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Healthy Controls: Three-Dimensional Analysis With Magnetic
Resonance Imaging

Taeko Ito, MD ; Hiroshi Inui, MD, PhD ; Toshiteru Miyasaka, MD; Tomoyuki Shiozaki, PT, MS;
Akihito Hasukawa, MD; Toshiaki Yamanaka, MD, PhD;

Kimihiko Kichikawa, MD, PhD; Tadashi Kitahara, MD, PhD

Objective: Recently, 3-Tesla magnetic resonance imaging (MRI) with intravenous gadolinium injection has been used to
reveal endolymphatic hydrops (EH). In the present study, we aimed to evaluate EH in patients with Meniere’s disease
(MD) objectively and quantitatively, and compared the endolymphatic space (ELS) in individuals with MD and healthy controls,
to gain understanding of the characteristics of MD.

Methods: Eighty-two patients with unilateral MD (uMD), 16 patients with bilateral MD (bMD), and 47 healthy volunteers
were enrolled. All participants underwent 3-T MRI at 4 hours after intravenous gadolinium injection. The volumes of the total
fluid space (TFS) and ELS were measured semiautomatically using our workstation, and the percentage of ELS to TFS (ELS per-
centage) was calculated.

Results: The ELS percentagewas 13.9 in the ears of controls, 18.2 in the contralateral ear of individuals with uMD, 26.1 in the affected
ears of these individuals, and 23.0 in both ears of individuals with bMD. The ELS percentages in the affected ear of uMD and the ears of bMD
individualswere significantly higher than that in the ears of control individuals (P < .01, one-way analysis of variance (ANOVA), Tukey’s test).

Conclusion: The ELS is significantly larger in the affected ears of uMD and in both ears of bMD individuals. Accurate diag-
nosis of MD can be facilitated by using 3-T MRI 4 hours after intravenous gadolinium injection and performing volumetric mea-
surements of the ELS.
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INTRODUCTION
Meniere’s disease (MD) is a chronic condition involving

recurrent vertigo, tinnitus, aural fullness, and fluctuating
hearing loss. In 1983, Hallpike and Cairns, in England and
Yamakawa, in Japan independently but simultaneously
used temporal bone studies to show that endolymphatic
hydrops (EH) is primarily implicated in MD pathology.1,2

Since then, many neurotologists have attempted to reveal

the mechanisms underlying the development of EH and to
observe EH in living patients. The glycerol test, furosemide
test, electrocochleography, and glycerol vestibular-evoked
myogenic potentials have been used for the estimation of
EH.3–5 However, it has long been regarded to be difficult to
detect EH by morphological examinations.

In 2007, Nakashima et al reported a new method for
visualizing EH using 3-Tesla magnetic resonance imaging
(MRI) with linear gadolinium (Gd) enhancement (inner ear
MRI).6 Linear contrast agents accumulate in the brain much
more than macrocyclic agents7–9; Kanda et al reported that
hyperintensity in the dentate nucleus was associated with
previous administration of linear but not of macrocyclic Gd.10

Thus,weattemptedandsucceeded invisualizingEHusingmac-
rocyclic agents in 2016.11 Since then, we have used only macro-
cyclic agents tominimize the side effects of Gd enhancement. To
observe the inner ear objectively and quantitively, we have pre-
viously used 3-T MRI to measure the volume of the inner ear
and succeeded in objective and quantitative observation of the
inner ears. We also confirmed that our methods yielded results
that were concordant with pathological observations.12,13 Com-
bining our method of volumetric measurement of inner ears
with inner earMRI, we could evaluate the endolymphatic space
(ELS) andEHobjectively, quantitively, andprecisely.

In the present study, we aimed to characterize EH in
individuals with MD, by comparing the ELS in unilateral
MD (uMD)/bilateral MD (bMD) with that in healthy
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volunteers (controls) using 3-T MRI and volumetric mea-
surement of the inner ears.

MATERIALS AND METHODS
The Medical Ethics Committee of our university hospital

approved this study (certificate number: 0889). All subjects pro-
vided written informed consent in accordance with the Declara-
tion of Helsinki.

Patients and Controls
Eighty-two patients who were diagnosed with uMD and

16 patients who were diagnosed with bMD according to the
Bárány Society criteria were enrolled in the present study.14 As
control subjects, we enrolled 47 healthy volunteers. They had no
history of hearing loss, vertigo, middle or inner ear diseases, cra-
nial disease, head trauma, renal disease, or heart disease. They
took no daily medications and had no history of allergy to Gd.

Magnetic Resonance Imaging
Naganawa et al found that MRI performed 4 hours after

intravenous Gd injection is useful for imaging EH.15 Thus, briefly,
in the present study, MRI measurements were acquired 4 hours
after intravenous administration of a single dose (0.2 mL/kg or

0.1 mM/kg body weight) of Gd-diethylenetriaminepentaacetic acid
dimethylamide (Magnescope; Guerbet, Tokyo, Japan). A 3-T MRI
unit (MAGNETOM Verio; Siemens, Erlangen, Germany) with a
32-channel array head-coil was used. The special sequences pro-
posed by Naganawa et al,15 which reveal the endolymphatic and
perilymphatic fluids, were adopted.

Heavily T2-weighted (hT2W) MR cisternography was used to
obtain an anatomical total lymph fluid reference. hT2W 3D fluid-
attenuated inversion recovery sequences with an inversion time of
2,250 msec yielded positive perilymph images (PPI) and hT2W 3D
inversion recovery with an inversion time of 2,050 msec yielded
positive endolymph images (PEI). Then, a hybrid of the reversed
image of the positive endolymph signal and the negative image of
the positive perilymph signal was obtained by subtracting PEI from
PPI, as proposed by Naganawa et al.15

Volumetric Measurement of Total Fluid Space
and ELS

In 2016, we reported a method for measuring the volume
of totalfluid space (TFS) and theELS.12,13 Recently,we also described
a method for precise evaluation of the ELS or EH in MD.16 Briefly,
the area of the ELS was first identified on our workstation (Virtual
Place; AZE, Ltd., Tokyo, Japan) (Fig. 1). In this protocol, ELS voxels

Fig. 1. Reconstruction procedure for color rendering and fusion of three-dimensional images of the inner ear fluid space and of the endolym-
phatic space (ELS). (A) Image of the total inner ear fluid space; (B) Image of the ELS; (C) Fusion images; axial view of the inner ear; (D) Fusion
images; sagittal view of the inner ear; (E) Fusion images; coronal view of the inner ear; (F) A graph used for the measurement of the volume of
the total inner ear fluid space and the ELS. The image of the total inner ear fluid space obtained using the T2-SPACE sequence was fused with
the image of the ELS by subtracting the positive endolymph image from the positive perilymph image. The gray area on the color bar
(F) indicates a value of 0 on the graph (yellow line); A negative value indicates the volume of the ELS.
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have negative signal values and the perilymph space voxels have posi-
tive signal values. PPI and PEI were transferred, and the PEI were
subtracted from thePPIusing the fusion program included in the soft-
ware in our workstation. The borderline between the gray area and
the green area of the color bar in our subtracted imagewas considered
as a zero-value in our program (Fig. 1). After activation of the SPACE
sequence image and the “PPI-PEI” image on our workstation (Virtual
Place), components of the inner ear were identified on the SPACE
sequence image by the borderlines between the inner ear and the
peripheral side of the acoustic nerve, between the end of the cochlea

and the vestibule, between the three ampullae of the semicircular
canals (SCCs) and the vestibule, and between the distal side of the
common crus and the vestibule, using anatomical drawings.12 The
volume of the TFS was acquired by automatically counting voxels on
our workstation. Then, the volumes of the ELS were also measured
by counting the voxels of the minus signals on the “PPI-PEI” image.
Finally, the percentage of the volume of the ELS to that of the TFS
was calculated (defined as the ELS percentage). We performed these
measurements three times, and the average was utilized in the pre-
sent study. Themeasurementswere performed inboth ears of all indi-
viduals, and that the values for both ears of control individuals were
compared with those of both ears of individuals with bMD, and with
those of the affected and the unaffected ears of individualswith uMD.

Statistical Analysis
For statistical analysis, we used one-way analysis of variance

(ANOVA) for multiple comparisons followed by pair-wise compari-
son with Tukey’s post hoc test and the chi-squared (χ2) test or
paired Student’s t tests for two-group comparisons. P values lower
than .05 were considered statistically significant. All data were sta-
tistically analyzed in SPSS version 25.0 (IBM Corp., Armonk, NY).

RESULTS
Patients’ background data are shown in Table I. There

were no significant differences among three groups (control,
uMD, and bMD groups).

TABLE I.
Background of Controls and Patients.

Control uMD bMD

Sex

Male 25 31 9 NS

Female 22 51 7 χ2 test

Age

Years 22–83 22–83 21–81 NS

Mean � SD 58.4 � 16.3 57.2 � 14.9 61.0 � 15.3 One-way
ANOVA

Controls consisted of 25 males and 22 females, uMDs consisted of 31
males and 51 females, and bMDs consisted of 9 males and 7 females. The
age of controls was 58.4 � 16.3 yr (mean � SD), that of uMD patients was
57.2 � 14.9 yr, and that of bMD patients was 61.0 � 15.3 yr. There were no
significant differences among control, uMD, and bMD individuals.

ANOVA = analysis of variance; bMD = bilateral Meniere’s disease;
uMD = unilateral Meniere’s disease; NS = not significant.

Fig. 2. The ELS percentage of controls, the contralateral ears and the affected ears of patients with uMD, and both ears of patients with bMD. In
whole inner ears, the ELS percentage of controls was 13.9 � 7.9% (mean � SD), that of the contralateral ears in patients with uMD was
18.2 � 14.0%, that of the affected ears of patients with uMD was 26.1 � 14.5%, and that of patients with bMD was 23.0 � 10.9%. The ELS percent-
ages of the affected ears of patients with uMD and of both ears of patients with bMD were significantly higher than that of controls. The ELS percent-
age of the affected ears of patients with uMD was significantly higher than that of their contralateral ears. In the cochlea, the ELS percentage of
controls was 10.2 � 6.8%, that in the contralateral ears of patients with uMD was 15.7 � 15.2%, that in the affected ears of patients with uMD was
24.1 � 1 6.7%, and that in bMDs was 21.7 � 11.7%. The ELS percentage of the affected ears of patients with uMD and the ears of patients with
bMD was significantly higher than that in controls. The ELS percentage of the affected ears of patients with uMD was significantly higher than that in
the contralateral ears of patients with uMD. In the vestibule, the ELS percentage of controls was 17.7 � 10.2%, that in the contralateral ears of
patients with uMD was 20.3 � 14.6%, that in the affected ears of patients with uMD was 37.5 � 23.0%, and that in patients with bMD was
30.4 � 23.0%. The ELS percentages of the affected ears of patients with uMD and bMD were significantly higher than that in controls. The ELS per-
centage of the affected ears of patients with uMD was significantly higher than that in the contralateral ears of patients with uMD. In SCCs, the ELS
percentage of controls was 14.8 � 12.4%, that of the contralateral ears of patients with uMD was 19.1 � 14.4%, that of the affected ears of patients
with uMD was 21.1 � 14.8%, and that in patients with bMDs was 19.6 � 12.1%. The percentage in the affected ears of patients with uMD was signif-
icantly higher than that in controls. **P < .01, one-way ANOVA, Tukey’s test. *P < .05, one-way ANOVA = analysis of variance, Tukey’s test.
bMD = bilateral Meniere’s disease; ELS = endolymphatic space; NS = not significant; SCC = semicircular canal; uMD = unilateral Meniere’s disease.
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ELS Percentage in Control, uMD, and bMD
Groups

Figure 2 shows the ELS percentage in the inner ear as
a whole (cochlea + vestibule + SCCs), and for the cochlea,
vestibule, and SCC separately. In the inner ear, cochlea, ves-
tibule, and SCC, the ELS percentages of the affected ear of
individuals with uMD were significantly higher than those
of the controls (P < .01, one-way ANOVA, Tukey’s test). The
ELS percentages of the inner ear, cochlea, and vestibule of
both ears of individuals with bMD were also significantly
higher than those of controls (P < .01, one-way ANOVA,
Tukey’s test). The ELS percentage of the inner ear, cochlea,
and vestibule of the affected ear of individuals with uMD
was significantly higher than those of their unaffected, con-
tralateral ear (P < .01, one-way ANOVA, Tukey’s test). For
SCCs, the ELS percentage of the affected ears of individuals
with uMD was significantly higher than that of the ears of
controls and the contralateral ears of individualswith uMD.

ELS Percentages of the Active and Stable Ears of
Individuals With bMD

Figure 3 shows the ELS percentages of the active ears
(the side that presented cochlear symptoms when MRI was
performed) and the stable ears (the contralateral ear) among
individuals with bMD. In the inner ears and cochleae, the
ELS percentages of the active ears tended to be higher than
those of the stable ears. In the vestibule, the ELS percentage

Fig. 3. The ELS percentage of stable ears and active ears of patients
with bilateral Meniere’s disease (bMD). In the inner ears, the ELS per-
centage of the stable ears of patients with bMD was 21.6 � 12.4% and
that of their active ears was 24.4 � 13.4%. In the cochlea, the ELS per-
centage of the stable ears was 19.5 � 13.1% and that of the active ears
was 23.8 � 10.0%. In the vestibule, the ELS percentage of the stable
ears of patients with bMDwas 24.2 � 18.1% and that of the active ears
was 36.5 � 19.5. In the SCCs, the ELS percentage of the stable ears of
patients with bMD was 22.0 � 14.9% and that of their active ears was
17.3 � 8.4%. In the vestibules, the ELS percentage of active ears was
significantly higher than that of the stable ears of patients with bMD. The
active ear refers to the side that had cochlear symptoms and/or hearing
loss at the time that magnetic resonance imaging was performed. The
stable ear refers to the contralateral ear. ELS = endolymphatic space;
NS= not significant; SCC= semicircular canal.

Fig. 4. The relationship between the ELS percentage of unilateral Meniere’s disease (uMD) and the interval from onset to magnetic resonance
imaging (MRI). (A) Whole inner ear, (B) cochlea, (C) vestibule, (D) semicircular canals (SCCs). There was no correlation between the interval
from the onset of uMD to MRI and the ELS percentages of the whole inner ear (Pearson’s correlation coefficient, r = 0.01, P = .93), cochlea
(r = −0.05, P = .64), vestibule (r = 0.08, P = .50), and SCCs (r = 0.03, P = .77). ELS = endolymphatic space.
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of the active ears was significantly higher than that of the
stable ears (P < .05, paired t test).

Relationship of the ELS Percentage to the
Interval Between Onset of MD and MRI

Figure 4 shows the relationship between the ELS per-
centage and the interval from the onset of uMD to MRI.
There was no correlation between this interval and the ELS
percentage.

DISCUSSION
In the present study, we characterized EH in patients

with MD by volumetric measurement of the ELS using 3-T
MRI, in comparison with that in healthy controls. The vol-
umes of ELS in patients with MD had not been compared
with that in healthy controls to date. The ELS percentage
of the affected ears of individuals with uMD was signifi-
cantly higher than that in the ears of controls and in the
contralateral ears of individuals with uMD. The ELS per-
centage of individuals with bMD was also higher than that
in controls.

In 2016, we first reported the comparison of ELS in
patients with MD (uMD and bMD) with that in healthy con-
trols using 3-T MRI at 4 hours after intravenous administra-
tion of Gd.11 In the previous study, we adopted the criteria
for the evaluation of EH proposed by Nakashima et al.17

Using these criteria, it is possible to diagnose EH rapidly,
although qualitatively. For precise evaluation or analysis of
EH, simple and quantitative methods are required. In addi-
tion, Nakashima’s criteria are based on only one MRI slice,
and the plane for image analysis can differ depending on the
head position and anatomical differences in the skulls of
patients. Our methods of volumetric measurement after
three-dimensional reconstruction of MRI can address these
issues, because the total inner ear volume is measured.

In 2015, Gürkov et al reported that the ELS percentage
could be reliably measured in patients with MD, and
reported a mean value of 15% for the cochlea and 28% for
the vestibule.18 In the present study, the ELS percentage
was 24.1% for the cochlea and 37.5% for the vestibule of the
affected ear of patients with uMD, consistent with the
results of Gürkov et al. In addition, our findings for the inner
ear were consistent with the volumes of the inner ear of
cadavers.12 Thus, our approach can be used to evaluate EH
quantitatively and precisely.

Endolymphatic sac drainage is regarded as an optional
treatment for intractable MD when conservative medical
treatments fail to control the symptoms.19,20 In cases of
bMD, the surgical side is important, but it is sometimes diffi-
cult to select the side because the selection depends on the
patients’ complaints of cochlear symptoms. Morimoto et al
reported that EH was observed in both the active ears and
stable ears among patients with bMDs.21 In the present
study, the ELS percentage of the cochlea in the active ears of
such patients tended to be higher than that in the stable
ear, and the ELS percentage of the vestibule in the active
ear was significantly higher than that in the stable ear. The
volumetric measurement of EH may thus help us to decide
the side for surgical endolymphatic sac drainage.

Wu et al reported the incidence of EH in the cochleae
and vestibules of 54 patients with uMD, and showed correla-
tions with the interval from onset to MRI, using MRI with
intratympanic Gd administration for enhancement.22 How-
ever, the ELS percentage of 82 patients with uMD and the
interval from onset to MRI showed no correlation in the pre-
sent study. The difference in study findings may be due to
the methods used for Gd administration and evaluation of
EH. To verify the existence of a correlation, it is necessary to
study more patients using different intervals. If there is no
correlation, 3-T MRI will be useful for the diagnosis of MD
because the ELS percentage of patients with MD is signifi-
cantly higher than that in controls.

At present, 3-T MRI is the useful morphological
examination that can reveal EH. It is a minimally inva-
sive examination, which could be performed repeatedly.
Regular 3-T MRI during treatment of MD can be used to
evaluate the effect of treatments and can shed light on
the features of MD.

CONCLUSION
The ELS percentages of the affected ears of patients

with uMD and both ears of patients with bMD were sig-
nificantly higher than those of controls. The ELS percent-
age of the affected ears of patients with uMD was also
significantly higher than that of their unaffected, contra-
lateral ear. 3-T MRI and volumetric measurement may
contribute to the accurate diagnosis of MD.
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