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Abstract
Purpose  To help clinicians to further understand the significance of vestibular-evoked myogenic potential (VEMP) exami-
nations to diagnose MD and the quantitative relationship between VEMP and MRI in assessing the location and degree of 
endolymphatic hydrops (EH) in definite Meniere’s disease (MD) patients.
Methods  Fifty-six patients with unilateral definite MD participated in this study, which used MRIs through intravenous 
gadolinium administration (IV-Gd), audiometry, caloric tests and VEMP tests. The VEMP results of 26 healthy volunteers 
were used as a normal reference value.
Results  The participants were found through MRI to have differing degrees of vestibular and cochlear EH. Quantitative 
comparison of MRI and VEMP results found that the response rates of oVEMP decreased with cochlear EH increasing; the 
asymmetry ratio (AR) of oVEMP can be used to find whether cochlear EH or not, and the P1–N1 amplitude was lower in 
the extreme cochlear EH group (P < 0.01). The AR of cVEMP was larger in severe vestibular EH group than that of the mild 
or no vestibular EH group (P < 0.01). The correlation between the degree of cochlear EH and the mean PTA threshold was 
statistically significant (P < 0.05). The duration of MD correlated positively with vestibular EH (P < 0.05). The abnormal 
rate of caloric tests was higher in severe vestibular EH group than that of the mild or no vestibular EH group (P < 0.05).
Conclusions  The advantages of MRIs by IV-Gd administration were obvious in assessing the location and degree of EH. 
oVEMP and PTA can be indirectly used to evaluate the extent of cochlear EH, cVEMP and caloric tests can be used to assess 
the extent of vestibular EH on the condition of absent MRIs.
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Introduction

Meniere’s disease (MD) is an intractable inner ear disor-
der characterized by fluctuating sensorineural hearing loss, 
spontaneous vertigo attacks, tinnitus, and aural fullness. 
Endolymphatic hydrops (EH) is considered a characteristic 

sign of MD. “Definite” and “probable” are the only two cat-
egories of MD according to MD’s diagnosis criteria created 
by the Classification Committee of the Bárány Society in 
2015 [1].

As we all known, the certain diagnosis of Meniere’s 
disease depends mostly on autopsy to find EH in the past. 
Three-dimensional fluid-attenuated inversion recovery 
(3D-FLAIR) magnetic resonance imaging (MRI) was the 
first direct visualization of EH in vivo, which was done 24 h 
after the administration of intratympanic gadolinium (IT-
Gd) by Nakashima et al. [2]. Shortly thereafter, as technol-
ogy improved, three-dimensional real inversion recovery 
(3D-real-IR) MRI and 3D-FLAIR MRI were performed 4 h 
after the administration of intravenous gadolinium (IV-Gd) 
to show EH, and it is becoming more popular in clinical 
practice [3–5].
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VEMP has been used conventionally to examine the func-
tion of otoliths, based on the hypothesis of efferent specific-
ity proposed by Curthoys [6]. Cervical VEMP (cVEMP) 
arises from saccular macula and inferior vestibular nerve 
input pathways, and the sternocleidomastoid muscles are a 
strong projection of cVEMP [7, 8]. Ocular VEMP (oVEMP), 
however, originates primarily from the utricular macula and 
superior vestibular nerve input pathways, and the inferior 
oblique muscle is a strong projection of oVEMP [8, 9]. 
Using these tests to evaluate the localization and prevalence 
of hydrops formation can mimic the declining sequence of 
hydrops formation in temporal bone studies.

Pure-tone audiometry (PTA), caloric tests and VEMP 
have been used indirectly to diagnose MD in present clini-
cal study. However, quantitative evaluations of the relation-
ship between the location and degree of EH in vivo, and 
indirect examinations to help evaluate EH and diagnose MD, 
are rare. In this study, we quantitatively analyze cVEMP; 
oVEMP; caloric tests; disease duration; frequency of vertigo 
attacks; and degrees and locations of EH found by 3D-IR 
MRI IV-Gd administration in patients with definite MD. The 
results of this study may help clinicians to better understand 
the significance of VEMP examinations to diagnose MD.

Materials and methods

This study was conducted from July 2014 to December 
2017. We recruited patients with unilateral defined MD who 
were referred to the Department of Otorhinolaryngology at 
the Eye and ENT Hospital of Fudan University, China. The 
study’s protocol was approved by the Ethics Committee 
of Fudan University’s review board, and written informed 
consent forms were obtained from the participants. Par-
ticipants chosen for this study had two or more definitive 
episodes of vertigo with hearing loss, tinnitus, and aural 
fullness, but no history of middle ear, head trauma or neu-
rological disorders such as benign paroxysmal positional 
vertigo, vestibular migraines, sudden sensorineural hearing 
loss, and so on. The VEMP results of 26 healthy volunteers 
(male/female = 16/10, age: 46.4 ± 13.6 years) matched to the 
recruited patients were used in a reference group.

Locally enhanced MRI

All patients were subjected to a double dose (0.4 mL/kg 
of body weight) IV injection of Gd-HP-DO3A. MRIs were 
performed 4 h after the intravenous administrations (Verio; 
Siemens Healthcare, Erlangen, Germany), using a 32-chan-
nel phased-array receive-only coil. T2-space and 3D-real-
IR sequence MRIs were applied to collect the images. 
The parameters for the 3D-real-IR sequence were as fol-
lows: voxel size = 0.2 × 0.2 × 0.6 mm; scan time = 15 min 

and 20 s; repetition time = 6000 ms; echo time = 181 ms; 
inversion time = 1850 ms; slice thickness = 0.6 mm; field of 
view = 160 × 160 mm; and matrix size = 768 × 768.

Image evaluation

Gadolinium is absorbed into the perilymph space of the 
inner ear after its intravenous administration. When EH is 
present, the endolymph fluid occupies the perilymph fluid 
area, which is confined to the bony labyrinth. Therefore, 
the endolymphatic space becomes enlarged and visible as a 
negative signal, dilating to the contrast-enhanced signal of 
the perilymph space [10, 11]. Two radiologists with 16 years 
of experience in otology-radiology and 8 years of experi-
ence in radiology, respectively, as well as a senior otology 
doctor, independently evaluated the images. Cochlea and 
vestibule were analyzed separately. For cochlear analysis, 
the respective degrees of EH were graded using a 4-point 
ordinal scale (0 = no EH, 1 = mild EH, 2 = marked EH, and 
3 = extreme EH), according to Sun [12, 13]. For vestibular 
analysis, EH severity was assessed by determining the ves-
tibular endolymph ratios, which corresponded to the ratios 
of endolymph space to total vestibular space. Adobe Photo-
shop CS5 (Adobe Systems Inc., San Jose, CA) was used in 
the vestibular analyses [14].

VEMP tests

A Bio-logic Navigator PRO auditory brainstem response 
diagnosis system (Bio-logic Auditory Evoked Potential Ver-
sion 7.0.0; Natus, Pleasanton, CA) was used for the VEMP 
tests in a sound-proof examination room. VEMP waveforms 
were induced through the stimuli of ACS with a 500-Hz 
short-tone burst (1 ms rise/fall time and 2 ms plateau time) 
transmitted via inserted headphones. Generally, 120 stimuli 
were applied to each ear. The initial stimulus intensity was 
95 dB nHL, which decreased step by step 5 dB nHL until 
the VEMP response was not appeared. This process was 
repeated three times. Before applying the electrodes, the 
patient’s skin was disinfected and coated with a conductive 
paste. The resistance between the electrodes was controlled 
at < 5KΩ.

cVEMP tests and observations

An inverting electrode was placed on the middle of the ster-
nocleidomastoid muscle (SCM), a non-inverting electrode 
was placed on the lower part of the suprasternal fossa, and 
a common electrode was placed on the middle of the con-
tralateral SCM. The sites of the electrodes did not need to 
be changed, for the inverting and common electrodes could 
be switched automatically on both sides of SCM. Patients 
were asked to lift their heads when they heard a stimulus 
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sound from the headphones. The presence of cVEMP was 
recognized when the amplitude of the first positive–nega-
tive–positive peak (P1–N1–P2) appeared. The absence of 
cVEMP was recorded in cases in which the waveforms were 
not recognized or did not repeat. The P1 potential was iden-
tified as the first positive peak in the waveform, N1 was 
identified as the first negative peak in the waveform, and 
the peak-to-peak amplitude was the P1–N1 amplitude. The 
asymmetry ratio (AR) between a subject’s ears was calcu-
lated as follows: AR = (larger amplitude − smaller ampli-
tude)/(larger amplitude + smaller amplitude) × 1009.

oVEMP tests and observations

An inverting electrode was placed on the orbital margin 
below the center of the eye, a non-inverting electrode was 
placed approximately 20 mm below on the cheek, and a 
common electrode was placed on the contralateral orbital 
margin below the eye. We needed to move the non-inverting 
electrode to the contralateral cheek when testing the opposite 
side because the inverting and common electrodes could be 
switched automatically on both sides of the orbital margin 
below the eyes. During this test, patients were asked to gaze 
at a target about 30° above the visual horizontal line when 
they heard a stimulus sound from the headphones. The pres-
ence of oVEMP was recorded when the peaks of the first 
negative and positive biphasic waves (N1–P1) appeared. The 
P1 latency and N1 latency were defined from 0 ms to the 
corresponding maximum peak of the recorded waveforms.

Pure‑tone audiometry (PTA) tests

All patients’ hearing thresholds were tested before the IV-Gd 
administration. PTA thresholds were tested at all frequencies 
(0.125–8 kHz). With regard to the affected ears, all patients 
showed varying degrees of sensorineural hearing loss and 
pure-tone thresholds means the average of the 0.5, 1, 2, and 
3 kHz hearing thresholds. The hearing thresholds of the con-
tralateral ears were in the normal range.

Caloric tests

The patients underwent caloric tests in a supine position, 
and keep the head flexed at 30°. One minute constant flow 
of air (8 L/min) was irrigated into each ear with a GN Oto-
metrics Type air irrigator (Otometrics, Taastrup, Denmark) 
for which the air temperature was at 49 °C or 23 °C. The 
cool temperature was irrigated prior to hot air 5 min, accord-
ing to Jongkees’ formula to determine canal paresis (CP) 
[15], however, CP > 22% was considered to be an abnormal 
response with cool and hot air irrigation [16].

Statistical analysis

Statistical analysis was performed using statistical soft-
ware (SPSS Version 20.0; SPSS, Chicago, IL, USA). A P 
value < 0.05 was considered statistically significant. ANOVA 
tests and Kruskal–Wallis tests were used to compare the 
cVEMP and oVEMP values in the MD-affected ears, unaf-
fected ears, normal reference group’s ears and differing EH 
groups of MD-affected ears, Bonferroni was applied to cor-
rect the P value for multiple testing. The Chi-square test was 
used to compare the abnormal rates of caloric tests in vari-
ous vestibular EH. Spearman correlation was used to find 
associations between the degree of EH in either cochlear or 
vestibular and PTA threshold, the duration of MD, CP and 
the frequency of vertigo attacks.

Results

Fifty-six participants with unilateral defined MD were 
included in the final sample. The demographic data of these 
participants are summarized in Table 1. No adverse effects 
or complications were observed after the intravenous admin-
istration of gadolinium. The participants were found to have 
differing degrees of EH in either the vestibule or the cochlea 
after the gadolinium administration (Fig. 1). The grade given 
according to the degree of the patients’ cochlear EH was 0 
in 11 of the patients, 1 in 24 of the patients, 2 in 9 of the 
patients, and 3 in 12 of the patients. The grade of vestibular 
EH was 0 in 8 of the patients, 1 in 11 of the patients, and 2 
in 37 of the patients. There was no significant correlation 
between cochlear EH and vestibular EH (P > 0.05).

The response rates for cVEMP and oVEMP of the 
affected ears of unilateral MD patients were lower than that 
of the groups with normal reference ears and unaffected ears. 
The response thresholds for cVEMP and oVEMP of the 
affected ears, however, were higher than that of the groups 
with the normal reference ears (P < 0.01). The N1–P1 ampli-
tudes for the oVEMP of the affected ears were lower than 
that of the groups with normal ears (P < 0.01) (Table 2).

Table 1   The clinical characteristics of the patients

Male/female 34/22
Age (years) 50.4 ± 10.2
Disease duration (years) 8.5 (1.2–20)
Degree of cochlear hydrops: 0/1/2/3 11/24/9/12
Degree of vestibular hydrops: 0/1/2 8/11/37
Endolymph/perilymph space ratio (%) 0.63 ± 0.31
The frequency of vertigo attacks 10.5 ± 5.6
Pure-tone average 0.5–3 kHz (dB) 48.5 ± 20.3
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In order to analyze the quantitative relationship between 
the VEMP values and the degrees of EH in both the vesti-
bule and the cochlea, we focused on the EH and VEMP val-
ues of the affected ears of unilateral MD. The VEMP values 
at different degrees of EH in the cochlea and vestibule are 
shown in Table 3a, b. When tested for threshold stimulation, 
the response rates of oVEMP decreased with an increase in 
cochlear EH severity.

The P1–N1 amplitude of oVEMP in extreme cochlear 
EH was more lower than that of no cochlear EH and mild 
cochlear EH (P < 0.01) (Fig. 2a); the AR of oVEMP in no 
cochlear EH was more lower than that of various degrees 
cochlear EH (P < 0.01) (Fig. 2b); the AR of cVEMP in 

severe vestibular EH was larger than those with no or mild 
vestibular EH (P < 0.01) (Fig. 2c). The other values of 
cVEMP and oVEMP in both cochlear and vestibular EH 
were not significantly different (P > 0.05).

The PTA threshold of the affected ears demonstrated an 
overall average hearing level of frequency, ranging from 
500 Hz to 3 kHz. The correlation between the degree of 
cochlear EH and the mean PTA threshold was statistically 
significant (P < 0.05), and the vestibular EH did not cor-
relate significantly with the PTA threshold (P > 0.05). The 
abnormal rate of caloric tests was higher in severe ves-
tibular EH group than that of the mild or no vestibular EH 

Fig. 1   Differing degrees 
of cochlear and vestibular 
endolymphatic hydrops (EH) 
are shown above. The three-
dimensional real inversion 
recovery magnetic resonance 
imaging (3D-IR MRIs) 
examinations detected EH in 
the cochlea and vestibule 4 h 
after intravenous Gd injection. 
a The right solid arrow-pointed 
area was vestibule EH = 0, the 
left solid arrow-pointed area 
was vestibule EH = 1; b the 
right dotted arrow-pointed area 
was cochlea EH = 0, the left 
dotted arrow-pointed area was 
cochlea EH = 1; c the left dotted 
arrow-pointed area was cochlea 
EH = 2; d the right dotted 
arrow-pointed area was cochlea 
EH = 3, the right solid arrow-
pointed area was vestibule 
EH = 2

Table 2   Comparison VEMP values of affected MD ear, unaffected ear and normal reference ear

p1 P1 latency, n1 N1 latency, amp(p1–n1) P1–N1 amplitude; Kruskal–Wallis test to compare the VEMP amp(p1–n1) of three groups above, 
ANOVA test to compare the VEMP other values of three groups above
*Mean: P < 0.05; the unit of threshold is “dB”nHL, p1/n1 is “ms”, amp(p1–n1) is “µV”

cVEMP oVEMP

Threshold p1 n1 amp(p1–n1) R-rate Threshold p1 n1 amp(p1–n1) R-rate

Affected ear 87.5 ± 7.6 16.8 ± 2.1 24.4 ± 2.1 96.4 ± 41 0.68 89.7 ± 5.3 15.9 ± 1.0 11.9 ± 0.9 7.8 ± 2.7 0.52
Unaffected ear 80.8 ± 6.3 17.0 ± 1.9 24.0 ± 2.4 86.3 ± 38.3 0.87 82.2 ± 4.6 16.0 ± 1.3 12.0 ± 1.1 12.3 ± 4.8 0.79
Normal reference 76.0 ± 7.2 15.9 ± 4.9 23.4 ± 5.2 237.6 ± 91.4 0.90 80.0 ± 4.8 15.6 ± 1.3 10.4 ± 1.2 13.8 ± 6.9 0.82
P 0.040* 0.707 0.483 0.249 – 0.042* 0.829 0.579 0.034* –
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group (P < 0.05), however, CP value did not correlated 
significantly with vestibular EH ratio (P > 0.05).

The duration of MD correlated positively with vestibu-
lar EH (P < 0.05); however, cochlear EH was not correlated 
with MD duration (P > 0.05). There was also no correlation 
between the frequency of vertigo attacks and vestibular EH 
(P > 0.05) or cochlear EH (P > 0.05).

Discussion

Although numerous studies have examined the pathologies 
of MD, the exact causes of MD are not clear. A number 
of efforts have been made to produce a consensus for the Ta

bl
e 

3  
(a

) V
EM

P 
va

lu
es

 in
 v

ar
io

us
 d

eg
re

e 
ve

sti
bu

la
r E

H
, (

b)
 V

EM
P 

va
lu

es
 in

 v
ar

io
us

 d
eg

re
e 

co
ch

le
a 

EH

p1
 P

1 
la

te
nc

y,
 n
1 

N
1 

la
te

nc
y,

 a
m
p(
p1

–n
1)

 P
1–

N
1 

am
pl

itu
de

, A
R 

Th
e 

as
ym

m
et

ry
 ra

tio
, R

-r
at
e 

re
sp

on
se

 ra
te

s. 
K

ru
sk

al
–W

al
lis

 te
st 

an
d 

A
N

O
VA

 to
 c

om
pa

re
 th

e 
V

EM
P 

in
 v

ar
io

us
 d

eg
re

e 
EH

 o
f 

ve
sti

bu
la

r o
r c

oc
hl

ea
*M

ea
n:

 P
 <

 0.
05

; t
he

 u
ni

t o
f t

hr
es

ho
ld

 is
 “

dB
”n

H
L,

 p
1/

n1
 is

 “
m

s”
, a

m
p(

p1
–n

1)
 is

 “
µV

”

cV
EM

P
oV

EM
P

Th
re

sh
ol

d
p1

n1
am

p(
p1

–n
1)

A
R

R-
ra

te
Th

re
sh

ol
d

p1
n1

am
p(

p1
–n

1)
A

R
R-

ra
te

(a
)  0

86
.9

 ±
 4.

8
16

.9
 ±

 2.
1

24
.2

 ±
 1.

9
93

.8
 ±

 38
.2

0.
48

 ±
 0.

28
0.

72
90

.4
 ±

 4.
1

15
.9

 ±
 0.

8
11

.7
 ±

 0.
85

9.
0 ±

 3.
5

0.
68

 ±
 0.

42
0.

56
 1

86
.3

 ±
 6.

3
16

.6
 ±

 2.
1

23
.9

 ±
 3.

3
77

.3
 ±

 33
.4

0.
46

 ±
 0.

22
0.

57
89

 ±
 5.

5
15

.7
 ±

 1.
6

12
.1

 ±
 1.

2
7.

5 ±
 1.

3
0.

52
 ±

 0.
45

0.
59

 2
89

 ±
 2.

2
17

.1
 ±

 2.
0

25
.7

 ±
 1.

8
11

2.
2 ±

 54
.6

0.
72

 ±
 0.

39
0.

69
86

.7
 ±

 2.
9

16
.7

 ±
 1.

3
12

.5
 ±

 0.
62

8.
7 ±

 5.
9

0.
61

 ±
 0.

41
0.

49
 P

0.
61

8
0.

92
5

0.
32

2
0.

44
0

0.
04

5*
–

0.
40

8
0.

40
3

0.
35

6
0.

72
7

0.
81

4
–

(b
)  0

86
.8

 ±
 3.

7
16

.9
 ±

 2.
6

23
.9

 ±
 1.

6
79

.8
 ±

 35
.8

0.
27

 ±
 0.

28
0.

89
90

 ±
 5.

2
15

.6
 ±

 0.
6

10
.9

 ±
 0.

8
12

.6
 ±

 3.
9

0.
22

 ±
 0.

16
0.

78
 1

86
 ±

 7.
4

16
.2

 ±
 1.

9
24

.0
 ±

 3.
4

12
0.

4 ±
 32

.7
0.

62
 ±

 0.
41

0.
63

90
 ±

 7.
1

14
.7

 ±
 2.

2
10

.9
 ±

 0.
1

10
.4

 ±
 4.

8
0.

61
 ±

 0.
39

0.
56

 2
88

.2
 ±

 4.
2

17
.1

 ±
 2.

2
24

.8
 ±

 2.
1

99
.2

 ±
 49

.7
0.

34
 ±

 0.
32

0.
67

89
.1

 ±
 4.

9
16

.2
 ±

 0.
9

12
.6

 ±
 0.

6
7.

9 ±
 3.

2
0.

69
 ±

 0.
42

0.
49

 3
86

.9
 ±

 5.
3

16
.6

 ±
 1.

7
24

.2
 ±

 1.
8

93
.6

 ±
 32

.4
0.

52
 ±

 0.
45

0.
50

90
 ±

 3.
5

16
.2

 ±
 0.

8
11

.6
 ±

 0.
6

7.
5 ±

 1.
8

0.
78

 ±
 0.

37
0.

31
 P

0.
81

1
0.

84
9

0.
74

5
0.

38
7

0.
10

5
–

0.
97

9
0.

24
4

0.
38

3
0.

03
1*

0.
02

1*
–

Fig. 2   a, b Quantitative comparison of the relationship between 
oVEMP values (N1–P1 amplitude, AR) and the degree of cochlea 
EH; c quantitative comparison of the relationship between the AR of 
cVEMP and the degree of vestibular EH. The columns of the histo-
grams represent mean ± SEM, Bonferroni was applied to correct the 
P value for multiple testing, P < 0.01
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diagnosis of MD; however, this diagnosis depends mostly 
on clinical manifestation of MD in patients. Definite MD 
was diagnosed according to the Bárány Society in 2015 
[1] and were found having EH in inner ear using MRI by 
IV-Gd administration in this study. In previous literature, 
it has been reported that women are affected slightly more 
often than men [17]; however, the gender differences of the 
participants in this study were different. As well known, the 
diagnosis of MD is mainly based upon clinical symptoms 
in the past, which are similar to the symptoms of vestibular 
migraines, and it is difficult to differentiate Meniere’s dis-
ease and vestibular migraines. Therefore, mixed effects in 
migraine patients may result in a high proportion of women 
with MD. In this study, MRI by IV-Gd administration can 
help distinguish the vestibular migraines from MD [12].

The visualization of EH in patients with MD can pro-
vide a basis for further understanding the pathogenesis of 
MD. 3D-IR and 3D-FLAIR MRI by IV-Gd administration 
has become increasingly popular in clinical practices due to 
its examination of invasiveness and independent otologist, 
which only needs 4 fours to show EH following intrave-
nous administration [3–5]. In this study, the results of MRI 
using IV-Gd administration revealed that the affected ears 
of all the MD patients had differing degrees of vestibular 
and cochlear EH. Severe vestibular EH was observed in 37 
of the 56 patients, and mild cochlear EH was observed in 
24 of the patients. This indicates that the degree of EH in 
vestibule and cochlea is not synchronized; there is no sig-
nificant correlation between vestibular EH and cochlear EH. 
These results are inconsistent with those of previous reports 
[18, 19]. However, whether EH initiates from cochlea, the 
vestibula, or both simultaneously, could not be clarified in 
this study.

The response rates of cVEMP and oVEMP in the affected 
ears were lower and the response thresholds were higher 
than that of normal ears’ [20, 21]. Even the amplitude of 
oVEMP in the affected ears was more lower. These results 
no doubt indicate that EH in MD can hinder saccular and 
utricular functions. The response rates of oVEMP were 
lower than cVEMP, a result that is consistent with a pub-
lished paper [22] and is supported by the theory that the 
prevalence of utricular hydrops is lower than that of saccular 
hydrops in literature, the involvement of the utricle in MD 
has been reported to be less than that of the saccule [23, 24]. 
Using this test to indirectly diagnose MD may be useful in 
clinical practice.

Literature regarding oVEMP in MD characterizes 
oVEMP as having a reduced response rate, decreased 
amplitude, and increased threshold [20, 25]. However, 
quantitative analyses of the relationship with oVEMP val-
ues and various EH degrees in vestibule and/or cochlea of 
MD are rare. This study found that the response rates of 
oVEMP correlated with cochlear EH, the AR of oVEMP 

may separate the no cochlear EH from MD, and the P1–N1 
amplitude help separate the extreme cochlear EH from 
other degree cochlear EH. These results indicate that when 
oVEMP is elicited, the consistency is significant between 
utricular EH and cochlear EH. The results were different 
from a previous study that since the saccule is next to the 
cochlea, the saccule EH frequent site and degree closely 
followed the cochlear EH [24].

In contrast to the previous results that suggest that sac-
culus dysfunction is negatively correlated with vestibular 
EH [26], AR was depicted in this study as a function of 
vestibular EH [27]. We did not find a significant negative 
correlation between sacculus dysfunction and vestibular 
EH; however, we did find that the AR of cVEMP was more 
higher in severe vestibular EH. That is, if the vestibular 
EH is severe enough, the sacculus dysfunction was signifi-
cant. This could result in severe enough vestibular EH to 
lead to permanent morphological changes of the sensory 
organs, including the loss of saccular macula associated 
with the collapse of the saccular wall onto the otolithic 
membrane, which is consistent with reduced cVEMP [28, 
29].

Regarding the association of hearing loss with degree 
of EH, there have been several different results. Yang et al. 
considered that both vestibular EH and cochlear EH are 
correlated with PTA threshold [18], and Wu et al. found 
that low-tone and mid-tone hearing thresholds are consist-
ent with the extent of EH in all turns of the cochlea [14]. 
Robert thought that the degree of hearing loss correlates 
significantly with cochlear EH, but did not mention the 
hearing loss correlated with vestibule EH [13]. In compar-
ison to those studies, we analyzed the association of mean 
hearing loss (at 500, 1k, 2k, and 3k frequencies) with the 
degree of cochlear and vestibular EH. Our result suggest 
that the correlation between hearing loss and cochlear EH 
is significant, but the correlation between hearing loss and 
vestibular EH is not significant.

Caloric test was used to evaluate the function of the 
horizontal semicircular canal. A few studies had assessed 
the vestibular function in MD with caloric test [30, 31]. 
In this study, MRI is not ideal in detecting semicircular 
canal hydrops. It is not feasible to compare quantitatively 
the relationship between the degree of semicircular canal 
hydrops and the results of caloric tests. However, there 
is an interesting finding that the abnormal rate of caloric 
tests was higher in severe vestibular EH group than that of 
the mild or no vestibular EH group, that indicated caloric 
response would be influenced by hydropic expansion of 
the vestibular labyrinth. Even in Choi’s [32] study, the 
author found that the abnormal caloric tests were due 
to severe endolymphatic hydrops rather than vestibular 
hypofunction.
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Conclusion

Advanced MRI technology with Gd intravenous admin-
istration offers the advantage of visualizing the degree 
and location of EH in patients with MD. AR and P1–N1 
amplitude of oVEMP can be indirectly used to evaluate 
the extent of cochlear EH, however, AR of cVEMP can 
be used to separate the severe vestibular EH. This can 
help clinicians indirectly evaluate the degree and location 
of EH and diagnose MD with VEMP examinations under 
condition of absent MRI by Gd administration.
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