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Long-term prognosis of hearing loss in patients with unilateral
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Abstract

Conclusion: The finding of deteriorated hearing loss at the initial visit at middle to high frequencies is a factor of poor hearing
prognosis in Méniére’s disease. Early intervention with instructions for lifestyle changes may lead to good outcomes in hearing.
Objecrive: An attempt was made to examine long-term changes in hearing loss in unilateral Méniere’s disease and factors
associated with prognosis of hearing loss retrospectively. Methods: Based on their last hearing level of the affected ear,
36 patients were subdivided into two groups: the poor prognosis of hearing (PPH) group and the good prognosis of hearing
(GPH) group. Resulzss: In the PPH group, the hearing levels at the initial visit at middle and high frequencies were significantly
worse than those in the GPH group. Moreover, the hearing loss progressed during the first 2 years of the disease, and stayed flat
to approximately 50 dB at the later stage. Conversely, the hearing loss at the onset in the GPH group showed no further
progression over the first 2 years, and remained constant to approximately 35 dB at the later stage. In addition, the mean

intervals from the onset to the initial visit in the PPH group were significantly longer than those in the GPH group.

Keywords: Endolymphatic hydrops, vertigo attack, early intervention

Introduction

Méniére’s disease is an intractable inner ear disease
that is characterized by episodes of recurrent vertigo
with hearing loss, tinnitus, and aural fullness. Its
pathophysiology is recognized to be idiopathic
endolymphatic hydrops [1,2].

Previous studies reported that in most patients with
Méniére’s disease, the frequency of vertigo attacks
decreased gradually after the onset until it reached a
steady-state phase free of vertigo [3,4]. On the other
hand, it was also reported that sensorineural hearing
loss in Méniére’s disease deteriorated progressively
until it reached a moderate or severe level [5-7]. Since
the vertigo attacks decrease or disappear in the
long-term course, the goal of treatment for Méniére’s
disease should be to prevent the progression of

hearing loss that causes a reduction in the quality
of life in the patients [4,8,9].

In the present study, an attempt was made to
retrospectively examine long-term changes in hearing
loss during follow-up in patients with unilateral
Méniére’s disease. We divided the patients into two
groups based on their last hearing level of the affected
ear: (1) the poor prognosis of hearing (PPH) group
and (2) the good prognosis of hearing (GPH) group,
and then investigated the factors associated with the
prognosis of hearing loss.

Material and methods

A total of 36 patients (14 males and 22 females; 24—
75 years old; mean age 47.6 + 13.3 years) with
unilateral definitive Méniére’s disease according to
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the 1995 guidelines of the American Academy of
Otorhinolaryngology and Head and Neck Surgery
(AAO-HNS) were included in the present study
(Table I) [10]. They were referred to University
Hospital from private ENT clinics, because of their
intractable Méniére’s attacks.

The onset of Méniére’s disease was determined by
detailed interview at the initial visit to the hospital.
After the initial visit, hearing levels were evaluated and
the frequency of vertigo attacks was requested at each
follow-up visit. The mean follow-up period was 49.2 +
34,3 months after the initial visit to University
Hospital. In 17 patients, their referrals reported the
audiograms containing hearing level at the onset of
the disease. This retrospective study was approved
by the Committee for Medical Ethics of Tokushima
University Hospital. ‘

According to a grading system to assess the severity
of symptoms in patients with Méniére’s disease
proposed by the Intractable Vestibular Disorder
Committee of the Ministry of Health and Welfare
of Japan, the patients were subdivided into two groups
based on their last hearing level of the affected ear: (1)
the poor prognosis of hearing (PPH) group, whose
hearing levels were over 40 dB in all 125, 250, 500,
1000, 2000, 4000, and 8000 Hz; (2) the good prog-
nosis of hearing (GPH) group, whose hearing levels
were lower than 40 dB in at least one of 125, 250, 500,
1000, 2000, 4000, and 8000 Hz [11].

The averaged hearing levels were calculated every
3 months and changes in hearing levels at every
3-months period after the onset of the disease were
evaluated. The hearing levels at the low (125-500 Hz),
middle (500-2000 Hz), and high (2000-8000 Hz)
frequencies were then analyzed separately. The
progression of hearing levels during vertigo attack

Table 1. Patients with unilateral Méniére’s disease at the initial
visit.

PPH group GPH group

Characteristic (n=19) (n=1T7)
Mean age (years) 47.1 £ 13.3 46.8 £+ 16.4
Sex

Male (%) 6 (32) 8 (47)

Female (%) 13 (68) 9 (53)
Mean hearing level at 48.0 + 19.8 40.3 + 14.1
low frequencies (dB)
Mean hearing level at 41.8 £ 18.7% 289 £ 11.3
middle frequencies (dB)
Mean hearing level at 45.6 + 15.2* 32.4 +11.9

high frequencies (dB)

Values are shown as mean + SD. GPH, good prognosis of hearing;
PPH, poor prognosis of hearing.
*p < 0.05.

was estimated by the formula of the averaged hearing
level of 125-8000 Hz at the 3-month period when
patients experienced vertigo attacks minus the aver-
aged level of the pre-vertigo attack period. The pro-
gression of hearing levels after vertigo attack was
estimated by subtracting the averaged hearing level
between 125 and 8000 Hz at the 3-month period
when patients experienced vertigo attacks from that
of the post-vertigo attack period.

After the initial visit, the patients received betahis-
tine and/or anti-emetic during a vertigo attack, and
isosorbide, an osmotic diuretic, for at least 3 months
after a vertigo attack. They also received instructions
to avoid mental and physical stress in their lifestyle.
Patients who underwent surgery such as endolym-
phatic sac surgery and intratympanic injection with
gentamicin were excluded from the present study.

The Mann-Whitney test was used for statistical
analysis and p < 0.05 was considered statistically
significant.

Results

The mean hearing levels at the initial visit to the
hospital in Méniére’s patients with PPH were
48.0 £ 19.8 dB at low frequency, 41.8 + 18.7 dB at
middle frequency, and 45.6 + 15.2 dB at high fre-
quency, while in those with GPH, they were 40.3 +
14.1 dB, 28.9 = 11.3 dB, and 32.4 + 11.9 dB, respec-
tively (Table I). Thus the mean hearing levels at
the initial visit in patients with PPH at middle and
high frequencies, but not at low frequencies, were
significantly worse than those in patients with GPH.

In patients with PPH, the mean hearing levels at the
onset of the disease that were reported in their refer-
rals at low, middle, and high frequencies were 39.3 +
12.7 dB, 31.2 + 8.5 dB, and 38.8 + 8.6 dB, respec-
tively. Two years after the onset, they deteriorated
rapidly to 53.5 + 22.2 dB, 50.9 £ 21.7 dB, and 51.1 +
16.3 dB before stabilizing, respectively, at 44.4 +
5.9 dB, 50.6 + 7.9 dB, and 59.4 + 6.7 dB 8 years
later (Figure 1). On the other hand, in patients with
GPH, the mean hearing levels at the onset of the
disease that were reported in their referrals at the same
frequencies were 39.8 + 15.1 dB, 26.5 + 10.7 dB, and
30.3 + 11.3 dB, respectively. Two years after the
onset, they deteriorated slightly to 44.3 + 13.4 dB,
33.8+10.2dB, and 35.7 £ 11.9 dB, and then became
stable at 35.8 + 27.1 dB, 34.2 + 24.6 dB, and 34.2 +
5.9 dB, respectively, 8 years later (Figure 2).

The mean progression of hearing levels during
vertigo attacks was significantly larger than that after
vertigo in patients with both PPH and GPH
(Figure 3). The mean progressions of hearing levels
during vertigo attack in patients with PGH and GPH
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Figure 1. Time course of the mean hearing levels at low, middle, and high frequencies in Méniére’s patients with poor prognosis of hearing
after the onset of the disease. Arrowhead indicates their mean interval from the onset to the initial visit.
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Figure 2. Time course of the mean hearing levels at low, middle, and high frequencies in Méniére’s patients with good prognosis of hearing
after the onset of the disease. Arrowhead indicates their mean interval from the onset to the initial visit.

were 3.3 + 11.4 dB and 2.6 + 11.9 dB, respectively.
After vertigo attacks, the mean progression of hearing
levels in patents with PPH was 0.48 + 11.6 dB,
whereas that of those with GPH was -3.6 = 10.5 dB,
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indicating an improvement of hearing levels after
vertigo attacks.

The percentage of patients who suffered from
vertigo attacks every 3 months decreased rapidly
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Figure 3. Changes in hearing levels during and after vertigo attack in Méniére’s patients with poor prognosis of hearing (A) and good prognosis

of hearing (B). Mean =+ SD. *p < 0.05.
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Figure 4. Time course of the percentages of Méniére’s patients who suffered from a vertigo attack during every 3-month period. Filled circles,
patients with poor prognosis of hearing; open circles, patients with good prognosis of hearing.

during the first 3 years after the onset of the disease in
both PPH and GPH groups, and then 8 years later
stabilized at less than 20% (Figure 4). The mean
interval from the onset to the initial visit in patients
with PPH (15.5 + 18.7 months) was significantly
longer as compared with that of those with GPH
(7.6 = 11.7 months) (Figure 5).

Discussion

In the present study, the mean hearing levels at the
initial visit to the hospital in Méniére’s patients with
PPH were significantly worse than those with GPH at
middle and high frequencies but not at low frequen-
cies. It is suggested that the deteriorated hearing loss
at the initial visit at middle to high frequencies is a
factor of poor prognosis of the hearing loss in patients
with Méniéere’s disease, because the hearing loss at
low frequencies is fluctuating and reversible at the

Months

early stage of the disease [5] and that at high frequen-
cies tends to be irreversible and progressive [6,7].
The present study also showed that in patients with
PPH, the hearing loss progressed during the first
2 years after the onset of the disease, and stayed
flat to approximately 50 dB at the later stage of
Méniére’s disease. Conversely, the hearing loss at
the onset in patients with GPH showed no further
progression over the first 2 years, and became
constant to approximately 35 dB at the later stage
of the disease. These findings suggest that the rapid
progression of hearing loss during the first 2 years
leads to poor hearing outcomes in patients with
Méniére’s disease. Indeed, many studies found that
the hearing loss in Méniére’s disease deteriorated over
time within the first several years of the disease and
was followed by a stabilization of moderate to
severe hearing loss [4,12,13]. Thomas and Harrison
reported that the progression of hearing loss was more

40 |

30 r

Intervals from onset to initial visit
N
o

PPH group

GPH group

Figure 5. The mean intervals from the onset to the initial visit in Méniére’s patients with poor prognosis of hearing (PPH) and good prognosis

of hearing (GPH). Mean £ SD. *p < 0.05.
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common during the first 5 years [12], whereas Stahle
reported it to occur within the first 2 years [13].

During follow-up, the mean hearing levels wors-
ened by about 3 dB during the vertigo attacks in
Méniére’s patients with both PPH and GPH. How-
ever, the deteriorated hearing loss of 3 dB improved
after the vertigo attack in patients with GPH but not in
those with PPH. It is possible that the progression of
hearing loss during vertigo attacks became irreversible
in patients with PPH who suffered from repeated
vertigo attacks. This is because an intractable vertigo
attack was suggested to be a factor for poor hearing
prognosis, based on the findings that hearing loss took
place in the early course of Ménicre’s disease before
the relief in vertigo attack [3,4]. However, the possi-
bility is unlikely, because the present study showed
that the percentages of patients who suffered from a
vertigo attack every 3 months decreased rapidly dur-
ing the first 3 years after onset of the disease and
that there were no differences in these percentages
between patients with PPH and those with GPH.
Previous studies also reported that the frequency of
vertigo attacks decreased over time in most patients
with Méniére’s disease [14]. Perez-Garrigues et al.
also reported that the frequency of vertigo attacks
showed a rapid decline during the first 8 years of
the disease [3]. Thus, the frequency of vertigo attack
seems to have little effect on hearing prognosis of
Méniére’s disease. It is suggested that hydrops itself,
but not the rupture of hydrops, leads to hair cell
degeneration, because a vertigo attack in Méniére’s
disease is induced by its rupture [15].

Another possibility of the irreversible progression of
hearing levels during the vertigo attack in patients
with PPH is the higher susceptibility of their inner ear
to endolymphatic hydrops. Recently, Moon, et al.
reported that a high SP/AP ratio on electrocochleo-
gram was a predictor of poor hearing outcomes in
patients with Méniére’s disease and suggested that
excessive endolymphatic hydrops associated with a
high SP/AP ratio led to hair cell degeneration and
malfunction [16]. Therefore, the inner ear of patients
with PPH may be more susceptible to endolymphatic
hydrops than that of those with GPH.

In the present study, patients with GPH visited the
hospital and were treated significantly earlier than
those with PPH, suggesting that early intervention
is effective in preventing the progression of hearing
loss in patients with Méniére’s disease. Patients
received isosorbide, an osmotic diuretic, for at least
3 months after vertigo attack, because a Japanese
randomized controlled trial showed that isosorbide
was more effective in suppressing vertiginous
symptoms than betahistine, but had no effect on
hearing loss in patients with Méniére’s disease [17].

Long-term prognosis of hearing loss in Méniére’s disease 5

Contradicting this observation, the Cochrane Library
indicates that no good evidence regarding the effect of
diuretics on Méniére’s disease has been previously
reported [18]. Therefore, the good prognosis of
hearing associated with the early intervention may
not be due to the treatment with osmotic diuretic.
On the other hand, in the present study, patients with
Méniére’s disease also received the instruction to
operate changes in their lifestyle, especially to avoid
mental and physical stress, because Méniére’s disease
is recognized as a stress-induced disease [7]. Indeed,
it has been reported that counseling is more effective
in improving the hearing level in patients with
Meéniére’s disease than drug treatment [19], suggest-
ing that it decreases levels of stress hormones such as
vasopressin, which increases the extent of endolym-
phatic hydrops [20]. Therefore, it is suggested that
early intervention with instructions for changes in
lifestyle leads to good outcomes of hearing in patients
with Méniére’s disease.

Conclusion

In the present study, we showed that the deteriorated
hearing loss at the initial visit at middle and high
frequencies is a factor for poor hearing prognosis in
patients with Méniere’s disease. The hearing loss
further progressed over the first 2 years, and stayed
flat at approximately 50 dB later, indicating poor
outcomes of hearing. In Méniére’s patients with
PPH, the hearing level worsened by about 3 dB
during vertigo attacks, after which the loss was irre-
versible. Because the frequency of vertigo attacks in
patients with PPH was not different from that of
those with GPH, it is suggested that the inner ear
in patients with PPH is more susceptible to endolym-
phatic hydrops. Conversely, the hearing loss in
patients with GPH did not progress after the onset,
probably because the mean interval from the onset to
the initial visit to the hospital in patients with GPH
was shorter than that of those with GPH, indicating
the need for early intervention with instructions for
changes in lifestyle. This may lead to reducing the
extent of endolymphatic hydrops and to good out-
comes of hearing in patients with Méniere’s disease.
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Light cupula: the pathophysiological
basis of persistent geotropic positional
nystagmus
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ABSTRACT

Objective: To clarify the pathophysiological basis of
persistent geotropic positional nystagmus (PGN) in
patients with the horizontal canal type of benign
paroxysmal positional vertigo (H-BPPV), the time
constant (TC) of nystagmus and the relationship
between its slow phase eye velocity (SPV) and the
angle of head rotation in supine were defined.
Methods: Geotropic or apogeotropic positional
nystagmus was recorded by video-oculography and
analysed three-dimensionally.

Results: Geotropic positional nystagmuses in patients
with H-BPPV were classified as transient geotropic
positional nystagmus with a TC of <35 s or PGN with
a TC of >35 s. Alternatively, the TC of persistent
apogeotropic positional nystagmus (AN) in patients
with H-BPPV was >35 s. The direction of the SPV of
patients with PGN was opposite to that of patients with
AN at each head position across the range of neutral
head positions. The relationship between the SPV of
patients with PGN and the angle of head rofation was
linearly symmetrical against that of patients with AN
with respect to a line drawn on the neutral head
position.

Conclusions: Since its TC was >35 s, it is suggested
that PGN is induced by cupula deviation in response to
gravity at each head position. It is also suggested that
the direction of cupula deviation in patients with PGN
is opposite to that of patients with AN across the
neutral head positional range with no nystagmus where
the long axis of cupula is in alignment with the axis of
gravity. Since the pathophysiological basis of AN is
considered a heavy cupula, it is suggested that PGN is
conversely induced by a light cupula.

INTRODUCTION

Benign paroxysmal positional vertigo (BPPV)
is the most common peripheral vestibular
disease, and it is usually caused by involve-
ment of the posterior and/or horizontal
semicircular canal (HSCQC).! In particular,
horizontal positional nystagmus in the
supine position of patients with the HSCC
type of BPPV (H-BPPV) consists of the geo-
tropic type (fast phase towards the ground)
as well as the apogeotropic type (fast phase

Strengths and limitations of this study

away from the ground).” Geotropic positional
nystagmus is induced by canalolithiasis—free-
floating debris—in HSCC patients when the
head is rotated to either side in a supine pos-
ition.” Thus, transient geotropic positional
nystagmus (TGN) disappears rapidly when
the head position is maintained. However, in
HSCC patients, apogeotropic positional nys-
tagmus is induced by a deviation of the
cupula and attached debris, known as cupulo-
lithiasis, in response to the head position."
Thus, persistent apogeotropic positional nys-
tagmus (AN) lasts longer than TGN even
when the head position is maintained.”
Recently, another type of geotropic nystag-
mus—persistent geotropic positional nystag-
mus (PGN)—has been reported in patients
with H-BPPV." In the present study, an
attempt was made to clarify the pathophysi-
ology of PGN in patients with H-BPPV. We
examine the time constant (TC) of this type
of nystagmus and the relationship between
its slow phase eye velocity (SPV) and the
angle of head rotation in a supine position.

METHODS

Patients

This study includes a total of 107 patients
with H-BPPV who visited the Department of
Otorhinolaryngology—Head  and  Neck

BM)

Imai T, et al. BMJ Open 2014;4:¢006607. doi:10.1136/bmjopen-2014-006607 1
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Surgery of the Osaka University Hospital between 15
February 2011 and 31 May 2013, reporting positional
vertigo, showing geotropic or apogeotropic positional
nystagmus and having no central lesion identified by
MRI. Written informed consent was obtained from all
patients before the study, which was performed in line
with the Helsinki II Declaration. The study is also
reported in accordance with the guidelines of standards
for the reporting of diagnostic accuracy studies
(STARD). The patients who could not consent to this
study, those who had additional positional nystagmus of
the posterior canal type of BPPV (P-BPPV) and those
who showed transition from apogeotropic nystagmus to
geotropic nystagmus were excluded (figuie 1).

The patients lay in the supine position and their
heads were rotated quickly or stepwise. Their positional
nystagmus was then recorded by video-oculography
(720x480dot, 30 Hz) using Realliyes (Micromedical
Technologies). The angle of the head in the supine pos-
ition and the rotational velocity around three-
dimensional axes of WAA-006 sensors (ATR-Promotions)
were also recorded with a sensor of linear acceleration
in three dimensions.

Analysis of head position

To record the angle of head rotation, WAA-006 sensors
were attached to RealEyes goggles and the sensors’ X, Y
and Z axes were aligned with the patient’s nasooccipital,
_interaural and dorsoventral axes, respectively. The head
position was calculated by applying the atan2 function in
Excel software (Microsoft) to the WAA-006 data (atan2(z, y)).
WAA-006 sensors can record the information of the com-
puter timer. Using this information, the data of WAA-006
sensors were synchronised to the video of eye
movement.

Analysis of pasitional nystagmus and SPV of positional
nystagmus

Positional nystagmus was recorded on a Windows com-
puter with the goggles. The digital movie of positional
nystagmus was converted to 720x480dot Jpeg images and
analysed using an algorithm.” In this study, eye

apogeotropic or
geotropic positional
nystagmus

without central lesion
n=107

I [
apogeotropic geotropic with P-BPPV
n=44 n=47 n=2

target condition

transient persistent
n=36 n=11

target condition

]
translation from
apogeotropic
to geotropic
n=14

Figure 1 Classification of patients (P-BPPV, posterior canal
type of benign paroxysmal positional vertigo).
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movements were three-dimensionally described by rota-
tion vectors, which characterise the eye positions around
a single axis. An eye position can be reached by rotating
the eye from the reference position around a single axis.
The eye position is represented by a vector around the
axis, the length of which is proportional to the angle of
rotation. The reference position was defined as the eye
position when the patient was looking straight ahead with
the head in an upright position. Straight ahead was
defined as looking at a target located horizontally in
front of the eye.” The method of analysing the eye rota-
tion vector and its accuracy have already been described
elsewhere.” ” The spatial coordinates of the pupil centre
and an iris freckle were reconstructed in three dimen-
sions and were defined as follows: the X axis, parallel to
the nasooccipital axis (positive forward); the Y axis, paral-
lel to the interaural axis (positive left) and the Z axis,
normal to the X-Y plane (positive upwards). The X, Y
and Z components mainly reflect the roll, pitch and yaw
components, respectively. The direction of rotation was
described from the patient’s point of view. Regarding the
X component, ‘right torsional’ indicates that the superior
pole of the eyeball rotates towards the right ear and “left
torsional” indicates rotation towards the left ear. The rota-
tion vector r, describing a rotation of 8 around the axis n,
was given by the formula r=ntan(6/2), with n being the
unit vector, whose direction represents its axis.
We used the Euler angle parameter that was given as
2xtan™ (magnitude of rotation vector) to represent the
eye position as an axis angle.'"” '' Using the following
formula: @=2x(dr/dt+rxdr/dt) / (1+r?), we calculated the
eye velocity @ around the X, Y and Z axes.” We then
extracted the SPV of the nystagmus by a fuzzy set-based
approach.'” "

Calculating TC

All patients in this study showed rightward and leftward
horizontal nystagmus because the nystagmus was either
geotropic or apogeotropic. When calculating TC, we
used the rightward positional nystagmus when the SPV
of rightward nystagmus was larger than that of leftward
nystagmus, and vice versa. We based our calculations on
a 30s period from the time that the SPV reached its
maximum value. When the direction of nystagmus along
the Z component was reversed within the 30s period,
we used the data from the time that the SPV reached
the maximum value to the time just before the sign of
the Z component of the SPV changed. Using the least
squares method, the SPV against time in three compo-
nents was approximated exponentially. Finally, TC was
calculated as the reciprocal of the coefficient of time.'*

Approximating a formula describing the relationship
between SPV and head rotation angle in supine subjects
We excluded the data reflecting the vestibulo-ocular reflex
during head movement from the data of apogeotropic or
geotropic nystagmus with a long TC and used the remain-
ing data to plot the Z component of the SPV on the Y axis
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and the head position on the X axis. Using the least
squares method, the plotted data were approximated by
the following formula: osin(x—6) (x>0), Bsin(x—6) (x<0).
The data of this function between —90° and 90° were
approximated by quartic function, because this function is
non-differentiable at point x=6 but is continuous.

RESULTS
A total of 107 eligible patients with H-BPPV (22 men and
85 women, median age 68 years, age range 36-88 years)

who reported positional vertigo and showed geotropic or .

apogeotropic positional nystagmus were included in this
study (figure 1). We excluded 2 patients who had an add-
itional positional nystagmus of type P-BPPV, and 14
patients who showed a transition from apogeotropic nys-
tagmus to geotropic nystagmus. As shown in figure 1, of
the 107 patients, apogeotropic positional nystagmus was
seen in 44 patients with H-BPPV (10 men and 34 women,
median age 70.5 years, age range 36-88 years) and geo-
tropic positional nystagmus in 47 patients with H-BPPV
(10 men and 37 women, median age 67 years, age range
39-82 years). The three-dimensional eye position and
SPV of PGN in patient A (a 44-year-old woman) is shown
in figures 2A and 3A. A left-torsional and leftward hori-
zontal nystagmus was induced by head rotation to the left
and a right-torsional and rightward horizontal nystagmus
was induced by head rotation to the right (figure 2A).
The left-torsional and leftward horizontal nystagmus at
the left-ear-down head position declined very grad-
ually and was calculated by the following formulas:

A Z  Left Left ear down
0 »\[\'\«/‘\[\[\”\W\V\[J\\N\M
Right 3sec | 10°
Z L Right ear down
0 WWWW 4\'
R
B
Z L Left ear down
O WMW ‘
R
Z Right ear down

0 B e

R

Figure 2 Eye position of positional nystagmus in the
right-ear-down and left-ear-down head positions in patients
with horizontal canal type of benign paroxysmal positional
vertigo. (A) Persistent geotropic positional nystagmus in
patient A and (B) persistent apogeotropic positional
nystagmus in patient B.

Downloaded from hitp://bmjopen.bmj.com/ on January 14, 2015 - Published by group.bmj.com

- Open Access

39exp((t;—t)/121) in the X component, 1.9exp((t,—t)/121)
in the Y component and -9.0exp((t;—t)/121) in the Z
component (t; represents the time when SPV was at a
maximum), with a TC of 121 s. The maximum SPV of left-
torsional and leftward horizontal nystagmus at the
left-ear-down head position was higher than that of the

right-torsional and rightward horizontal nystagmus
induced in the right-ear-down head position (figure 3A).
The three-dimensional eye position and SPV of AN in
patient B (a 74-year-old woman) are shown in figures 2B
and 3B. A left-torsional and leftward horizontal nystag-
mus was induced by head rotation to the right while a
right-torsional and rightward horizontal nystagmus was
induced by head rotation to the left (figure 2B). The
left-torsional and leftward horizontal nystagmus at
the right-ear-down head position declined very gradually
and was calculated by the following formulas:

1.8exp((t4—t)/2897) in the X component, —0.3exp

((t4—1)/2897) in the Y component and —5.3exp ((ty—t) /2897)
in the Z component (t; represents the time when SPV
was maximum), with a TC of 2897 s. The maximum SPV of
the lefttorsional and leftward horizontal nystagmus in the
right-ear-down head position was higher than that of the
right-torsional and rightward horizontal nystagmus in the

left-ear-down head position (figure 3B).

The TC of patients with TGN ranged from 4.9 to
32.2s (median: 11.7s). The distribution of TCs of 11
patients with PGN and of 44 patients with AN is shown
in figure 4. The TCs of patients with PGN ranged from
66 to 3600 s (median: 168 s). The TCs of patients with
AN ranged from 35.3 to 3600s (median: 127s).
Changes in the SPV induced by stepwise rotation in
patient A with PGN are shown in figure 5A. Rightward
nystagmus was induced when the head was rotated 61°
to the right and gradually disappeared with the stepwise
rotation of the head to the left. Leftward nystagmus was
then induced by further stepwise rotation of the head
to the left. The SPV of rightward and leftward nystag-
mus changed stepwise in accordance with the stepwise
rotation of the head. However, no nystamus was
induced when the head was rotated 24° to the left to a
neutral head position. Changes in the SPV induced by
stepwise rotation in patient B with AN are shown in
figure 5B. Rightward nystagmus was induced when the
head was rotated 57° to the left and gradually disap-
peared with stepwise rotation of the head to the right.
Leftward nystagmus was then induced by further step-
wise rotation to the right. The SPV of rightward and
leftward nystagmus changed stepwise in accordance
with the stepwise rotation of the head. However, no nys-
tagmus was induced when the head was rotated 27° to
the left to a neutral head position. The relationship
between the angle of head rotation and the SPV
induced by stepwise head rotation in patient A with
PGN (shown in figure 5A) was plotted in XY coordi-
nates, with the SPV plotted on the Y axis against the
angle of head rotation on the X axis (figure 6A). The
relationship was approximated by the following formula:
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Figure 3 Three-dimensional X,
Y and Z components of eye
velocity of positional nystagmus
in right-ear-down and
left-ear-down head positions in
patients with horizontal
semicircular canal type of benign
paroxysmal positional vertigo. (A)
Persistent geotropic positional
nystagmus lasted with long TCs
(time constant) of 121 sand >1h
in patient A and (B) AN lasted

A B

/ Right torsional
X 3,9exg(_ (t-t)/121) X

- 30sec

|107sec -2.9exp((t-t)/tc)
tc > lhour

Down
Y ’ I.C)QXB((D"O/ 121) Y

Left torsional
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R torsional | Bexp((t«~t)/2897)

-1.2exp((t=t)/110) \
N

5%sec 10sec
L torsional
D

-0.9exp((t-1)/110)

with long TCs of 110 and 2897 s
in patient B.

Up
7 Left

-9.0exp((t-1)/121)

A
-0.8exp((t-t)/tc)

Right
left ear
down
y=8.9 sin(x+149.0) (x>31.0°), 4.1sin(x+149.0) (x<31.0°),

where x is the Euler angle. Values of x between —90°
and 90° were approximated by the quartic function

SeC

4096 TR

1024 o—X

256

64

16

1 PGN AN

Figure 4 Distribution of time constants (TCs) of positional
nystagmus in 11 patients with persistent geotropic positional
nystagmus (PGN) and 44 patients with AN. TCs of all 44
patients with AN was more than 35 s. TCs of 11 patients with
PGN was more than 35s. When TC was more than 1 hour,
we set the TC value at 3600 s.0: TC of PGN, x: TC of AN.

tz/

6. lexp((t=-t)/te) g.iexp((tg-t)/l 10)
right ear leftear  right ear
down down down

y=2x10"x*+4x107"x*~0.000x*~0.068x+2.257, where x is
the Euler angle, or y=0.236x"+0.073x"~2.357x"~8.918x
+2.257, where x is the angle in radians.

A — SPV
—— Head position
Left Neutral position | L
107sec M}M | |TC>1n

|
TC=121 4sec I* o
V | 50°

L
e

30sec R

0sec

Right

B Neutral position

L
30sec TC= o fore
l 326.1sec

Figure 5 Changes in the slow phase eye velocity (SPV) of
positional nystagmus induced by stepwise rotation of the head
in patients with horizontal canal type of benign paroxysmal
positional vertigo. (A) Persistent geotropic positional
nystagmus in patient A and (B) AN in patient B (TCs, time
constant).
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The relationship between the angle of head rotation
and the SPV induced by stepwise head rotation in patient
B with AN (shown in figure 5B) was plotted in XY coordi-
nates, with the SPV plotted on the Y axis against the angle
of head rotation on the X axis (figure 6B). The relation-
ship was approximated by the following formula:

h

A a@)@ﬁb@spv q
N ¥
; =% ¢

{ —~/ | Neutral position @
LA e S

A

Right = Left
& . 0 ",
Head rotation I s/see -
. Sec [t g
angle from supine ) Natural position
Right of cupula
Light cupula

B @
a % 13% L @C
SE Ty
R \'fj 0‘_i>./.--'?"'i"'
sl

= 5
C madc by all PGN data

T )
5%/sec > d
R N/
that x intercept was plus | that X intercept was minus

T
Heavy cupula

made by all AN data

. &
et
s

made by all ANdata ¢
that x intercept was plus

made by all PGN data
that x intercept was minus

Figure 6 The relationship between the angle of head
rotation and the slow phase eye velocity (SPV) of positional
nystagmus in patients with horizontal canal type of benign
paroxysmal positional vertigo. (A) The relationship between
the angle of head rotation and the SPV of persistent geotropic
positional nystagmus (PGN) induced by stepwise rotation of
the head in patient A as shown in figure 5A was plotted in XY
coordinates on the Y axis against the angle of head rotation
on the X axis, (B) The relationship between the angle of head
rotation and the SPV of AN induced by stepwise rotation of
the head in patient B as shown in figure 5B was plotted in XY
coordinates on the Y axis against the angle of head rotation
on the X axis. Inserted figures: light cupula and heavy cupula
in the left horizontal semicircular canal. a: Head turning to the
right, b: in the supine position, c: in the neutral head position
and d: head turning to the left. Arrows near face: the direction
of positional nystagmus. (C) The approximated relationship
between the angle of head rotation and the SPV of PGN at
the leftward neutral head position (black dotted line) and at
the rightward neutral head position (black solid line). The
approximated relationship between the angle of head rotation
and the SPV of AN in the leftward neutral head position (grey
dotted line) and in the rightward neutral head position (grey
solid iine).
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y=3.6sin(x—22.0) (x>22.0°), 7.0sin(x—22.0) (x<22.0°),
where x is the Euler angle. Values of x between —90°
and 90° were approximated by quartic function
y=2><10“8x4—6x10—6x3+2x10'8x2+0.100x—2.545, where x is
the Euler angle, or y=0.165x"—1.128x°+7x10°x*+5.747x~2.545,
where x represents the angle in radians.

In 7 of the 11 patients with PGN, the relationship
had positive x-intercepts, which indicates the absence
of nystagmus at the neutral head position when the
head had been rotated 15-20° to the left. The relation-
ship  was  approximated by the  formulas
y=4x10"%x*~8x107°% x*~0.001x%~0.208x+4.040, where x
is the Euler angle, and
y=0.481x*+1.457x*~3.519x*~11.95x+4.040, where x
represents the angle in radians. The approximated rela-
tionship between the angle of head rotation and the
SPV of PGN in these seven patients is shown by a black
dotted line in figure 6C. However, in the other four
patients, the relationship had negative x-intercepts, indi-
cating the absence of nystagmus at the neutral head pos-
ition when the head had been rotated 15-20° to
the right. The relationship was approximated by the
formulas y=—2x10"%x*~8x10"%x>~0.000x>~0.196x—2.936,
where X is the Euler angle, and
y=—0.214x*+1.592x%+1.901x*~11.28x~2.936, where x
represents the angle in radians. The approximated rela-
tionship between the angle of head rotation and the SPV
of PGN in these four patients is shown by a black solid
line in figure 6C.

- The relationship between the angle of head rotation and
the SPV of 44 patients with AN with a TC of >35s was
approximated by quartic function. In 23 of the 44
patients, the relationship had positive x-intercepts,
which indicates the absence of nystagmus at the neural
head position when the head had been rotated 15-20°
to the left. The relationship was approximated by the
formulas y=9x10""x* —9x10~%x>+0.000x+0.189x—2.163,
where x represents the Euler angle, and
y=0.097x*~1.655x%+0.360x%+10.84x~2.163, where x repre-
sents the angle in radians. The approximated relation-
ship between the angle of head rotation and the SPV of
AN in these 23 patients is shown by a grey dotted line in
figure 6C. In the other 21 patients, the relationship
had negative x-intercepts, indicating an absence of nys-
tagmus at the neutral head position when the
head had been rotated 15-20° to the right. The rela-
tionship was - approximated by the formulas
y=—bx10"%x*~1x10"°x*+0.000x>+0.268x+5.376, where
x is the Euler angle, and y=-0.556x*-2.790x>
+0.622x%+15.35%+5.376, where x represents the angle
in radians. The approximated relationship between
the angle of head rotation and the SPV of these 21
patients with AN is shown by a grey solid line in figure
6C. The dashed black lines show the approximated
relationship between the angle of head rotation and
the SPV of patients with PGN with a TC of >35 s, which
was linearly symmetrical against the dashed grey line
showing the approximated relationship between the

Imai T, et al. BMJ Open 2014;4:¢006607. doi:10.1136/bmjopen-2014-006607

5

—223—



Downloaded from htip://bmjopen.bmj.com/ on January 14, 2015 - Published by group.bmj.com

Open Access ‘ -7 s 8

angle of head rotation and the SPV of patients with
AN with respect to a line on positive x-intercepts of
the neutral head position (figure 6G). The solid black
line shows the approximated relationship between the
angle of head rotation and the SPV of patients with
PGN with a TC of »35 s, which was linearly symmetrical
against the solid grey line showing the approximated
relationship between the angle of head rotation and
the SPV of patients with AN with respect to a line on
negative x-intercepts of the neutral head position
(figure 6C).

DISCUSSION

In this study, three-dimensional analysis of positional nys-
tagmus showed that the TCs of PGN and AN were
longer than those of TGN in patients with H-BPPV. The
distributions of TCs of geotropic positional nystagmus in
patients with H-BPPV were segregated into two groups:
patients with PGN with TCs of >85 s and patients with
TGN with TCs of £35s. In contrast, the TCs of patients
with AN were distributed over 85s (figure 4). These
findings suggest that PGN and AN have a common
pathophysiology underlying positional nystagmus which
is different from that of TGN. Since TGN is induced by
canalolithiasis in HSCC and AN is induced by cupulo-
lithiasis in HSCC, it is also suggested that a lesioned
HSCC cupula induces PGN in patients with H-BPPV.

In this study, the relationship between the angle of
head rotation and the SPV of positional nystagmus was
quantitatively examined in patients with H-BPPV. PGN
and AN were induced by stepwise rotation of the head
(figure 5). Moreover, in PGN and AN, no nystagmus was
induced in the neutral head position (figures 5 and 6A,
B). These findings support the hypothesis that PGN is
induced by a lesioned cupula in HSCC, as with the cupu-
lolithiasis of HSCC in patients with AN. However, the dir-
ection of PGN was opposite to that of AN. Indeed, at the
right-ear-down head position, right-beating nystagmus
was induced in patients with PGN, while left-beating nys-
tagmus was induced in patients with AN. In the
left-ear-down head position, left-beating nystagmus was
induced in patients with PGN, while right-beating nystag-
mus was induced in patients with AN (figures 2 and 3).
Therefore, it is suggested that the response of the
lesioned HSCC cupula to the head position in patients
with PGN was opposite to that in those with AN.

The approximated relationship between the angle of
head rotation and the SPV of PGN induced by a stepwise
rotation of the head was linearly symmetrical with that
of AN with respect to a line plotting the neutral head
position in patients with H-BPPV (figure 6). Moreover,
the approximated relationship between the angle of
head rotation and the SPV of 4 patients with PGN was
linearly symmetrical with the SPV of 21 patients with AN
with respect to a line plotting the neutral head position
where the head was rotated approximately 18° to the
right (figure 6C). The approximated relationship

between the angle of head rotation and the SPV of 7
patients with PGN was linearly symmetrical with that of
23 patients with AN with respect to a line plotting the
neutral head position where the head was rotated
approximately 18° to the left (figure 6C). Since the
abnormally heavy cupulolithiasis deviates in response to
gravity in patients with AN, these findings suggest that
the lesioned cupula deviates in an opposite direction in
response to gravity in patients with PGN (inserted
figures in figure 64, B). Moreover, in the neutral head
position where the head was rotated approximately 18°
to either the right or the left, the long axis of the HSCC
cupula was in alignment with the gravitational axis, and
no deviation of either the heavy or the lesioned cupula
was induced (inserted ‘¢’ in figure 6A, B). Altogether,
these findings suggest that a lesioned HSCC cupula acts
as a light cupula that deviates to the opposite direction
of a heavy cupula in response to gravity and induces
PGN in a neutral head position in patients with H-BPPV.
Previous studies hypothesised that the characteristics of
PGN are due to a light cupula.® ' ' In this study,
however, quantitative three-dimensional analysis of the
response of patients with PGN to changes in head pos-
ition demonstrated that lesioned HSCC cupulae deviate
similarly to light cupulae in response to gravity and
induced PGN in patients with H-BPPV. Bergenius and
Ichijo have also speculated that the attachment of debris
of lower density makes a cupula in HSCC lighter than
the endolymph.” ' ' Alternatively, a substance in the
blood, such as alcohol, which has lower density than the
endolymph, could diffuse into the cupula earlier than
the endolymph by way of its proximity to capillaries, ren-
dering the cupula lighter than the endolymph.'’ The
attachment of debris of lower density is a feasible
explanation because usually only one side is affected.
Since the cupula is laterally tilted in the supine position
(inserted ‘b’ in figure 6A, B), a slight head rotation to the
affected side while in this position can align the axis of
light and heavy cupulae (inserted ‘c’ in figure 6A, B).
Four patients with PGN and 21 patients with AN reported
a neutral head position when the head was rotated to the
right. The right side in these patients was affected.
However, the left side was affected in 7 patients with PGN
(including patient A) and 23 patients with AN (including
patient B) who reported a neutral head position when
the head was rotated to the left. Based on Ewald’s second
Law,'” the flow of endolymph towards the ampulla of
HSCC results in greater stimulation than flow away from
the ampulla. When the left side is affected, a head rota-
tion to the left away from the perceived neutral head position
(inserted ‘c’ in figure 6A, B) results in a deviation of light
cupulae in the ampullopetal direction (inserted ‘d’ in
figure 6A) and heavy cupulae in the ampullofugal direc-
tion (inserted ‘d’ in figure 6B). As shown in figure 6A, B,
in patient A, who presents with a light left cupula, head
rotation to the left (affected side) from the neutral head
position caused a greater SPV than head rotation to the
right (healthy side) (8.9sin(x+149) vs 4.1sin(x+149)). In
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patient B, who presented with a heavy left cupula, head
rotation to the left (affected side) from the neutral head
position caused a lesser SPV than head rotation to the
right (healthy side) (3.6sin(x—22.0) vs 7.0sin(x—22.0)).

Geotropic positional nystagmus was subjectively subdi-
vided into two groups—TGN and PGN—based on the
length of the sustained period of positional nystagmus.
In this study, we showed that the TC of the SPV of pos-
itional nystagmus is an objective index of transient or
persistent positional nystagmus and proposed that a TC
of <35 s indicates a transient type of PGN while a TC of
>35 s indicates the persistent type.

In conclusion, in this study, we showed that the direc-

tion of the SPV of PGN with a TC of >35 s was opposite
to that of AN with a TC of >35 s in response to the same
neutral head position where no nystagmus was induced,
and that the relationship between the SPV of PGN and
the angle of head rotation was linearly symmetrical to
that of AN with respect to a line plotting the neutral
head position. These findings suggest that the direction
of cupula deviation in PGN is opposite to that of AN
across the neutral head position, where the long axis of
the cupula is in alignment with the gravitational axis.
Since AN was induced by a heavy cupula, we concluded
that the basic pathophysiological mechanism of PGN is a
light cupula in patients with H-BPPV. This light cupula
theory is important for the explanation of morbidity
associated with H-BPPV.
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The temperature of aural air stimulation equivalent to aural stimulation

with water at 20C in the caloric test.

Kazuhiko Tahara”, Kazunori Sekine?, Go Sato?, Kazunori Matsuda?,

Seiichiro Kamimura?, Takahiro Azuma?, Noriaki Takeda®

YDepartment of Otolaryngology, Kochi Red Cross Hospital
? Department of Otolaryngology, University of Tokushima School of Medicine

In the present study, we examined the temperature of aural air stimulation that was
equivalent to aural stimulation with water at 20C in the caloric test. In 10 ears of 5 healthy
volunteers, the maximum slow phase eye velocities (MSPEVs) of nystagmus induced by
aural stimulation with air at 22°C, 46C and 16C were the same as those with water at 30
C, 44C and 20T, respectively. These findings suggest that caloric stimulation with air at
16TC is equivalent to that with water at 20C that is commonly used in the caloric test in
Japan. The MSPEVs of nystagmus induced by aural stimulation with air at 16C were over
20° /sec in all ears except one, in which the MSPEV was 19.7° /sec. The criteria of canal
paresis where the MSPEV of caloric nystagmus induced by aural stimulation with water at
20T is less than 20° /sec can be used in the caloric test with aural air stimulation at 16C.

Key words: caloric test, canal paresis caloric nystagmus, aural air stimulation
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