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Clinical observation of a semicircular canal fistula associated with
cholesteatoma

Eriko SHINADA, Mamoru SUZUKI, Sachie KAWAGUCHI, Nobuhiro NISHIYAMA, Akira
HAGIWARA, Yasuo OGAWA and Atsushi KAWANO

Department of Otorhinolaryngology, Tokyo Medical University, Tokyo 160-0023, Japan

Nineteen cases of labyrinthine fistulae associated with cholesteatoma were analyzed. Either vertigo or
dizziness was the most frequent symptom, followed by hearing loss and ear fullness. Fistula symptoms were present
in 37% of the cases. Fistulae measuring greater than 2 mm in size were found in 12 cases (63 %). All fistulae, except
for one posterior semicircular canal fistula, were found in the lateral semicircular canal. The average air and bone
conduction levels prior to surgery were 72.5 dB and 37.4 dB, respectively. The preoperative hearing level was not
related to the size of the fistulae. The bone conduction improved in 3 cases after surgery. No case showed any
hearing deterioration after surgery. Our main surgical procedure includes a careful dissection of the matrix over the
fistula followed by sealing with a piece of bone and fascia. The symptoms of either vertigo or dizziness disappeared
in all cases. To improve hearing and the control vertigo, the early treatment of labyrinthine fistulae is therefore
recommended.
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A case of apogeotropic nystagmus with brainstem lesion:
An implication for mechanism of central apogeotropic nystagmus
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Abstract

We report a case showing apogeotropic nystagmus with the lesion of the brain stem, und discuss a possible mechanism of central
apogeotropic nystagmus. The case was a 73-year-old male. We analyzed his nystagmus three-dimensionally. He showed apogeotropic
nystagmus. Axis angles of slow phase eye velocity of his apogeotropic nystagmus were not in line with the axes perpendicular (o the plane of
horizontal semicircular canals, but with the patient’s vertical axis. We then found that his nystagmus including the apogeotropic nystagmus
was positioning, but not positional and that the direction of his positioning nystagmus was the same direction of postrotatory nystagmus after
his head movement, His MRI scans showed an infarction around the prepositus hypoglossi nucleus of the brain. His apogeotropic nystagmus
seemed to consist of a combination of prolonged postrotatory nystagmus after his head rotation to the left and right lateral position because the
axis of postrotatory nystamus was in line with the axis of the head rotation. Therefore, it is suggested that a possible mechanism of central
apogeotropic nystagmus is a prolonged postrotatory nystagmus after his head movement in the supine position due to the brain lesion
involving the velocity storage mechanisms.
© 2010 Elsevier Ireland Ltd. All rights reserved.

Keywords: Cupulolithiasis; Rotation vector; Infrared CCD camera: Velocity storage; Positioning nystagmus

1. Introduction

Nystagmus beating to the right at the left lateral position
and beating to the left at right lateral position in the supine
position is an apogeotropic positional nystagmus, which was
traditionally thought o be caused by central vestibular
lesions such as cerebellar infarction [1-3]. Recently, it has
been demonstrated that most apogeotropic positional
nystagmus was of benign peripheral origin, namely a
subtype of benign paroxysmal positional vertigo (BPPV),
and that the cupulolithiasis of the horizontal semicircular
canal (HSCC) is the cause of this nystagmus [4.5].

* Corresponding author. Tel.: +81 6 6879 3951; fax: +81 6 6879 3959.
E-mail address: imaitakao@hotmail.com (T. Imai).

We encountered a case of intractable positional
nystagmus which was very similar to the HSCC type of
BPPV (H-BPPV), an apogeotropic nystagmus, with a small
lesion in the central vestibular system. We report a patient
and discuss a possible mechanism of central apogeotropic
nyslagmus.

2. Patients and methods

The patient was a 73-year-old male, who experienced
brief episodes of positional and positioning vertigo and
showed horizontal apogeotropic nystagmus triggered by
head rotation to both then left and right in the supine
position. His positional and positioning nystagmus was

0385-8146/8 - see front matter 2010 Elsevier Irelund Ltd. All rights reserved.

doi:10.1016/).an1.2010.04.004
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T2 weighted image

analyzed three-dimensionally. He had no other evidence of
neurologic diseases, but MRI scans showed an old infarction
of the brain stem around the prepositus hypoglossi nucleus
(PPHN). His apogeotropic nystagmus continued for more
than 1600 days.

To compare central apogeotropic nystagmus  with
peripheral apogeotropic nystagmus, we also analyzed
positional nystagmus three-dimensionally in another case
of a 70-year-old male with H-BPPV. His apogeotropic
nystagmus disappeared within 29 days and MRI scans of his
brain showed no lesions.

Positional and positioning nystagmus of the left eye was
recorded on videotape with an infrared CCD camera
(RealEyes, Micromedical Technologies). The videotape
images were converted into  digital images (720 dot
x 480 dot) (PCV-R63K, SONY) and the space coordinates
of the center of the pupil and an iris freckle were reconstructed
in three dimensions. The analysis method of the eye rotation
vector and its accuracy has already been described elsewhere
[6,7]. For the space coordinates, the X-axis was parallel to
the naso-occipital axis (positive forward), the Y-axis was
parallel to the inter-aural axis (positive left), and the Z-axis
was normal to the X-Y plane (positive upwards). X, ¥, and Z
components mainly reflect roll, pitch, and yaw components.
respectively. We used the unit of degree that is given as
2 x tan” '(magnitude of rotation vector) to represent the eye
position as axis-angle representations [8]. Using r as the
rotation vector of eye position and the following formula:
w=2 % (dr/dr + ¢ x dr/d0)/(1 + rz)_. we calculated the eye
velocity w [9]. We then extracted the slow phase eye velocity
(SPEV) of the nystagmus by the method based on a fuzzy set
approach [10,11]. Using the least squares method, SPEV
against time was approximated exponentially. Finally. the
time constant was calculated as the reciprocal of the
coefficient of time.

3. Results

MRI scans of the patient’s brain demonstrated a small
infarction from the basal pons to the upper medulla,
containing PPHN (arrow head in Fig. [A).

The patient showed apogeotropic nystagmus when the
head was turned to left (left column in Fig. 1B) orright (right
column in Fig. 1B) in the supine position. The time constant
of SPEV in Z component was 59.5 and 81.7 s when his head
was rotated from head centered supine position to left and
right lateral head position, respectively (Fig. 1B).

We found that his nystagmus was not positional, but
positioning. Firstly, when he moved from sitting to the head
centered supine position, the nystagmus mainly existed in
the Y component (vertical component), of which the
direction was downward (Fig. 2A). The time constant of
SPEV in Y component was 20.3s (inserted graph in
Fig. 2A). Secondly, when he turned from the left lateral
position o the head centered supine position, the nystagmus

(A) T1 weighted image

(B) Left lateral position
X |Counterclockwise
I 107/sec

7| EE————— || o

Right lateral position

Clockwise
Y \Down

MWWM
30 x 9
Right

Fig. 1. (A) Images of MRI scans. Open triangle: an infarction around
PPHN. (B) Apogeotropic nystagmus. Rightward nystagmus on left lateral
head position and leftward nystagmus on right lateral head position in the
supine position. Inserted graph shows the axis angles of SPEV in Z
component. The time constant (TC) was 59.5 and 81.7 s when his head
was rotaled from head centered supine position to left and right lateral head
position, respectively,

mainly existed in the Z component (horizontal component),
of which the direction was leftward (Fig. 2B). Thirdly, when
he turned from the right lateral position to the head centered
supine position, the nystagmus mainly existed in the Z
component, of which the direction was rightward (Fig. 2C).
Finally, when he moved from the head centered supine
position to sitting, the transient nystagmus mainly existed in
the ¥ component, of which the direction was upward (open
triangle in Fig. 2D). The time constant of SPEV in ¥
component was 1.0 s (inserted graph in Fig. 2D). But, when
he moved very slowly from sitting to the head centered
supine position again, no nystagmus was induced (data not
shown). These findings demonstrated that the direction of
his positioning nystagmus in the head centered supine
position was dependent on the path of his head movement
and was the same direction of postrotatory nystagmus after
his head movement.

Axis angles of SPEV of his apogeotropic nystagmus were
plotted in XY, XZ, and YZ planes (Fig. 3A). The averaged
lines of the axis angles were calculated and shown as dotted
lines. The dotted lines in XZ and ¥Z planes were not in line
with the axes perpendicular to the plane of right (Rh) and left
HSCCs (Lh) [12], but with the vertical axis.
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Fig. 2. Positioning nystagmus. (A} When he moved from sitring to the head centered supine position, the nystagmus mainly existed in the ¥ componeat, of
which the direction was downward. (B When he turned from the lettlateral position to the head eentered supine position, the nystagmus mainly existed in the 7
component, of which the direction was leftward. (C) When he tumned from right lateral position 1o the head centered supine position, the nystagmus existed in the
Z component. of which the direction was rightward. tD) When he moved from the head centered supine position to sitting. the transient nystagmus existed in the
¥ component. of which the direction was upward {(open triangle). [nserted graph shows the axis angles of SPEV in ¥ component. The time constant (TC) was
20.3 s when he moved from sirting to the head centered supine position and 1.0 s when he moved from the head centered supine position o sitting.

Axis angles of SPEV of his positioning nystagmus when
the patient moved from sitting to the head centered supine
position and from the head centered supine position to sitting
were plotted in XY, XZ, and YZ planes (Fig. 3B). The
averaged lines shown by dotted lines in XY and YZ planes
were in line with the horizontal axis.

To compare central apogeotropic nystagmus with periph-
eral apogeotropic nystagmus, we then analyzed positional
nystagmus three-dimensionally in another patient with H-
BPPV. The patient showed apogeotropic positional nystag-
mus when the head was turned to the left or right in the supine
position (Fig. 4A). When his head was in the head centered

\) /aec ‘.’/;coc Ysec
) O’Rp . Lp F 30
15t ' s Lp 15
2] 4 .
Zo % ojRa Zo|L
- Rh th N La
-5} \ -I5tRp
.30 Ra ' La .30 Lh
=30 -15 1530 Yee =30 -15 1530
S X axis e X axis
By 30 3 Rh
5 [}
@ 2
Z0 % ojRa
P N
.15 -I5tRp
-30{Ra bal 30 h J
-3¢ <15 15 30 %ec =30 -15 15 30 vsec =30 -15 15 30 %ec
a\n's X axis Y axis

g

GEC

Fig. 3. Axis angles of SPEV in XY, XZ. and YZ planes. (A) Axis angles of SPEV of apogeotropic nystagmus. The axis angles of SPEV were ploted around the
vertical axis. The dotted line means the average line calculated from the axis angles. Ra. axis of right anterior semicircular canal: Rh. axis of right HSCC: Rp,
axis of right posteriar semicircular canal: 1a, axis of left anterior semicireular canals Lh, axis of left HSCC: L p, axis of 1eft posterior semicircular canal |12 (B)
Axis angles of SPLV of positioning nystagmus. When he moved from sitting to the head centered supine position and from the head centered position to sitting.

The uxis angles of SPEV were plotted around the horizontal axis
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Fig. 4. (A) Apogcotropic nystagmus in the patient with H-BPPY (B) Positional aystagmus in the paticot with H-BPPV. First column: when he maved from
sitting to the head centered supine position, the nystagmus was rightward. Second column: when he turned from lefi lateral position to the head centered supine
position. his nystagmus was oghtward. Third column: when he turned from right lateral position to the head centered supine position, his nystagmus was
rightward. Inserted (igures in (A) and (B) show head position and right HSCC. The filled circle in the HSCC shows cupulolithiasis. The direction of the arrow
around the eye in the figure shows the direction of Fast phase of positional nystagmus. The direction of the arrow in the HSCC shows the direction of deflection of
cupula. (C) Axis angles of SPEV of positional nystagmus including apogeotropic nystagmus in X¥, XZ, and YZ planes in the patient with H-BPPV. The
abbreviations arc the same in Fig. 2B. The axis anglcs of SPEV were plotted around Rh and Lh. The dotted line means the average line cakoulated from the axis

angles of SPEV.

supine position, regardless of the path of change of his head,
he showed rightward positional nystagmus, not positioning
nystagmus (Fig. 4B). Axis angles of SPEV of his apogeotropic
nystagmus and his nystagmus when his head was moved to the
head centered supine position were plotted in XY, XZ, and YZ
planes (Fig. 4C). The averages shown by dotted lines inthe XZ
and YZ planes were in line with Rh and Lb.

4. Discussion

In the present study, we report a paticnt showing central
apogeotropic nystagmus with a lesion in the brainstem. The
case showed apogeotropic positional nystagmus (Fig. 1B).
We then found that his nystagmus was nol positional, but
positioning, and that the dircction of his nystagmus in the
head centered supine position was dependent on the path of
his hcad movement (Fig. 2). Since the direction of his
positioning nystagmus was opposite to the direction of the
nystagmus induced by vestibulo-ocular reflex (VOR) during
his head movement to the head centered supine position and
the same direction of postrotatory nystagmus after his head
movement, these findings lead to the possibility that his
apogeotropic nystagmus is postrotatory nystagmus. occur-
ring after his head rotation.

To prove the possibility, we analyzed his apogeotropic
nystugmus three-dimensionally. When his head was rotated
from head centered supine position to left or right lateral
position, and from leftor right lateral position to head centered
supine position, the axis angles of SPEV of his apogeotropic
nystagmus was plotted around the vertical axis, which is
consistent with the axis of the head rotation (Fig. 3A). When
his head was moved from sitting to the head centered supine
position, and from the head centered supine position Lo sitting.
the axis angles of SPEV of his positioning nystagmus were
plotied around the horizontal axis, which is in line with the
axis of the head movement (Fig. 3B). These findings suggest
that the positioning nystagmus including apogeotropic
nystagmus is prolonged postrotatory nystagmus. In other
words, his apogeotropic nystagmus scemed o consist of a
combination of prolonged rightward postrotatory nystagmus
aller his head rotation to the left lateral position and prolonged
leftward postrotatory nystagmus after his head rotation to the
right lateral position in the supine position.

In this case, MRI scans demonstrated a brainstem lesion,
which was invoived in PPHN. It was reported that PPHN was
included in the neural network of the velocity storage
mechanism that was associated with preservation of vestibular
inputs and prolongation of vestibular outputs [13.14). The
velocity storage mechanisin could explain that postrotatory
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nystagmus declines exponentially with a longer time constant
than that of the cupula | 15]. In this case, inhibitory pathways
from the cerebellum to PPHN may be disturbed by the
brainstem lesion and then the velocity storage mechanisms
may be enhanced, resulting in prolonged postrotatory
nystagmus of the central apogeotropic nyslagmus.

Finally, we compared the central apogeotropic nystagmus
with peripheral apogeotropic nystagmus in another patient
with H-BPPV. The patient showed apogeotropic nystagmus
(Fig. 4A). His nyslagmus was positional, but not positioning
and his apogeotropic nystagmus was explained by cupulo-
lithiasis in the right HSCC (Fig. 4B). At the head centered
supine position, regardless of the path of his head movement.
posilional nystagmus beating to the right was induced by the
cupulolithiasis of the right HSCC as shown by inscrted
figurces in Fig. 4B. The axis angles of SPEV of his positional
nystagmus. including apogeotropic nystagmus, was plotted
around the lines perpendicular to the plane of feft or rght
HSCC (Fig. 40).

In conclusion, we proposed a possible mechanism of
central apogeotropic nystagmus that consists of a combina-
tion of prolonged postrotatory nystagimus after head rotation
in the supine position. The prolonged time constant of
postrotatory nystagmus may be caused by dysfunction of the
velocity storage mechanisms due (o brainstem lesion.
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Abstract

Conclusion: Similarly 1o almost all delayed endolymphatic hydrops (DEH) cases with both precedent sudden deafness and
mumps deafness, two-thirds of DEH cases with precedent dealness of unknown cause with onset in early childhood developed
DEH symptoms within 40 years after the precedent deafness. In spite of the diagnosis of precedent deafness, viral labyrinthitis
may build up the late endolymphatic hydrops in most DEH cases up to four decades. Objectzve: To clarify the characteristics of
DEH in Japan. Methods: Clinical informaton on 198 DEH cases was collected by nationwide, multicenter surveys conducted
by the Peripheral Vestibular Disorders Research Commiittee of Japan. Resufts: The incidence of the ipsilateral type of DEH was
47.5%, which was almost equal to that of the contralateral tvpe. In both types of DEH, the most common diagnosis of
precedent deafness was deafness of unknown cause with onser in carly childhood: 43.9%, in both types of DEH. Sudden
deafness and mumps deafness were the subsequent diagnoses of precedent deafess. The distribution of time delay of the onset
berween precedent deafness of unknown cause with onset in early childhood and DEH was different from that hetween
precedent sudden and mumps deatness and DEH.

Keywords: Ipsifareral, conrvalateral, canse of profound hearing loss, onser age, Time delayv of onser between precedent deafness
and DEH

Introduction by the Ministry of Health and Welfare of Japan in

1974 and continued after reorganization in 1980 as
Clinical characteristics of delayed endolymphatic the Peripheral Vestibular Disorders Rescarch Com-
hydrops (DEH) have been reported from around mittee. To investigate the epidemiologic and clinical
the world [1-16]. Most such reports are derived characteristics of DEH, the committee conducted
trom clinical records at a single facility, and do not nationwide, multicenter surveys of patients admirtted
employ statistical analysis because DEH is relatively to the hospitals where members of the commirttee
rarc compared with Mcnicre's discase. The Meniere's were affiliated five tmes in 1998, 2001, and 2006
Disease Research Committee of Japan was organized 2008,
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DEH is classified into ipsilateral and contralateral
types. The diagnostic criteria for DEH in Japan were
proposed by the committee of the Japan Society for
Equilibrium Rescarch in 1987 [17)]. The criteria used
for the diagnosis of the ipsilateral type of DEH are as
follows: (1) a precedent event characterized by pro-
found sensorincural hearing loss in one ear (precedent
deafness); (2) delayed development of episodic
attacks of vertigo without fluctuating hearing loss in
the opposite ear; and (3) exclusion of central nervous
system lesions, eighth nerve tumors, and other
cochleovestibular diseases such as syphilitic labyr-
inthitis. The criteria used for the diagnosis of the
contralateral form of DEH are as follows: (1) prece-
dent deafhess in one ¢ar; (2) delayed development of
fluctuating hearing loss in the opposite ear that is
sometimes associated with episodic attacks of vertigo;
and (3) exclusion of central nervous system lesions,
eighth nerve wmors, and other cochleovestibular
diseases like syphilitic labyrinthitis. Profound hearing
loss was defined as a pure tone average of greater than
90 dB over the 500, 1000, and 2000 Hz frequencics.

In 5 nationwide, multicenter surveys, the same
diagnostic criteria have been used consistently and
data for 198 patients with DEH were collected. In the
present study, the rate of ipsilateral versus contralat-
eral type of DEH, the sex ratio, diagnosis of precedent
deafness, age at the onset of precedent deafness, age at
the onset of DEH, and time delay of the onset
between precedent deafness and DEH were analyzed.

Material and methods

The first nationwide survey was conducted from June
to November 1998 by seven commitiee members at
seven university hospitals in Japan. Data were col-
lected from 60 patients with DEH. The second
nationwide survey was conducted from January
to December 2001 by 1l committee members in
11 university hospitals. The third to the fifth surveys
were conducted annually from January 2006 to
December 2008 by 18 committee members at 1 pri-
vate and 13 university hospitals. From the 5

nationwide, multicenter surveys, data from a total
of 198 patients with DEH were assembled.

Survey data were stored and analyzed by database
software at the Department of Otolaryngology at the
University of Toyama. Data from the five surveys on
the age and sex distribution of DEH, the rate of
ipsilateral versus contralateral type of DEH, the diag-
nosis of the precedent deafness, age at onset of pre-
cedent deafness, age at onset of DEH, the time delay
of onset between preceding deafness and onset of
DEH were analyvzed. For statistical analysis, Student’s
¢ tests and chi-square tests were performed with Stat-
View for Windows (version 4.5, Abacus Concepts,
Berkeley, CA, USA).

Results

According to the criteria proposed by the committee
of the Japan Society for Equilibrium Research, 198
patients with DEH were diagnosed as 94 cases
(47.5%) of the ipsilateral type of DEH, and as 104
cases (52.5%) of the contralateral type of DEH. The
number of patients with each type of DEH was almost
equal (Table I). Among the patients with the contra-
lateral type of DEH, 18 (17.3%) complained of fluc-
tuating hearing loss in the opposite ear to the
precedent deafness without vertigo, while 86 cases
(82.7%) complained of fluctuating hearing loss in the
opposite ear to the precedent deafness with vertigo.
A slight female predominance was observed in both
twwpes of DEH (Table I). For the ipsilateral type of
DEH, there were 43 males (45.7%) and 51 females
(54.3%) and for the contralateral type of DEH there
were 39 males (37.5%) and 64 females (61.5%).
Among the 94 patients with the ipsilateral tvpe of
DEH, the diagnosis of precedent deafness was deaf-
ness of unknown cause in 57 cases (60.6%), sudden
deafness in 15 cases (16.0%), and mumps in 9 cases
{9.6%) (Table II). Deafness of unknown cause was
found early in childhood (i.e. deafness of unknown
cause with onset in early childhood) in 41 cases
(43.6%). Among the 104 patients with the contralar-
eral type of DEH, the diagnosis of precedent deafness

Table 1. Sex ratio and symproms of delayed endolymphatic hydrops (DEH).

Parameter Ipsilateral type Contralateral type Total
Total no. of padents 94 104 198
Males 43 (5.7 39 (37.5%) B2 (41.4%)
Females 51 (54.3%) 64 (61 5%) 115 (58.1%)
Unknown 1(1.0%) 1 {0.3%)

Fluctuating hearing loss wath vertigo -

Fluctuaring hearing lass without vertigo -

86 (82.7%) .
18 {17.3%)

RIGMTS i 1«4y
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Table IT Diagnosts of precedent deafness in DEIL
Parameter Ipsilateral Lype Contralateral type Total
Cause unknown 37 (60.6%) 63 (62.3%) 122 (61.0%5)

Onset in early childhood 41 (43.6%)

Onset age 2 3 years 10 {10e%)

Onset unknown O {647
Sudden deatness 13 (10.0%)
Mumps deatness 9 {9.6%)

Ouns media and mastoiditis

Streptomyain injection

Meningpus

Surgery 0
Measles 1 (1.1%)
High fever 1112
Head trauma 1 (1.1%)
Inner ear abnormality 0
Menmere's discase 0

Total no. of patents 94

46 (44.2%) 87 (43.9%;

15 (14.470) 25 (12.6%)
4 (3.9%) 10 (3.1%)
10 (9.6 25 {(12.0"n)

15 (1449} 2412
& (7 7%) 16 (R.1%:)
1 (0% 2 (10"
[ S RED] 2(1.0%)
2(1.9%) 2 (1L.0%)
o} 1(0.9%;
QO 1 {0.5%)
0 1(0.5%)
1 (1.0%) 1 (0.5%)
1 (1.0%) 1{0.5%)

104 198

was deafness of unknown cause in 65 cases (62.6%),
sudden deafness in 10 cases (9.6%), and mumps
deafness in 15 cases (14.4%) (Table II). Deatness
of unknown causc with onsct in carly childhood was
found in 46 cases (44.2%). In both types of DEH, the
three main diagnoses of the precedent deafness were
deafness of unknown cause, sudden deafness, and
mumps deafness. For deafness of unknown cause,
deafness of unknown cause with onset in early child-
hood was the most common diagnosis.

In the ipsilateral type of DEH, the mean age at the
onset of precedent deafness was 1.8 years in cases with
deafness of unknown cause with onset in early child-
hood, 44.9 vears in cases with sudden deatness, and
4.0 years in cases with mumps deafness (Table III). In

the contralateral type of DEH, the mean age at the
onset of precedent deafness was 2.3 years in cases with
deafness of unknown cause with onset in carly child-
hood, 31.6 years in cascs with sudden deafness, and
5.5 vears in cases with mumps deatness (Table IV). In
both types of DEH, age at the onset of precedent
deafness in cases with sudden deafness was signifi-
cantly older than that with deafness of unknown cause
with onsct in carly childhood and mumps deafness.

In the ipsilateral type of DEH, the mean age at the
development of DEH was 28.1 years in cases with
precedent deafness of unknown cause with onset in
early childhood, 57.6 vears in cases with precedent
sudden deatnness, and 24.1 vears in cases with prece-
dent mumps deafness (Table III). In the contralateral

Table HI. Time delay of onset berween precedent deafness and DEH in patients wirth the ipsilateral type of DEH among the three main

diagnoses of precedent deafness.

Age at onxel
of precedent deafness

T'ime delay
of onset between

Agu at onser precedent deafness

Paramcter No. of patients {vears) of DEH (years) and DEH {vears)}
Total no. of patcnts 91 145 {19.9) 38.9 (19.8) 239 (15.2)
Cause unknown with H 1.8 (1.5 281 (L8 20,1 (14.8)°
onset in early childhood
Sudden deafness 15 44.9 {1651+ 37.6 (15.00*+ 13.7 (10.8)*
Mumps deafness G 4.0 {265+ 241 (9.D+ 190 (88}
Results are shown as mean (ST
*p < Q01
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Table TV. Time delay of onsct between precedent deafness and DEH in patients with the contralateral type of DEH among the threc main

diagnoses of precedent deafness.

Age at onset Time delay of onset
of precedent Age at onset between precedent deafness
Paratneter No. of patients deafness (vears) of DEH ({years) and DEH (vears)
Total no. of patients 104 L1 (15.9) 39.2(17.8) 26.7 (16.9)
Cause unknown with 46 2.3 (1L3) 31.9 (16.3)" 20.7 (16.3)*
onset in early childhood
Sudden deafness 10 3.6 (16.9)* 488 (10.2)* 16.8 (11, 10+
Mumps deafness 15 5.3 (4.4)F 22.7 (9.2)F 17.2 (10.2)
Results are shown as mean (SI2).
*p< 0.01.
Tp < 0.05,

type of DEH, the mean age at the development of
DEH was 31.9 years in cases with precedent deafness
of unknown cause with onset in early childhood,
48.8 years in cases with precedent sudden deafness,
and 22.7 vears in cases with precedent mumps deaf-
ness (Table IV). In both types of DEH, age at the
development of DEH in cases with precedent sudden
deafness was significantly older than that with prece-
dent deafness of unknown cause with onset in early
childhood and mumps deafness.

In the ipsilateral type of DEH, the mean time delay
of the onset between precedent deafness and DEH
was 26.4 vears in cases with deafness of unknown
cause with onset in early childhood, 13.7 years in
cases with sudden deafness, and 19.9 years in cases
with mumps deafness (Table III). In the contralateral
type of DEH, the mean time delay of the onset
between precedent deafness and DEH was 29.7 years
in cases with deafness of unknown cause with onsetin
carly childhood, 16.8 years in cases with sudden
deafness, and 17.2 years in cases with mumps dcaf-
ness (Table IV). In boeth types of DEH, the time delay
of the onset between precedent deafness and DEH in

cases with deafness of unknown cause with onset in
childhood was significantly longer than that with
precedent sudden deafness.

The distribution of the time delay of the onset
benween precedent deafness and DEH in cases with
deafness of unknown cause with onset in early child-
hood, sudden, and mumps deafness is shown
in Table V. A chi-square test showed thart the distri-
bution of the time delay of the onset between precedent
deafness and DEH in cases with unknown cause with
onset in early childhood was different from that with
sudden and mumps deafness (vs sudden deafness
? < 0.01; vs mumps deafness p < 0.05). However, in
58 of 87 (72.8%) cases with precedent deafness of
unknown cause with onset in early childhood, in 24
(96%) of 25 cases with precedent sudden deafness, and
in 24 cases (100%) with precedent mumps deafhess,
DEH symptoms developed up to 40 years. Thus, two-
thirds of DEH cases with precedent deafness of
unknown cause with onset in early childhood devel-
oped DEH symptoms up te 40 vears after precedent
deafness, like almost all DEH cases with both prece-
dent sudden and mumps deafness.

Table V. Distribution of time delay of anset between precedent deafhess and DEH among the three main diagnoses of precedent deafness.

Time delay (ycars) Causc unknown with onsct in early childhood Sudden deafness Mumps deafness
0.9 3 (2.4%) 8 (32%) 4 (16.7%)
10-19 24 (27.6%) 9 (36.0%) 9 (37.5%)
20-29 16 (18.4%) 5 {20.0%) 8 (33.3%)
30-39 15 (17.2%) 2 (8.0%} 3 (12.5%)
4049 5 (5.7%) 1 (4.0%)

50-59 17 (19.5%) 0

>60 7 (8.0%) 0 0

Total 87 25 24

Chi-square test shawed the difference of the distribution of time delay of onset berween unknown cause with onset in early childhood and

sudden deatness {p < .01} or mumps deafness (p < 0.05).
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Discussion

A total of 549 cases with unilateral DEH were pre-
viously reported [1-16]. Before the first publication of
the criteria for the contralateral type of DEH by
Schuknecht {4], 116 cases with the ipsilataral type
of DEH had been reported. After Schuknecht’s study,
a total of 439 cases with DEH were documented,
including 293 cases with the ipsilateral type of DEH
and 140 cases with the contralateral type of DEH. The
morbidity that causes vertigo is the same in both types
of DEH. The discrepancy in the proportion of the
contralateral type of DEH among the previous studies
was likely caused by differences in the diagnostic
criteria for the contralateral type of DEH used in
each study, rather than by regional differences. In
the contralateral type of DEH, the hearing level of the
opposite better-hearing ear fluctuates for a long time
after the onset of precedent profound deafness [4].
Some patients with the contralateral type of DEH
suffered from fluctuating hearing loss with vertigo,
others did not experience the symptom. In previous
studies including patients both with and without
vertigo [6,7,9,10,13,14], the mean rate of the contra-
lateral type of DEH was 40.5%. However, in previous
studies that included only patients with vertigo
[5,8,11,12,15,16], the mean rate of the contralateral
type of DEH was 25.2%. In the present study,
becausc the contralateral type of DEH was diagnosed
in patients with and without vertigo according to the
criteria proposed by the Committee of the Japan
Society for Equilibrium Research, the rate of the
contralateral type of DEH was increased to 52.3%.
Among them, 82.7% of patients were with vertigo and
17.3% of patients were without vertigo.

In the previous studies [1-16], the diagnoses of
precedent deafness in a total of 549 cases with DHE
were as follows: in the ipsilateral type of DEH, the
diagnosis of precedent deafness was deafness of
unknown cause with onset in early childhood in
198 cases (32.3%), sudden deafness in 58 cases
(14.2%), and mumps in 63 cases (13.4%). In the
contralateral type of DEH, the diagnosis of precedent
deafness was deafness of unknown cause with onset in
early childhood in 63 cases (45.0%), sudden deafness
in 14 cases (10%), and mumps in 7 cases {(5.0%). In
the present study, the diagnosis of the precedent
deafness of the ipsilateral type of DEH was deafness
of unknown cause with onset in early childhood in 41
cases (43.6%), sudden deafness in 15 cases (16.0%),
and mumps deafness in 9 cases (9.6%). The diagnosis
of the precedent deafness of the contralateral type of
DEH was deafness of unknown cause with onset in
early childhoed in 46 cases (44.2%), sudden deafness
in 10 cases (9.6%), and mumps deafnéess in 15 cases
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(14.4%). The present findings demonstrated that in
both types of DEH, the most common diagnosis of
the precedent deafness was deafness of unknown
cause with onset in early childhood, and that sudden
and mumps deafness are the two main subsequent
diagnoses of precedent deafness, which was consistent
with the previous reports.

In both types of DEH, the mean age at the onset of
precedent deafness in cases with sudden deafness was
significantly older than that in cases with both deaf-
ness of unknown cause with onset in early childhood
and mumps deafness (Tables 111 and 1V). Therefore,
the mcan age at the development of DEH in cases
with precedent sudden deafness was significantly
older than in cases with precedent deafness of
unknown cause with onset in early childhood and
mumps deafness (Tables III and IV).

In the present study, in both types of DEH, the
mean time delay of the onser berween precedent
sudden deafness and DEH did not differ from that
between precedent mumps deafness and DEH
(Tables Il and IV). In contrast, the mean time delay
of the onset between precedent deafness of unknown
cause with onset in early childhood and DEH was
significantly longer than that between precedent sud-
den deafness and DEH. These findings suggest that
the mechanism of the development of DEH after
deafness of unknown cause with onset in early child-
hood is different from that after sudden and mumps
deafness. In 1985, Schuknecht [18] proposed a mech-
anism for the development of DEH: viral labyrinthitis
damages the endolymph resorptive system during
precedent  deafness, resulting in  endolymphatic
hydrops long after the onset of precedent deafness.
Since viral labyrinthits has been supposed as an
etiology of sudden deafness [19), in cases with
precedent sudden and mumps deafness, DEH
may develop under the mechanism proposed by
Schuknecht. In fact all DEH cases, with the exception
of one case with precedent sudden and mumps deaf-
ness, developed DEH symptoms within 40 years after
the precedent deafness (Table V).

Distribution of time delay of the onset between
precedent deafness of unknown cause with onset in
early childhood and DEH was significantly different
from that between precedent sudden and mumps
deafness and DEH. However, like almost all DEH
cases with both precedent sudden and mumps deaf-
ness, two-thirds of DEH cases with precedent deaf-
ness of unknown causce with onsct in early childhood
developed DEH symptoms within 40 years of the
precedent deathess (Table V). Since viral labyrinthitis
has been supposed as an etiology of deafness of
unknown cause with onset in early childhood
[1,10], the present findings suggest that, in spite of
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the diagnosis of precedent deafness, the viral labyr-
inthitis may build up the late endolymphatic hydrops
in most DEH cases up to four decades.

The pathogenesis of Meniere’s disease is idiopathic
endolymphatic hydrops. Based on the natonwide
surveys from 2001 to 2006 conducted by the Periph-
eral Vestibular Disorders Research Committee in
Japan [20], age at onset of Meniere’s disease peaked
in the fifth decade in males and the sixth decade in
females. In the present study, the remaining one-third
of DEH cases with precedent deafness of unknown
cause with onset in early childhood developed DEH
symptoms over 40 years after the precedent deafness.
The development of DEH symptoms in such cases at
more than 40 years old may be associated with the
occasional Meniere’s disease.

DEH is one of the secondary endolymphatic
hydrops. Several etiologic factors other than viral infec-
tion have been reported in the generation of the endo-
lymphatic hydrops [21 23]. Suzuki et al. [23] reported
that 5 (28%) of 18 cases with deafness of unknown
cause with onset in early childhood, 1 {100%) case with
ipsilateral type of DEH, and 6 (75%) of 8 cases with the
contralateral type of DEH showed the presence of
autoantibody against inner ear protein. The wider
distribution of the tme delay of the onset between
precedent deafness of unknown cause with onset in
early childhood and DEH than that between precedent
sudden and mumps deafness and DEH might be
related to another ctiologic factor, such as the auto-
immune response.
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Abstract Fibrocytes of the spiral limbus are thought to
play a significant role in maintaining ion homeostasis in the
cochlea. The present study measured physiological and
morphological changes in spiral limbus of mice in response
1o noise exposure. 6-week-old male C3H/HelJcl mice were
exposed 1o octave-band noise (120dB SPL) for 2 h and
evaluated at a series of times thereafter, up to 8 weeks. Per-
manent hearing loss resulted in the mice, as assessed by
auditory brainstem response (ABR) recordings. The fibro-
cytes loss was found in the spiral limbus of the apical turn,
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which has been proved to be induced by apoptosis. These
results suggest that noise exposure might result in apoptosis
of fibrocytes in spiral limbus, which suggest a mechanism
for noise-induced hearing loss.
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Introduction

Histopathology associated with noise-induced hearing loss
has been studied extensively and most of the research gen-
erally focused on pathological alterations in the hair cells
and stereocilia [1-3]. The damage to other sensory struc-
tures, for example, afferent dendrites, and spiral ganglion
cells (SGCs) can also lead to hearing loss [4, 5].

The functions of hair cells depend on the ionic homeo-
stasis (especially K¥) in the endolymph, which is main-
tained by the K* recycling in the inner ear. The lateral wall
and spiral limbus in the cochlea play an important role in
the K* recycling, which can transport the K* ions actively
by ion-exchange enzyme systems [6].

Hirose and colleagues [1, 7] characterized noise injury
extending beyond the sensory structures to non-sensory
structures (strial vascularis, spiral ligament and spiral
limbus). In mice and other models, the morphological,
enzymatic, and cytochemical features of the lateral wall,
especially the stria, changed markedly hours and days after
noise exposure [8—10].

Although the pathological change in the spiral limbus
has been reported previously (1, 11-13], the time course of
those morphological changes and the mechanism under
them have not been well studied. In the present study, we
tried to answer those questions.
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Materials and methods
Animals and experimental groups

Male C3H/Hellcl mice aged 6 weeks were used in the
present study. Previous study showed that C3H mouse
maintained excellent cochlear function throughout the first
year of his age [14]. Animals were randomly assigned to
serve as control or as noise-exposed subjects. The experi-
mental groups included the following nine groups of mice
(n = 3 per group) that were assessed 0, 6, 12, 24 h, 3 days,
1, 2, 4 and 8 weeks, respectively, after noise exposure. All
mice underwent auditory brainstem response (ABR)
threshold testing before being exposed to noise and imme-
diately prior to killing. All experiments were conducted in
accordance with the guidelines of the National Institutes of
Health and the Declaration of Helsinki, and guidelines set
by the Keio University Union on Laboratory Animal
Medicine.

Noise exposure

Mice from each experimental group were placed in a cus-
tom-made sound chamber fixed within individual compart-
ments of a metallic mesh cage which can hold four animals.
The sound chamber was fitted with a speaker driven by a
noise generator (AA-67N; RION Co., Ltd., Tokyo, Japan)
and two power amplifiers (SRP-P150; Sony, Tokyo, Japan,
and D-1405; Fostex, Chesterfield, MQ). In all the experi-
mental groups, the animals were exposed to one octave-
band noise centered at 4 kHz, at 120 dB SPL for 2 h. Sound
levels were calibrated and measured with a sound level
meter (NL-20; RION Co., Ltd., Tokyo, Japan) placed at the
level of the animal’s head

Auditory brainstem response (ABR) recordings

Auditory brainstem responses were evoked as described
previously [15]. ABR recordings were performed with an
extracellular amplifier Digital Bioamp system (BAL-1;
Tucker-Davis Technologies, Alachua, FL), and waveform
storing and stimulus control were performed with Power-
Lab systems Scope software (PowerLab 2/20; ADInstru-
ments, Castle Hill, Australia). Sound stimuli were produced
with a coupler type speaker (ESlspc; Bioresearch Center,
Nagoya, Japan), which was inserted into the external audi-
tory canal of each mouse. Mice were anesthetized with
ketamine (80 mg/kg, i.p.) and xylazine (15 mg/kg, ip.), and
then implanted with stainless steel needle electrodes, which
were placed at the vertex and ventrolateral to the left and
right ears. Tone burst stimuli (0.1 ms rise/fall time; 1 ms
flat segment) were used as test tones. Generally, the ABR
waveforms were recorded for 12.8 ms at a sampling rate of
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40,000 Hz using 50-5,000Hz band-pass filter settings;
waveforms from 1,024 stimuli at a frequency of 9 Hz were
averaged. The ABR waveforms were recorded at 5 dB SPL
intervals. The stimulus threshold was defined as the lowest
sound level at which a recognizable waveform could still be
seen. Because the sound level of test tones generated from
the machine is limited, we set the stimulus threshold to
89.7, 91.7, and 83.2 dB SPL at 4, 8, and 16 kHz, respec-
tively, when a mouse failed to respond due to profound
noise-induced hearing impairment. The left and right ears
of each mouse were used for ABR recording.

Histological preparations

After anesthetization with xylazine (15 mg/kg, i.p.) and
ketamine (80 mg/kg), the animals were perfused transcar-
dially with cold 0.01 M phosphate-buffered saline (PBS;
pH 7.4), followed by 4% paraformaldehyde in 0.1 M PB.
The left cochleas were extracted (n =3, each time point),
and a hole was made in the apex to allow intra-labyrinthine
perfusion with the fixative. After overnight post-fixation in
the same fixative at 4°C, cochleas were decalcified with
buffered 0.1 M ethylenediaminetetraacetate (EDTA, pH
7.5) for 1 week at 4°C. Cochleas were dehydrated through a
graded ethanol series and xylene, embedded in paraffin, and
then sectioned in the midmodiolar plane at 5.0 pm. Light
microscope: the slides containing cochlea sections were
stained with hematoxylin and eosin (H&E) (Sakura Finetek
Japan, Tokyo, Japan) to view the structure. The specimens
were viewed with a laboratory microscope (DM 2500;
Leica, Houston, TX). In the present study, the cochlea was
divided into four half turns (lower basal, upper basal, lower
apical, and upper apical). The fibrocytes in the spiral limbus
of the lower apical turn were counted.

The cell density calculation was performed as described
previously [16]. The cell density of fibrocytes in the spiral
limbus, lateral wall and SGCs within the lower apical turn
was calculated after H&E staining (=15, each time
point). Area measurement and cell count were performed
using Image], a java-based image analysis program devel-
oped at the US National Institutes of Health.

Apoptosis detection

The TUNEL assay was performed with an apoptosis in situ
detection kit (Wako, Osaka, Japan) according to the manu-
facturer’s instructions (n =3, each group). Negative con-
trols were subjected to proteinase K digestion but not
terminal deoxynucleotidyl transferase (TdT) treatment.
Distilled water was substituted for TdT reagent in the nega-
tive controls.

The detection of anti-single-stranded DNA (ssDNA) was
done as follows: after deparaffinization, the sections were
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blocked with 10% normal goat serum (Sigma-Aldrich,
St. Louis, MO) diluted in 0.01 M PBS for 60 min at room term-
perature. Incubation with primary and secondary antibodies
was carried out in PBS containing 1% normal goat serum
overnight at 4°C or for 1 h at room temperature. For nega-
tive controls, the primary antibody was omitted. Nuclear
staining was performed with 4'6-diamidino-2-phenylindole
dihydrochoride (DAPI, 1:1000; Sigma-Aldrich). The
working dilutions and sources of the antibodies used in this
study were as follows: rabbit ssDNA (1:200; Dako, Kyoto,
Japan), Alexa Fluor 488 goat anti-mouse IgG (1:500;
Molecular Probes, Eugene, OR,).

All tissue sections for one experiment were incubated for
exactly the same time in all steps, and all images were
collected using the same settings; thus, the differences in
the intensity of staining reflect differences in the amount of
bound antibody.

Statistical analysis

All statistical analyses were performed using one-way anal-
ysis of variance. SPSS 14.0 (SPSS for Windows; SPSS
Inc., Chicago, IL, USA) was used for comparisons between
experimental groups and control groups. P <0.01 was con-
sidered significant.

Results
ABR recordings

ABR thresholds were recorded from control and seven
groups of mice. Before noise exposure, each animal
showed normal cochlear function (Fig. 1). For the noise-
exposed groups, ABRs were recorded Oh, 24 h, 3 days, 1,
2, 4, and 8 weeks, respectively, after noise exposure. Imme-
diately after acoustic trauma (O h) in the noise-exposed
animals, the average threshold shift was 61.67, 88.33, and
79.17 dB SPL at 4, 8, and 16 kHz. Twenty-four hours after
acoustic trauma, the threshold shift partially recovered and
remained at this level for 8 weeks (Fig. 1). The stable
threshold shift at 8 weeks after noise exposure suggested
that the hearing loss in this model represents a permanent
threshold shift (PTS).

Tissue processing for histology

To investigate the mechanism underlying noise-induced
hearing loss, we stained cochlea from the noise-exposed
mice with FI&E stain and examined the cochlea for histopa-
thological changes.

0 4 " . N N N )
before  Oh 24h 2h 1w 2w 4w Sw
Time after noise exposure

Threshold shift (dB SPL)

Fig. 1 Time course of threshold shifts following exposure to a one
octave-band noise (centered at 4 kHz, 120 dB SPL) for 2 h. Threshold
shifts were measured by recording auditory brainstem evoked
responses (ABRs). ABR threshold increased immediately after noise
exposure but recovered partially after 24 h and remained at this dimin-
ished level until the final ABR recording session (8 weeks after noise
exposure), indicating that this type of acoustic trauma caused perma-
nent hearing loss

Twelve hours after acoustic trauma, degenerating fibro-
cytes were present in spiral limbus within the apical turn of
the cochlea; these cells displayed muclear pyknosis and
cytoplasmic vacuolation (Fig. 2f). Twenty-four hours after
acoustic trauma, almost all fibrocytes in this region were
gone (Fig. 2g). No recovery of fibrocytes was observed,
even at 8 weeks (Fig. 2h).

By contrast, fibrocytes in the spiral limbus within the
basal turn of the cochlea remained intact and displayed no
apparent degenerative changes (Fig. 2b). Interdental cells in
the spiral limbus were also unaffected by noise exposure;
we did not observe degenerative changes during the entire
observation period (Fig. 2).

In addition, under light microscopy, lateral wall, organ
of Corti, SGCs appeared structurally well preserved at all
time points following noise exposure (Fig. 2).

The number of fibrocytes in the spiral limbus and SGCs

Next, we quantified the cell number within the apical turn
of the cochlea at seven time points after noise exposure,
including the fibrocytes in the limbus, the SGCs, and the
cells in lateral wall (Fig. 3). Since the upper apical turns in
some preparations were destroyed as a result of the fixation
procedure (a hole was made in the apex to facilitate fixa-
tion), we counted fibrocytes in the lower apical turn and
SGCs. Five series of slides through mid-modiolus for each
cochlea were used for cell counting (1 = 3 cochleas).

For fibrocytes in the limbus, there was no significant
fibrocytes loss O and 6 h after noise exposure. Twelve
hours after exposure and thereafter, however, the num-
ber of fibrocytes in the spiral limbus decreased dramati-
cally compared to that in the control group (P <0.01)
(Fig. 3a).
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