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CONCLUSION

We assessed the dynamics of the VSCC-ocular reflex
in normal subjects and then compared its gain in
normal subjects to that of patients with BPPV. Our
findings indicate that BPPV caused by canalolithiasis
does not change the VOR gain of the VSCC at all
frequencies, and that the mass of free-floating otoco-
nial debris associated with canalolithiasis is too small
compared to that of the endolymph to change the
canal dynamics.
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Dynamics of the Vestibulo-ocular Reflex in Patients with the Horizontal
Semicircular Canal Variant of Benign Paroxysmal Positional Vertigo
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Sekine K, Imai T, Nakamae K, Miura K, Fujioka H, Takeda N. Dynamics of the vestibulo-ocular reflex in patients with the
horizontal semicircular canal variant of benfgn paroxysmal positional vertigo. Acta Otolaryngol 2004; 124: 587-594.

Objective —Two types of direction-changing positional nystagmus, the geotropic and apogeotropic variants, are observed in
patients with the horizontal semicircular canal (HSCC) type of benign paroxysmal positional vertigo (H-BPPV). In this
study, we assessed the dynamics of the vestibulo-ocular reflex (VOR) of the HSCC in patients with H-BPPY.

Material and Methods— Patients were rotated about the eacth-vertical axis at frequencies of 0.1, 0.3, 0.5, 0.7 and 1.0 Hz with
a maximum angular velocity of 50°/s. Eye movements were recorded on a video imaging system using an infrared charge-
coupled device (CCD) camera, and our new technique for analyzing the rotation vector of eye movements in three
dimensions was used.

Results—In the patients with geotropic positional nystagmus, there were no differences in VOR gain between rotation to the
affected and unaflected sides at frequencies of 0.1-1.0 Hz. Although no differences in VOR gain at frequencies of 0.3-1.0
Hz were noticed in patients with apogeotropic positional nystagmus, the VOR gain at 0.1 Hz was significantly smaller on
rotation to the affected compared to the unaflected side.

Conclusion—The results indicate that cupulolithiasis in the HSCC affected the dynamics of the HSCC-ocular reflex at 0.1
Hz, but not at higher frequencies, and that canalolithiasis in the HSCC does not change the VOR gain of the HSCC at any
frequency. It is suggested that cupulolithiasis causes transient impairment of HSCC function by means of its mechanical
restriction of movements of the cupula. Key words: apogeotropic positional nystagmius, benign paroxvsmal pesitional vertigo,

direction-changing nystagmus, geotropic positional nystagmus.

INTRODUCTION

Benign paroxysmal positional vertigo (BPPV) is a
common vestibular disorder characterized by brief
episodes of vertigo triggered by changes in head
position. Most instances of BPPV are caused by a
lesion in the posterior semicircular canal. Recently,
however, many authors {1-4) have reported another
type of BPPV, in which the horizontal semicircular
canal (HSCC) is affected. This variant of BPPV (H-
BPPV) is elicited when rolling the head from side to
side whilst lying in a supine position.

Two types of direction-changing positional nystag-
mus, the geotropic and apogeotropic variants, are
observed in patients with H-BPPV. It has been
hypothesized that geotropic positional nystagmus of
H-BPPV is induced by canalolithiasis in the HSCC
(1-4) and that the apogeotropic type of H-BPPV is
triggered by cupulolithiasis of the HSCC (5, 6). Based
on the canalolithiasis hypothesis, free-floating otoco-
nial debris in the HSCC acts like a plunger, causing
movemnent of the endolymph during changes in head
position (7, 8). In contrast, the cupulolithiasis hypoth-
esis asserts that the cupula becomes heavier by being
attached to otoconial debris, and thus responds to
changes in head position (9). Therefore, it is possible
that canalolithiasis and cupulolithiasis change the

© Taylor & Francis 2004, ISSN 0001-6489

dynamics of the vestibular-ocular reflex {VOR) elicited
by HSCC stimulation.

In this study, we assessed the dynamics of HSCC-
induced VOR in patients with H-BPPV using our new
technique for analyzing the rotation vector of eye
movement in three dimensions (10). The VOR gain of
patients with geotropic positional nystagmus was then
compared with that of apogeotropic positional nys-
tagmus.

MATERIAL AND METHODS

Subjects

The study subjects comprised nin¢ patients with H-
BPPV. Of these, 5 (1 male, 4 females; age range 42-65
years; mean age 53.049.5 years) had apogeotropic
and 4 (1 male, 3 females; age range 54-70 years; mean
age 63.0+6.1 years) geotropic nystagmus.H-BPPV
was diagnosed by means of the following criteria:

I. Absence of an identifiable central nervous system
disorder able to explain the positional vertigo
following neurological and neuroradiological stu-
dies.

2. Absence of spontaneous nystagmus.

3. A history of brief episodes of positional vertigo.

DOI 10.1080/060016480310002131
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4. Observation of a direction-changing positional
nystagmus with a main horizontal component
triggered by lying in the supine position and head
rotations.

5. The geotropic variant was indicated by positional
vertigo with a short latency of <60 s.

6. The apogeotropic variant was indicated by an
intense nystagmus that reached its maximum
intensity immediately after a change of head
position and lasted for > 1 min.

In all patients, the affected ear was determined as
follows (4—6). In the case of geotropic positional
nystagmus, the intensity of positional nystagmus was
a maximum when the head was rotated to the affected
side while supine. In the apogeotropic variant, the
intensity of positional nystagmus was a minimum
when the head was rotated to the affected side while
supine.

The study was performed in accordance with the
guidelines approved by the Committee for Medical
Ethics of the University of Tokushima School of
Medicine and informed consent was obtained from
each patient prior to the rotation test.

Experimental protocols

Patients were seated on a computer-controlled rotating
chair with their head tilted 30° forward and rotated
around the earth-vertical axis sinusoidally with eyes
open in complete darkness at frequencies of 0.1, 0.3,
0.5, 0.7 and 1.0 Hz with a maximum angular velocity
of 50%/s. To maintain alertness during rotation, sub-
jects were asked to perform mental arithmetic during
the whole procedure. The interval between rotational
tests performed using different rotational frequencies
was > 5 min.

Recording system and data analysis

Eye movements were recorded as digital images
{720 x 480 dots) using an infrared charge-coupled
device camera trained on the left eye. The sampling
rate of digital images was 30 Hz. The center of eye
rotation on the image plane was determined as the
point, and the radius of the eyeballs calculated. The
center of the pupil and an iris freckle on each digital
image were also determined as the point on the image
plane. The point of the center of the pupil and an iris
freckle on the image plane were identified and
reconstructed in the 3D head coordinates of the center
of the pupil and an iris freckle, determined by the
point of the center of eye rotation on the image plane
and the radius of the eyeball. The rotation vectors of
the eye position in three dimensions were calculated
from the head coordinates of the center of the pupil
and an iris freckle. In order to calculate the exact VOR

gain, which is the ratioc of the compensatory eye
velocity around the rotation axis to the head velocity,
the rotation vector but not the Fick coordinates of the
eye movement must be analyzed. The eye velocity
around the rotation axis was derived from the rotation
vectors of the eye position. The method used to
analyze the eye rotation vectors has been described
elsewhere (10). We calculated eye velocities around the
rotation axis as the magnitude of the rotation vector
that represents the velocity. These values of eye
velocities were positive when unrelated to the direction
of eye rotation. To express eye velocities around the
rotation axis as right-handed, the mark of the
velocities around the rotation was synchronized to
that of the Z component, the largest of all the
components. Fast eye movements were removed to
give cumulative slow-phase eye velocities. After syn-
chronizing the mark and removing fast eye move-
ments, eye velocities were approximated by the best-
fitting sine curve for each rightward and leftward eye
movement using the least-squares method (11). The
frontal gaze eye position was chosen as the reference
point. Head coordinates (X, Y, Z) were defined using
the right-handed rule, so that the X axis was parallel
to the naso-occipital axis (positive forward), the Y axis
paraliel to the inter-aural axis (positive left) and the Z
axis normal to the XY plane (positive npwards).

We determined the maximum slow-phase eye velo-
city (MSPV) on rotation to the affected and unaf-
fected sides about the rotation axis from the best-
fitting sine curve, and the VOR gain was calculated
as the ratio of the MSPV to the maximum head
angular velocity (50°/s). The directional preponder-
ance (DP) of per-rotatory nystagmus was caiculated as
follows:

DP (%) = [(MSPV on rotationtotheunaffected side)
—(MSPV on rotationtotheaffected side)]
J/[(MSPV on rotationtotheunaffected side)
+(MSPYV on rotationtotheaffected side)]
x100.

Statistical analysis

Changes in VOR gain were tested by means of repeat-
measures ANOVA. Further comparisons at each
frequency were analyzed using the Bonferroni—-Dunn
test and p < 0.05 was considered significant.

RESULTS

Fig. 1 shows the 3D angular eye positions and angular
eye velocities of per-rotatory nystagmus when a
patient with geotropic positional nystagmus was
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Fig 1. X, Yand Z components of angular eye positions and angular eye velocities of pcr-rotatory nystagmus in a patient with
geotropic positional nystagmus: (a} 0.1 Hz; (b) 0.5 Hz: (¢} 1.0 Hz.

rotated at frequencies of 0.1, 0.5 and 1.0 Hz. Fig. 2
shows the same eye positions and velocities when a
patient with apogeotropic positional nystagmus was
rotated at the same frequencies. The angular eye

velocity mainly consisted of a Z component, with a
small X component, in both patients, The eye velocity
vectors of per-rotatory nystagmus were plotted on the
XY, XZ and YZ planes in patients with geotropic and
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Fig. 2. X, Y and Z components of angular eye positions and angular eye velocities of per-rotatory nystagmus in a patient with
apogeotropic positional nystagmus: (a) 0.1 Hz; (b) 0.5 Hz; {¢) 1.0 Hz.

apogeotropic positional nystagmus (Fig. 3). The axis
of the eye velocity vectors of per-rotatory nystagmus
was tilted almost 30° backward and approximately
aligned with the axis of head rotation, but not with the

yaw axis. Fig. 4 shows the angular eye velocity of per-
rotatory nystagmus around the rotation axis in
patients with geotropic and apogeotropic positional
nystagmus. In order to calculate the VOR gain, we
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Fig 3. Eye velocity vectors of per-rotatory nystagmus in the XY, XZ and YZ planes in patients with (a) apogeotropic and (b)

geotropic positional nystagmus,

used the slow-phase angular eye velocity of per-
rotatory nystagmus around the rotation axis.

The mean VOR gains in patients with geotropic
positional nystagmus were 0.62, 0.71, 0.72, 0.84 and
0.85 at 0.1, 0.3, 0.5, 0.7 and 1.0 Hz, respectively
on rotation to the affected side and 0.62, 0.68, 0.69,
0.81 and 0.83 at 0.1, 0.3, 0.5, 0.7 and 1.0 Hz,
respectively on rotation to the unaffected side (Fig.
5a). No significant difference was noticed in the VOR
gain between the affected and unaffected sides at any
frequency.

The mean VOR gains in patients with apogeotropic
positional nystagmus were 0.44, 0.51, 0.59, 0.62 and
0.81 at 0.1, 0.3, 0.5, 0.7 and 1.0 Hz, respectively on
rotation to the affected side and 0.74, 0.60, 0.62, 0.64
and 0.81 at 0.1, 0.3, 0.5, 0.7 and 1.0 Hz, respectively on
rotation to the unaflected side (Fig. 5b). Here also the
VOR gain at frequencies of 0.3-1.0 Hz showed no
significant differences on rotation to the affected or
unaffected sides. However, at 0.1 Hz the VOR gain on
rotation to the affected side was significantly smaller
on rotation to the unaffected side (p < 0.05).

The DP of per-rotatory nystagmus in patients with
geotropic and apogeotropic positional nystagmus is
shown in Fig. 6. There was no asymmetry in patients

with geotropic positional nystagmus; however, a DP of
per-rotatory nystagmus to the unaffected side was
evident at 0.1 Hz in patients with the apogeotropic
variant and gradually decreased with increasing fre-
quency.

Fig. 7 shows changes in the DP of per-rotatory
nystagmus in a patient whose positional nystagmus
was transformed from apogeotropic to geotropic after
therapeutic head shaking. When the patient showed
apogeotropic positional nystagmus, the DP was evi-
dent to the affected side at 0.1 Hz, but this disap-
peared after conversion to the geotropic variant.

DISCUSSION

Based on the canalolithiasis hypothesis of H-BPPV
(1-4), when the patient lies in a supine position and
turns his/her head toward the affected side, free-
floating debris causes an ampullopetal endolymph
flow in the homolateral HSCC. In contrast, when the
patient turns his/her head toward the unaffected side,
an ampullofugal endolymph flow is generated in the
affected HSCC. According to Ewald’s second law (12),
canalolithiasis in the HSCC induces geotropic posi-
tional nystagmus, the intensity of which is maximal
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Fig 4. Angular eye velocities of per-rotatory nystagmus about the rotation axis in patients with (2) geotropic and (b)

apogeotropic positional nystagmus.
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Fig. 5. VOR gain on rotation to the affected and unaffected sides in patients with (a) geotropic and (b) apogeotropic positional

nystagmus. *p < 0.05.

when the head is turned to the affected side. Based on
the cupulolithiasis hypothesis of H-BPPV (5, 6), when
the patient turns his/her head toward the affected side,
a heavy cupula causes an ampullofugal endolymph
flow in that HSCC. In contrast, when the patient turns
his/her head toward the unaffected side, an ampullo-
petal endolymph flow is triggered in the affected
HSCC. According to Ewald’s second law (12}, cupu-
lolithiasis in the HSCC induces apogeotropic posi-

tional nystagmus, the intensity of which is maximal
when the head is turned to the unaffected side (4).

In the present study, we assessed the dynamics of
the VOR in the HSCC of patients with H-BPPV,
because it would be expected that canalolithiasis or
cupulolithiasis would alter canal dynamics. In patients
with apogeotropic positional nystagmus, the VOR
gain at 0.1 Hz was significantly smaller on rotation
to the affected compared to the unaffected side (Fig.
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5b). The reduced VOR gain on rotation to the affected
side suggests a decreased sensitivity of the HSCC due
to cupulolithiasis. In fact, Baloh et al. (12) reported
that VOR responses were decreased for head rotation
toward the lesioned side in patients with unilateral
labyrinthectomy. It was also reported that VOR gain
on active head rotation toward the affected side was
reduced in patients with unilateral vestibular lesions
(13). Because cupulolithiasis is assumed to be caused
by otoconial debris attached to the cupula, it is
suggested that cupulolithiasis restricts the movements
of the cupula, resulting in loss of HSCC sensitivity.
The reduced VOR gain on rotation to the affected
side (Fig. 5b) and the evidence of DP of per-rotatory
nystagmus (Fig. 6) at 0.1 Hz, but not at higher
frequencies, are not consistent with previous findings.
Indeed, Baloh et al. (14) reported that, in patients with
unilateral vestibular lesions, asymmetries in VOR gain
were approximately the same at frequencies of 0.01-
2.0 Hz. This finding was corroborated by the observa-

tion that the VOR gain on active head rotation to the
affected side was almost half of that to the unaffected
side at frequencies of 0.33, 0.67 and 1.0 Hz in patients
with unilateral vestibular lesions (13). The difference
between the present and previous findings can be
explained by a transient functional, but not perma-
nent, loss of sensitivity of the HSCC induced by
cupulolithiasis. Because cupulolithiasis is assumed to
be caused by otoconial debris attached to the cupula,
it is suggested that mechanical restriction of the
movement of the cupula due to cupulolithiasis at 0.1
Hz could be overcome by increased acceleration of
endolymph at higher frequencies. In contrast, in
patients with geotropic positional nystagmus, the
VOR gain on rotation to the affected side was almost
the same as that on rotation to the unaffected side
(Fig. 5a), and DP of per-rotatory nystagmus was not
evident at any of the frequencies of head rotation (Fig.
6). These results are in line with those reported by
McClure (15), who found a reduced phase shift, but
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no obvious change in VOR gain, during sinusoidal
rotations of H-BPPV patients with geotropic posi-
tional nystagmus. This suggestion is based on the fact
that the mass of free-floating otoconial debris asso-
ciated with canalolithiasis is too small compared to the
mass of the endolymph to alter the canal dynamics,

The DP of per-rotatory nystagmus changed in the
patient whose positional nystagmus was transformed
from apogeotropic to geotropic after therapeutic head
shaking (16}. Indeed, the DP of per-rotatory nystag-
mus at 0.1 Hz disappeared (Fig. 7), indicating that
pathological transition from cupulolithiasis to cana-
lolithiasis may lead to changes in the dynamics of
HSCC-induced VOR.

CONCLUSIONS

In this study, we assessed the dynamics of the VOR of
the HSCC in patients with H-BPPV and compared the
VOR gains of patients with geotropic and apo-
geotropic positional nystagmus. Qur findings indicate
that cupulolithiasis in the HSCC affects the dynamics
of the HSCC-ocular reflex at 0.1 Hz, but not at higher
frequencies, and that canalolithiasis in the HSCC does
not change the VOR gain of the HSCC at any
frequency. It is suggested that cupulolithiasis causes
a transient impairment of HSCC function by means of
mechanical restriction of movements of the cupula.
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Abstract

We have developed a new technique for analyzing the
rotation vector of eye movement with an infrared CCD
camera [Imai et al.. Acta Otolaryngol 1999;119:24-28].
We used this technique to analyze the eye rotation axis
of benign paroxysmat positioning nystagmus (BPFPN)
that was induced by the Dix-Hallpike maneuver in 14
patients with benign paroxysmal positioning vertigo
(BPPV). Eye rotation axes of BPPN in 8 patients were
closely perpendicular to the posterior canal of the under-
most ear in the provocative head position. Under the
hypothesis that BPPN is due to a mechanical stimulation
of the posterior canal by canalclithiasis, this finding sug-
gested that the posterior canal of the undermost ear is
the lesion. On the other hand, eye rotation axes of BPPN
in the other 6 patients were closely aligned with the
naso-occipital axis. It is suggested that canalolithiasis
induces endolymphatic flow in both posterior and anteri-
or canals via the common crus and the summation of the

eye movements induced by stimulation of both the pos-
terior and anterior canals rotates the eye along the naso-
occipital axis.

Copyright © 2002 S. Karger AG, Base!

Introduction

Benign paroxysmal positioning vertigo (BPPV) is the
most common type of vertigo due to peripheral vestibular
lesion. Robert Bardny initially described this clinical enti-
ty in 1921 {1]. Concomitant benign paroxysmal position-
ing nystagmus (BPPN) is characteristic of this type of ver-
tigo, but its mechanism is not fully understood.

According to the canalolithiasis hypothesis [2-4],
movement of the head back and to the side in the plane of
posterior semicircular canal causes the otocania to move
in an ampullofugal direction, producing ampullofugal dis-
placement of the cupula due to the plunger effect of the
otocania moving within the narrow canal. In electrophysi-
ological study, Suzuki and Cohen [5, 6] demonstrated that
electrical stimulation of single semicircular canal affer-
ents in animals induced eye movements that lie in the
plane of the canal. So by analyzing the eye rotation axis in
BPPN, we can define what canal is the origin of BPPN,
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We have developed a new technique for analyzing the
eye movement’s rotation vector in three dimensions with
an infrared CCD camera [7]. Using this technique, the
present study analyzed the eye rotation axis and eye rota-
tion velocity around the axis of BPPN induced by the
Dix-Hallpike maneuver [8]. The purpose of this study was
thus to define what canal was the origin of BPPN by ana-
lyzing its eye rotation axis.

Subjects and Methods

Fourteen patients aged from 36 to 72 years (averaged age 56
years) were studied. There were § women and 6 men. Patients met
the following criteria: (1) a history of brief episodes of positional ver-
tige, and {2} a characteristic torsional paroxysmal positional nystag-
mus. We defined the lower ear in positional vertigo as the affected
ear. These patients had no other evidence of neurologic or otologic
diseases. The right ear was affected in 9 patients; the left, in 5. The
positioning nystagmus was induced by the Dix-Hallpike maneuver
[8]: all the subjects were moved rapidly from the upright position to
head-hanging position and nystagmus was recorded on videotape
with an infrared CCD camera.

In this paper, when we described the eye movements in 3D, we
used rotation vectors, which characterize the 3D eye position by a
single rotation. Rotation vector is a vector with the direction of the
vector given by the axis of the rotation, and its length proportional to
the size of the rotation. An eye position can be reached by rotation of
the eye from the reference position about a single axis. This eye posi-
tion is represented by a vector along the single axis, which is a length
proportional to the angle of the rotation. The reference position was
defined as the position the eye assumes when the subject was looking
straight ahead, while the head was kept upright. Straight ahead was
defined as looking at a target which was exactly horizontally in front
of the eye [9]. The analysis method of eye rotation vectors has already
been described [7]. We converted the videotape images into digital
images (640-480 dot), and from the digital images we reconstructed
the space coordinates of the center of pupil and an iris freckle. These
coordinates (X, Y, Z) were defined such that X axis was parallel to
the naso-occipital axis (positive forward), Y axis parallel to the inter-
aural axis {positive left), and Z axis normal to the X-Y plane (positive
upwards). X, Y and Z components mainly reflect the roll, pitch and
yaw component, respectively, The rotation vector r describing a rota-
tion of ® about the axis nis given by r =tan(8/2)-n. n is 2 unit vector
the direction of which represents the direction of the axis. Because
the Euler angle is familiar, using Euler angles given as 2-tan-! (mag-
nitude of rotation vector), we represented the eye position as axis-
angle representations [10, 11]. The subjects showed some nystagmus
when the positioning test was carried out, Using both start and end
eye position of slow phase of each nystagmus, we could get rotation
vectors as below, which represents the axis of each nystagmus. Set-
ting the start eye position of slow phase of a nystagmus as reference
position, end eye position of slow phase of the nystagmus can be
represented by the rotation vector of which the reference position 1s
the start eye position of slow phase of the nystagmus, and not the eye
position assumes when the subject is looking straight ahead. This
rotation vector can change the start eye position of slow phase of the
nystagmus to the end position of slow phase of the nystagmus, so the

418 ORL 2002;64:417-423

direction of this rotation vector means the axis of slow phase of the
nystagmus. By carrying out the positioning test, we could get the rota-
tion vector whose number was the same as the number of nystagmus.
We used the least square method for all these rotation vectors and
found the unit vector that passed through the origin. We set this unit
vector as the axis of eye rotation and decided the angular velocity by
dividing the Euler angle around the axis by the time passed during
the slow phase of nystagmus. Finally, we set the time when
the velocity reached the peak level to be 0. The velocity changes
against time were fit to a single decaying exponential function, v=
voexp{—¢/Tc), using the least square method. vrepresents the velocity
of slow phase of nystagmus, vq represents the maximum velocily of
BPPN, ! represents time, and Tc represents time constant {12, 13].

Results

Figure 1 shows two representative recordings of eye
position of BPPN in X (torsion), Y (pitch) and Z (yaw)
components. Patient A showed nystagmus that had all
components, X, Y, Z (fig. 1A). Patient B showed almost
pure torsional nystagmus that had mainly X component,
and little Y, Z components (fig. 1B). '

Rotation vectors were calculated from nystagmus of
patient A and patient B {fig. 2). The length between the
origin and dotted rotation vector means the value of tan
(the amplitude of nystagmus/2). All rotation vectors that
were obtained from each patient were aligned along
almost one line. The unit vector of the rotation axis dur-
ing BPPN was decided using the least square method. All
rotation vectors that were obtained from patient A were
near the line perpendicular to the left posterior semicircu-
lar canal plane [14], while retation vectors that were
obtained from patient B were near the X axis.

Figure 3 shows three-dimensional representations of
the rotation axis unit vector of BPPN in 14 patients, as
seen from above (fig. 3A), from the right side (fig. 3B) and
from the front (fig. 3C). Filled circles indicate unit vectors
hypothesized to be induced by excitation of four vertical
canals, namely the right anterior and posterior canal and
the left anterior and posterior canal [14]. In 8 patients the
calculated unit vectors were closely aligned with the excit-
atory axis of left or right posterior canal, while in the other
6 patients, the unit vectors were closely aligned with X
axis.

Figure 4 shows the changes in eye angular velocity
around the rotation axis in slow phase of patient A's and
patient B’s BPPN. The patients’ eye angular velocity
around the rotation axis in slow phase of BPPN decreased
exponentially. Time constants were 4.59 s for BPPN in
patient A, and 7.06 s for BPPN in patient B,
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Fig. 1. Position data that were obtained from patient A (A) and from patient B (B). These data are represented by the
Euler angle. A Clear nystagmus could be seen in the X (roll), Y (pitch) and Z (yaw) component. B Clear nystagmus

could be seen only in the X component.

Z axis

Excitatory axis of
left posterior canal
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Fig. 2. Rotation vectors that were obtained
from BPPN in patient A laid along the axis
perpendicular to the left posterior semicircu-
lar canal plane. Rotation vectors that were
obtained from BPPN in patient B laid along
the X axis. @ = Rotation vectors of BPPN in
patient A; O = Rotation vectors of BPPN in
patient B.
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Fig. 4. Changes in eye angular velocity
around the rotation axis in slow phase of
BPPN in patients A and B. These velocities
decreased exponentially. Using the least
square method, we apply the change of the
velocity against time to the following expo-
nential formula: y = 74.4exp(-0.218x), and
y = 34.0exp{-0.142x).
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Table 1. Time constants and maximum angular velocity (patients A-N)

A. B C D - E F

G H 1 3 K "L . M N Mean(SD)

7.04
34.0

10.31
55.5

2.14
10.7

4,22
100.9

2.64
74.4

Time constant, s 4,59
Maximum angular velocity, */s 74.4

10.00
28.0

3.23
484

13.16
358

2.97
47.5

3.85
70.3

7.69
52.2

3.33
10.5

7.14
0.1

5.88 (3.41)
49.5(25.2)

In table 1, we show time constants and maximum
angular velocities that were obtained from all patients.
The range of time constant was between 2.14 and 13.16 s,
and the mean value was 5.88 s. The range of maximum
angular velocity was between 10.5 and 100.9%/s, and the
mean value was 49.5%s,

Discussion

Two leading theories regarding the pathophysiclogy of
BPPN exist. One is the cupulolithiasis theory [15] and the
other is the canalolithiasis theory. The latter theory can
best explain the characteristic features of BPPN [3, 4].
According to the canalolithiasis theory, BPPN is caused
by a otocania of calcium carbonate crystals which forms
at the most dependent portion of the posterior canal when
the patient is sitting upright. Movement of the head back
and to the side in the plane of posterior canal causes the
otocania to move in an ampullofugal direction, producing
ampullofugal displacement of the cupula due to the plung-
er effect of the otocania moving within the narrow canal.

Anatomical studies showed a close coupling between
the semicircular canals and the oculomotor system. In
addition, electrophysiological study by Suzuki and Cohen
[5, 6] demonstrated that electrical stimulation of single
semicircular canal afferents in animals induced eye move-
ments that lie in the plane of the canal. In the present
study, three-dimensional eye rotation axes of BPPN in 8
patients were closely perpendicular to the posterior canal
of the undermost ear in the provocative head position.
Under the hypothesis that BPPN is due to a mechanical
stimulation of the posterior canal by canalolithiasis, this
finding suggested that the posterior canal of the under-
most ear is the lesion. Fetter and Sivering [[6] have al-
ready reported that the eye rotation axis in BPPN is con-
sistent with the axis perpendicular to the posterior semi-
circular canals.

On the other hand, in the present study, eye rotation
axes of torsional BPPN in some patients were closely
aligned with the naso-occipital axis. Clinically, it is known
that two types of BPPN are observed behind Frenzel

Eye Rotation Axis Analysis in BPPN

Fig. 5. A Canalolithiasis induces endolymphatic flow only in the pos-
terior semicircular canal, resulting in vertical and torsional BPPN.
B Canalolithiasis induces endolymphatic flow in both posterior and
anterior canals via the common crus, resulting in torsional BPPN.
rLC = Right lateral sernicircular canal; rAC = right anterior semicir-
cular canal; rPC = right posterior semicircular canal.

lenses [17]. One type of BPPN has vertical and torsional
components. The other type of BPPN has mainly torsion-
al components. The difference in direction in BPPN has
been explained by the gaze-dependent effect as followed.
Behind Frenzel lenses, BPPN seems to be mainly torsion-
al when gaze is directed towards the undermost ear, but
vertical and torsional when gaze is directed towards the
uppermost ear [18]. In the present study, however, we
analyzed the three-dimensional eye rotation axis in
BPPN, which is in head-fixed coordinates, not in eye-
fixed coordinates. Rotations about head-fixed axes are
often called active rotations or rotations of the objects,
since in successive rotations the axes of the successive
rotations are unaffected by the preceding rotations of the
objects [9]. Indeed, the present findings revealed two
types of eye rotation axes of BPPN in head-fixed coordi-
nates. One is BPPN, of which eye rotation axis was closely
aligned with the excitatory axis of the posterior canal and
beating in vertical and torsional directions. Another one is
torsional BPPN, of which eye rotation axis was aligned
with the naso-occipital axis. Suzuki and Cohen [35, 6] also
showed electrophysiologically that stimulation of two ca-
nals produced eye movements that are given by the sum-
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mation of the movements induced by stimulation of indi-
vidual canals. Therefore, the following pathophysiology of
torsional BPPN is proposed. Canalolithiasis moves in the
posterior canal by the Dix-Hallpike maneuver to induce
endolymphatic flow in the posterior and the anterior
canals via the common crus. The ampullofugal stimula-
tion in both the anterior and posterior canals then rotates
the eye along the naso-occipital axis, resulting in torsional
BPPN (fig. 5). The difference between vertical and tor-
sional, and torsional BPPN may depend on the size,
weight, viscosity and position of the canalolithiasis or on
the speed and trajectory of the head movement by the
Dix-Hallpike maneuver, So, it is thought that if the posi-
tioning test was induced by the lateral head-trunk tilt [4,
19], the ratio of torsional BPPN became smaller, because
the length of the trajectory of the lateral head-trunk tilt is
shorter than that of the Dix-Hallpike maneuver. When
the length of trajectory is short, the length of otocania
movement is short and otocania stops in the posterior
canal far from the common crus, so the influence of com-
mon crus to BPPN becomes small,

Yagi and Ushio [20, 21] have reported about BPPN
analyzed by computerized image recognition method.
They analyzed horizontal and vertical eye movement by
the movement of center of the pupil. Further, they ana-
lyzed rotational eye movement by its particular iris stria-
tion in relation to the center of the pupil [22]. Their rota-
tional component means the rotation around the gaze axis
and the axis of rotational component changes according
to the horizontal and vertical component. They compared
the eye movement between BPPN and eye rotation on the
vertical semicircular canal plane. However, the horizontal
and vertical eye movements are different during BPPN
and eye rotation on the vertical semicircular canal plane,
making it difficult, using their method, to discuss the rela-
tionship between the eye rotation axis of BPPN and the
plane of semicircular canals. We believe that using rota-
tion vectors and analyzing eye movements around the
head fixed, X, Y and Z axes would be a more appropriate
method of establishing the relationship between the eye
rotation axis of BPPN and the plane of semicircular
canals.

The mean time constant of BPPN was 5.88 s, which
was close to post-rotatory nystagmus time constant ob-
tained when the vertical semicircular canal was mainly
stimulated [13, 23] and far from the velocity storage time
constant obtained when the horizontal semicircular canal
was mainly stimulated [12]. This indicates that vertical
semicircular canals were mainly stimulated during BPPN.
The range and standard deviation of time constant in this

422 ORL 2002;64:417-423

study is smaller than that of velocity storage time constant
obtained when the horizontal semicircular canal was
mainly stimulated, but larger than that of time constant
obtained when the vertical semicircular canal was mainly
stimulated. Seidman and Leigh [[13] used only torsional
component and Morita et al. [23] used only vertical com-
ponent. But we calculated time constant using the velocity
around the axis of rotation. So our data were influenced
not only by torsional or vertical component but also by
other components. That is considered the reason why the
range and standard deviation of our data was large.

It was reported that otolith inputs change the axis of
eye rotation toward the gravito-inertial acceleration via
velocity storage integrator [24], and that there is a lesion
in the otolith system in BPPV patients [25-27], suggesting
that there is a possibility that the eye rotation axes are not
consistent with the axis perpendicular to the posterior
canal or pure torsional axis because of the lesion of otolith
system, or that the variation in the axis of eye rotation
may indicate an individual anatomical variation of the
semicircular canals.

In conclusion, we showed two types of eye movement
during BPPN. One is the vertical and torsional eye move-
ment of which the rotation axis lies on the posterior semi-
circular canal plane, and the origin of which is thought to
be the posterior semicircular canal. The other is a pure
torsional eye movement thought to originate from the
posterior and anterior semicircular canals that are stimu-
lated via the common crus,
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Abstract

Objective: We developed a new rotating chair in order to assess the function of the vertical semicircular canal (VSCC) by
analyzing V8CC-induced post-rotatory nystagmus (PRN). Methods: We examined 14 healthy subjects, wearing goggles equipped
with an infrared CCD camera, and sitting on a chair which was designed to stimulate a pair of the VSCCs by tilting the head 60°
backward with a 45° rotation to the left or right side from the sagital plane. The time constant {TC) or maximal slow phase eye
velocity (MSPEV) of the vertical component of four kinds of PRN were analyzed in four corresponding rotatory conditions, and
used as functional index of the corresponding VSCC. Results: The mean values of MSPEYV in both anterior semicircular canal
(ASCC) and posterior semicircular canal (PSCC)-induced PRN tended to be lower (P < 0.10) than those induced by the lateral
semicircular canal (LSCC). The result suggests that the threshold to the angular velocity in the VSCC is lower than that in the
LSCC. The mean values of TC in both ASCC and PSCC-induced PRN were significantly lower {? < 0.05) than those induced by the
LSCC. Conclusion: The significant reduction of TC in VSCC-induced PRN compared with LSCC-induced PRN indicates that
VSCC function is less affected by velocity storage mechanisms than LSCC function. The rotational test with respect to the VSCC
can be used as a tool for assessing vertical canal function.

. 2003 Elsevier Ireland Ltd. All nghts reserved.

Kevwords; Vertical semicircular canal: Rotational test; Post-rotalory nystagmus: Vestibulo-ocular reflex

1. Introduction In the present study, we first developed a new rotating
chair to selectively stimulate a pair of the VSCCs. Tweed

Rotational tests have been exclusively used for et al. reported with three-dimensional axis rotation that

evaluating the function of the lateral semicircular canal
(LSCC). However, there have been only few reports
testing vertical semicircular canal (VSCC) function in
human [1,2], mainly because of the difficulty to selec-
tively stimulate the VSCC.

The posterior semicircular canal (PSCC) is suspected
of being responsible for benign paroxysmal positional
nystagmus (BPPN) [2,3]. Moreover, the inferior vestib-
ular nerve, which innervates the PSCC is reported to be
the origin of nearly a half of acoustic neuroma [4,5].
Hence the need to examine VSCC function is thought to
posses a clinical importance.

* Corresponding author. Tel.: +81-727-28-2001; fax: +81-727-28-
8495,
E-mail address: ent@m.email.nejp (M. Morita).

post-rotatory nystagmus (PRN) around earth-horizon.
tal axes, but not earth-vertical axes, was influenced by
otolith function and other reflexes [6]. Therefore, we
used earth-vertical rotation with specific head positions
to stimulate VSCCs. An attempt was then made to
assess VSCC function by analyzing VSCC-induced PRN
[7.8].

2. Methods

The subjects were 14 healthy volunteers (nine males,
five females) ranging in age from 25 to 36 (mean age 29)
years old with no history of any neurclogic or otologic -
disorders. This study was performed in accordance with
guidelines approved by the Committee for Medical

0385-8146/03/3 - see front matter €+ 2003 Elsevier Treland Lid. All rights reserved.
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Table 1
VSCC-nduced PRN with respect to the head position under four different conditions
head position rotation excitatory nystagmaus
tilting 60° backward canal
rotating 45° latcrally to
right CwW (r)ASCC down beating, rotatory(CW)
CCW (HPSCC up beating, rotatory(CCW)
left CcwW (r)PSCC up beating, rotatory(CW)
CCW {(DASCC down beating, rotatory(CCW)*

Ethics of Osaka University Medical School, and an
informed consent was obtained from each individual
prior to the study.

A new rotating chair (First Co. Ltd., Japan), which
was designed to stimulate the VSCC, was developed
(Fig. 1). The subject, wearing goggles equipped with an
infrared CCD camera, sat on the chair with the head,
neck, and back tilted 60° backward (angles values refer

to the earth vertical axis as shown in Fig. 1), and the
head was rotated 45° to the left or right side from the
sagital plane. The center of the head was aligned with
the rotational axis so that linear acceleration during the
rotation affecting the inner ear could be minimized. As
shown in Fig. 1, when the head of the subject was tilted
60° and rotated 45° to the left side, the left anterior
semicircular canal (ASCC) and the right PSCC were

az
45°
az cew
: CcCcwW .

ampullofugal flow
after stopping CCW rotation

ASCC

PSCC

LSCC™ ™ { ot sSCC

Fig. 1. Schematic illustration of the specific head position, and mechanisms of stimulation of the left ASCC after stopping CCW rotation (Fig. I,
right). Arrows around the eyes indicate the direction of eye movements in a slow phase. CCW. counter-clockwise rotation; PSCC, posterior
semicircular canal; ASCC. anterior semicircular canal; LSCC, lateral semicircular canal.
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brought together into a plane perpendicular to the
rotational axis. The chair was rotated counter-clockwise
(CCW) with an initial acceleration of 2°/s* until the
angular velocity reached 60°/s. After per-rotatory nys-
tagmus had subsided, the rotation was then stopped
with a deceleration of 100°/s”>. PRN consisted of both
down-beating and CCW rotatory (from the subjects
point of view) components (* in Table 1} mainly induced
by the excitation of the left ASCC by ampullofugal
endolymph flow (Fig. 1) and partly by the inhibition of
the right PSCC by ampullopetal endolymph fow. In this
condition, we used the down-beating PRN as an index
of the left ASCC function. To stay alert with eyes open
during rolation in the darkness, subjects were asked to
perform mental arithmetic and to look straight ahead
during the whole procedure.

The subjects were randomly rotated clockwise (CW}
or CCW with right or left head positions. The four kinds
of PRN induced by the corresponding four rotatory
conditions are shown in Table 1. PRN consisted of both
up-beating and CW rotatory components induced by
the excitation of the right PSCC afier stopping the CW
rotation with the head rotating to the left. When the
liead was rotated 45° to the right, both down-beating
and CW rotatory PRN were induced by the excitation of
the right ASCC, while both up-beating and CCW
rotatory PRN were evoked by the excitation of the left
PSCC after stopping the CW or CCW rofation,
respectively (Table 1).

Each vertical component of PRN induced by the
excitation of a VSCC was recorded and analyzed by an
infrared video system with a computer processor
(Konan Co. Ltd., Japan). Sampling time of the system
was 0.16 ms (60 Hz) and resolution of eye movement
analysis was 0.3 and 0.5 in horizontal and vertical axes,
respectively. Eyelashes and lid artifacts sometimes
hamper to analyze vertical component of eye movement.
In order to avoid eyelashes artifact, we curled up the
eyelashes, if necessary. In order to avoid lid artifact,
during experiment, we instructed subjects to open their
eyes widely. Details were described elsewhere [9). The
maximal slow phase eye velocity (MSPEV) of the
vertical PRN was measured and its time constant (TC)
determined through non-linear regression analysis.
Either parameter in response to VSCC stimulation was
used as an index of the function of individual canals.

In the conventional rotational testing for LSCC-
induced PRN, subjects sat in the upright position with
the head tilted lorward 30° {o the rotational axis.
MSPEV and TC in the horizontal PRN were measured
and used as an index of LSCC function.

Analysis of variance (ANOVA) with Scheffe’s proce-
dure as a post-hoc test and Student’s ¢-test were used to
determine the significance of difference.
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Fig. 2. ¥SCC-induced PRN. (a) The down beating nystagmus induced
by left ASCC stimulation in the condition shown. CCW, courler-
clockwise rotation. (b} The up beating nystagmus induced by right
PSCC stimulation at the termination of CW with the specific head
position shown in Fig. 1. The longitudinal bars represent degrees of eye
position.
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Fig. 3. (a) MSPEV of the vertical component of PRN induced by the
VSCC and horizontal component of PRN induced by the LSCC. The
colurmns and bars indicate the mean +5.D. of MSPEYV. (b} TC of the
vertical component of PRN induced by the VSCC and horizontal
component of PRN induced by the LSCC. The colwmns and bars
indicate the mean +S.D. of TC.

3. Results

Fig. 2 shows vertical and horizontal eye movements of
the PRN induced by the excitation of the left ASCC
(Fig. 2a) and the right PSCC (Fig. 2b), in the specific
head position, as shown in Fig. 1. MSPEV and TC of
the vertical or horizontal components of PRN induced
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by excitatory stimulation of individual vertical or
horizontal semicircular canals are shown in Fig. 3. The
mean values of MSPEV (Fig. 3a) in both ASCC and
PSCC-induced PRN tended to be lower, compared with
those induced by the LSCC (ANOVA: F(5, 78) = 2.08,
P =0.076). The mean vlues of TC (Fig. 3b} in beth
ASCC and PSCC-induced PRN were significantly lower
than those induced by the LSCC (ANOVA: F(5, 78) =
12,18, P < 0.001; Scheffe’s procedure as a post-hoc test,
P <0.05). However, there were no significant differ-
ences in MSPEV or TC between ASCC and PSCC-
induced PRN. The differences between the left and right
side in MSPEV and TC in ASCC, PSCC and LSCC-
induced PRN were not significant {paired Student’s r-
test).

4. Discussion

In order to evaluate VSCC function, we developed a
rotational test using a newly designed rotating chair
where the patient sat in a specific head position. The
semicircular canals lie approximately at right angles to
each other [10]. A recent study with computer-aided
three dimensional reconstructions of human temporal
bone reported that the angles from sagital plane are 41°
to the ASCC and 56° to the PSCC [11]. The PSCC is
approximately parallel to the ASCC in the opposite side.
Therefore, tilting the head 60° backward with a 45°
lateral rotation brings the pair of VSCCs (ASCC and
PSCC) into a plane perpendicular to the rotation axis
(Fig. 1). In accordance with the Ewald’s law, the VSCC
are activated by ampullofugal endolymph flow and
inhibited by ampullopetal flow [12]. Accordingly, with
the specific head position, it is likely that PRN was
induced by both the excitation of one VSCC and the
inhibition of the other.

PRN induced by a pair of the VSCCs consisted of
both vertical and rolling eye movements, which are in
line with the works of Suzuki [13], and Cohen [14] who
reported eye movements eveked by singular nerve
stimulation of individual semicircular canals. Our data
support these findings. For example, in the rotational
condition shown in Fig. 1, downward beating PRN
mixed with CCW rotatory component (Fig. 2a}), mainly
due to the excitation of left ASCC were induced after
stopping the CCW rotation (* in Table 1). Each vertical
and rotatory component of PRN with respect to the
head position and rotational direction are summarized
in Table 1. We used the vertical components of VSCC-
induced PRN as an index of the function of the
corresponding VSCC, on the basis of excitatory stimu-
lation for individual VSCCs.

The mean values of MSPEV in VSCC-induced PRN
tended to be smaller than those of the LSCC (Fig. 3a).
The differences in the mean values of MSPEV between

VSCC and LSCC-induced PRN should be due to the
differences in the sensitive threshold level to the angular
velocity. Decher et al. demonstrated by using VSCC
stimulative rotation that the threshold in the VSCC was,
on average, twice as high as that of the LSCC [1]. LSCC-
induced PRN contains only horizontal component while
VSCC-induced PRN consists of both vertical and rolling
components. Therefore, the reduction of those values in
VSCC-induced PRN might be also caused by the
measurement of only vertical component for VSCC
function in this study. To overcome the problem, a
vector analysis of eye movement is useful. Recently, we
developed a new technique for analyzing the rotation
vector of eye movement with infrared CCD camera [15].
MSPEV around the axis of eye rotation, in other words,
eye velocity vector of VSCC-induced PRN can be more
accurate index of VSCC function.

The significantly larger differences in TC between
LSCC- and VSCC-induced PRN were reported in the
present study despite the insignificant differences in
MSPEV. TC value of horizontal component in LSCC-
induced PRN was approximately the same as those
which were reported by other authors {16). The TC in
the VOR is determined by the so-called velocity storage
mechanisms [17], which have been shown to prolong the
TC of the VOR above the value predicted from
peripheral mechanics alone [18]. The obviously shor-
tened TC in VSCC-induced PRN (Fig. 3b) indicates that
VSCC-induced PRN is less affected by velocity storage
mechanisms as compared with LSCC-induced PRN.

The rotational test has been usually performed in the
examination for LSCC function. In the preliminary
clinical study, we used our rotational test and found that
MSPEV of PSCC-induced PRN was suppressed in the
affected side of a patient with cholesteatoma destroying
the PSCC. Moreover, we also found that MSPEV of
PSCC-induced post- and per-rotatory nystagmus was
suppressed in the affected side of patients with acoustic
neurinoma. These results in the preliminary study
propose that VSCC-induced PRN can be used for the
diagnosis of ihe balance disorders.

In conclusion, the rotational test with respect to the
VSCC can be used as a tool for assessing vertical canal
function.
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