear had a higher prevalence of significant EH visible on
inner ear MRI, there was no statistically significant difference
(P =.660).

3.4. Risk evaluation of significant EH

The OR and 95% confidence intervals (CI) of developing sig-
nificant EH according to sex and symptomatic ear are shown
in Table 2. According to sex, men had a 2.696 (95% CI: 1.296—
5.607) times greater OR of developing significant EH. The 95%
CI range did not encompass 1, which was statistically signifi-
cant. The OR was 1.408 (95% CI: 0.673-2.946) times greater
in the right ear than in the left ear, but as the 95% CI range
included 1, it was not statistically significant.

3.5. Incidence prediction of significant EH

Multivariate analysis, a widely utilized statistical method, was
used to predict the incidence of significant EH development, as
seen in Table 3. The Hosmer-Lemeshow test revealed a good
fit for the model with X2 =1.133 (P =.997). In comparison to
men, women had a 0.370 (95% CI: 0.177-0.774) times reduced
incidence risk of developing significant EH. A slightly greater
incidence risk of developing significant EH was associated with
age 1.007 [95% CI: 0.983-1.033]). The incidence risk of signif-
icant EH development was 1.199 (95% CI: 0.302-4.755) times
greater in both ears and 1.468 (95% CI: 0.685-3.145) times in
the right ear, compared to the left. Nevertheless, in the final mul-
tivariate analysis, sex was the only variable that was statistically
significant (P =.008).

.

Syaaptic Weight > 0
e Symaptic Weight <0

Suspect
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Figure 1. Multilayer perceptron model. A multilayer perceptron model consists of an input layer, 1 hidden layer, and an output layer. An input layer consists of the
independent variables: sex (male and female), age, and the site of the symptomatic ear (left, right, and both). The hidden layer network is consisted of 1 hidden
layer, 3 nodes, and a hyperbolic tangent activation function. The output layer network consists of a dependent variable, 2 nodes, a softmax activation function,
and a cross-entropy loss function. The dependent variable is the incidence of significant endolymphatic hydrops. The neurons in each layer are structured to be
completely connected to the previous layer. AD = right, AS = left, AU = both, Suspect = significant.
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Figure 2. Inner ear magnetic resonance imaging (MRI) of a 60-year-old male with dizziness and left tinnitus. (A) Grade Il cochlear hydrops is detected on a
0.1 mm axial hybrid of reversed image of positive endolymph signal and native image of positive perilymph signal (HYDROPS) image of inner ear MRI at cochlear
level, in which a nodular black cutout of the scala vestibuli (arrows) is visible. (B) Grade Il vestibular hydrops is detected on a 0.1 mm axial HYDROPS image at
vestibular level, in which a complete confluence of saccule and utricle (arrowheads), occupying almost all the vestibule, is visible, but with visible enhancement

of the perilymphatic rim.

Figure 3. Inner ear magnetic resonance imaging (MRI) of a 46-year-old
female with dizziness and right ear fullness. Grade Il vestibular hydrops is
detected on a 0.1 mm axial hybrid of reversed image of positive endolymph
signal and native image of positive perilymph signal (HYDROPS) image of
inner ear MRI at vestibular level, in which a complete confluence of saccule
and utricle (arrowheads) with enhancement of the perilymphatic rim is visible.

Using artificial intelligence (AI), an MLP predictive model
was developed to predict the incidence of significant EH,
as shown in Figure 5. The model’s classification accuracy
was 79.5%. The predictor importance was 37.3% for sex,
36.6% for age, and 26.0% for the site of symptomatic ear,
respectively.

4. Discussion

EH is a pathological and anatomical feature in which the
endolymphatic compartment of the inner ear is distended
by increased endolymphatic volume. It is considered a

N/

v

Figure 4. Inner ear magnetic resonance imaging (MRI) of a 45-year-old male
with left sudden sensorineural hearing loss. Grade Il cochlear hydrops and
grade Il vestibular hydrops are detected on a 0.1 mm axial hybrid of reversed
image of positive endolymph signal and native image of positive perilymph
signal (HYDROPS) image of inner ear MR, in which a fully obliterated scala
vestibuli (arrows) and a complete confluence of saccule and utricle (arrow-
heads) without a distinct enhancing perilymphatic rim are visible.

characteristic pathological finding of MD.!"¥ Using delayed
post-Gd contrast sequences, EH has been visualized on in
vivo inner ear MRI, and its severity has been assessed in
relation to the clinical parameters of MD. Since EH is recog-
nized as the histopathological hallmark of MD, the major-
ity of earlier research has been conducted on patients with
definite MD.

Inner ear MRI has been increasingly applied recently to sup-
port the diagnosis of MD and to evaluate the disease progres-
sion.">1 However, EH has also been detected in patients with a
variety of different otological disorders, such as SNHL, inflam-
mation, and recurrent vestibulopathy, which result in various
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General characteristics of the study population with and without significant endolymphatic hydrops.

Endolymphatic hydrops
Significant No significant
N/M %/SD N/M %/SD Xz Pvalue

Sex Male 25 52.1 25 28.7 7.231 .007

Female 23 47.9 62 7.3
Age 49.33 14.50 47.39 15.29 —0.745 456
Affected ear Left 21 43.8 45 51.7 0.831 .660

Right 23 47.9 35 40.2

Both 4 8.3 7 8.0

Z = Mann-Whitney test, X2 = Chi-square test, P-value < .05.

Risk estimates of significant endolymphatic hydrops according
to sex and symptomatic ear.

95% CI
0dds ratio Value Lower Upper
Sex* 2.696 1.296 5.607
Symptomatic ear’ 1.408 0.673 2.946

Cl = confidence interval.
*Sex (male/female).
FSymptomatic ear (left/right).

audiovestibular symptoms, including dizziness, tinnitus, and
fluctuating hearing loss.!"®!

In this study, the EH grade of the cochlea and vestibule on
inner ear MRI was assessed in 135 patients with 1 or more
audiovestibular symptoms who do not meet the diagnostic cri-
teria for MD. Among 1335 patients, significant EH was found
in 48 patients (35.6%). Previous research by Naganawa and
Nakashimal!l also demonstrated that while all patients with
MD had EH visualized on inner ear MRI, not all subjects
with detectable EH on MRI presented the classic MD symp-
toms. Furthermore, Dominguez et al found that there were
significant differences between the groups, with a higher OR
for EH presence in the definite MD group than in all other
patients with audiovestibular symptoms who do not fulfill
the diagnostic criteria for definite MD. The study included
a total of 170 patients: 83 with definite MD, 38 with fluc-
tuating SNHL, 34 with recurrent vertigo, and 15 with idio-
pathic sudden SNHL.'""! In fluctuating SNHL and recurrent
vertigo groups, 7 (20%) and 6 (16%) patients, respectively,
were found to have severe cochlear and/or severe vestib-
ular EH."” The incidence of severe EH was slightly higher
in patients without MD than in previous results. However,
our study’s proportion of significant EH presence in patients
with various audiovestibular symptoms was lower than the
percentages previously reported in definite MD patients, as
consistent with the previous report.

In our study, the prevalence of significant EH was signifi-
cantly higher in males (P =.007). Moreover, the risk of devel-
oping significant EH was increased significantly in males (OR:
2.696 [95% CI: 1.296-5.607]). Prior research on the existence
of EH visualized on MRI in MD patients has indicated a minor
female preponderance.!'$:!”]

The group with significant EH had a higher mean age
(49.33 = 14.50 years) than the group without significant EH
(47.39 = 15.29 years), but it was not statistically significant. In
a previous study, Maeda et al?*! demonstrated that the devel-
opment of EH in neurotologic patients was not correlated
with chronological age. Dieterich et al?!! showed a positive

Prediction of significant endolymphatic hydrops development
using multivariate analysis.

95% ClI
Variables Exp(B) LLCI ULCI Pvalue
Sex (female) 0.370 0.177 0.774 .008
Age, yr 1.007 0.983 1.033 563
Symptomatic right 1.468 0.685 3.145 324
Symptomatic left 1.199 0.302 4,755 797

Cl = confidence interval, LLCI = lower level confidence interval, ULCI = upper level confidence
interval.
P-value < .05.

correlation between age and the endolymphatic space, in which
the age-dependent changes in the endolymphatic space in par-
ticipants with normal vestibulocochlear testing were examined.

In this study, the incidence prediction of significant EH was
performed using an MLP neural network model of Al tech-
niques. In earlier research, Al techniques have been used on
the EH presence on inner ear MRI to evaluate EH ratios by
a fully automated analytic system.??>?*! Furthermore, recent
research investigated the diagnostic performance of a machine
learning model in identifying MD patients based on radiomic
features extracted from conventional MRI scans.** However,
no research has investigated the incidence prediction regarding
EH development using Al techniques. Our suggested MLP mod-
el’s accuracy for predicting the incidence of significant EH was
79.5%, with predictor importance of 37.3% for sex, 36.6% for
age, and 26.0% for the site of symptomatic ear, respectively.

Although it was not statistically significant, we also found
that the prevalence of EH was higher in the right ear.

This study has several limitations. First, the number of
patients included in this study was relatively small. Future
studies should be conducted with a larger number of patients.
Second, selection bias may exist; since inner ear MRI was per-
formed in patients with 1 or more audiovestibular symptoms,
the incidence of significant EH could have been higher than in
the inner ear syndrome patients.

5. Conclusion

In our study, the prevalence of significant EH was significantly
associated with sex. Furthermore, there was a notable rise in the
male’s risk of significant EH development. The accuracy of our
suggested MLP model for predicting the incidence of significant
EH was 79.5%, with sex being the highest predictor impor-
tance. Thus, inner ear MRI for EH evaluation in patients with
various audiovestibular symptoms is recommended, especially
for male and older patients, to assess the disease severity and
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its progression. In the future, inner ear MRI and MLP neural
network can be combined as a noninvasive and precise support
system in the diagnosis of EH.
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