
INTRODUCTION

In order to diagnose the pathological condition of vertiginous
patients, a detailed observation of nystagmus in addition to exami-
nation of body equilibrium and other neurotological tests are essen-
tial. For this purpose, methods for precise observation and analy-
sis of the eye movements have been studied and are being devel-
oped until now. 

There are two major eye movements, which are the smooth
pursuit and saccade. The smooth pursuit is characterized by slow
eye movements consisting of 1 to 30 deg/sec and track the target,
which appeared in one’s view. The slow phase of nystagmus tho-
ught to be a kind of smooth pursuit. The saccade is a quite rapid
eye movement, whose maximum speed reaches up to 400 to 600
deg/esc. The quick phase of nystagmus thought to be a sort of
saccade.

How to precisely record the eye movements, which have these
frequency characteristics mentioned-above, is one of the goals of
the researchers and clinicians who are interested in the analysis
of eye movements for a long time. For considering that, one has
to think about the optimal method for recording eye movements.
The following can be some of the points needed for an optimal
method for recording eye movements.

1) can be recorded three dimensionally, horizontal, vertical, and
torsional

2) can be recorded linearly up to 90 deg, except for torsional move-
ment

3) can record fine movements, up to several seconds
4) have a wide frequency response, 0 to several hundreds Hz
5) devise for recording should not disturb the examinee’s view
6) no necessity to touch the examinee’s eye
7) no or less influence by the examinee’s head movement
However, there is no such devise which can satisfy all the above-

mentioned points at least at present. 

HOW TO OBSERVE AND RECOTD THE EYE
MOVEMENTS

Direct observation
The observation of the subject’s eye and recording of its charac-
teristic is rather primitive, but still most frequently used in the
clinical examination. The observation method is performed under
naked eye, under Frenzel glasses, and through video images. For
the video image observation, the infrared CCD camera is most
commonly used at present. The advantage to use this camera is
that the examiner can observe eye movements in a lit room through
a video monitor (Fig. 1), since the inside of the goggle with the
camera is completely dark. Also many persons, for example physi-
cians, nurses, students, even the relatives of the patients, can simul-
taneously observe through a TV monitor. By this method we can
more frequently detect nystagmus as compared to that under Fr-
enzel glasses (1). 

Cine camera
Recording the eye movement on the movie film is one of the old-
est methods. To analyze eye movements precisely, the path of
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the light, which is the reflection from the cornea of the object’s
light to the examinee’s eye, is followed frame by frame. This
method can analyze eye movements two dimensionally, that is
horizontal and vertical (2). The resolution of this method is 2
frames/sec and later it was improved up to 6 frames/sec (3), this
being the limitation of this method. 

Still picture
For the purpose of recording the slow eye movement such as
the otolith-ocular reflex, ocular counter rolling (OCR), the still
picture of 1 frame/sec to several frames/sec is used. The iris stri-
ation or vessels on the sclera are used as the landmark of the
objective analysis. The landmark of the upright position is used
as the primary position and the change in position of this land-
mark is used as the indicator of changes of the angle of the tor-
sion of the eye (4). However, the analysis using this method is
quite time consuming, so no body uses this method now a days.

Light reflection
There are two recording methods using the light reflex. One is
the reflex from the cornea and the other is the reflex from the
attachment on the eyeball. The light from the outside of the eye is
reflected at the front surface of the cornea first and then makes
a second reflection at the back surface of the cornea. After that
the light is further reflected at the anterior surface of the lens and
then makes the fourth reflection at the posterior surface of the
lens. These reflections are well known as Purkinje images 1 to
4. The accuracy of the recording using this reflection is less than
0.5 deg. However, this method allowed only two-dimensional
recordings, horizontal and vertical. Using this principle of reflec-
tion, several new devices have been developed until recently (5).

The three-dimensional recording was performed using the reflec-
tion mirror attached to the contact lens by Fendar (6). However,
the difficulty in attachment to the contact lens with this mirror

to the eye and the slipping off or backlash of the lens makes this
method less applicable for human subjects.

Electro-Oculography (EOG) 
EOG is based on the electric potential between the cornea and
the retina of the eyeball (corneo-retinal potential). The cornea is
an anode relative to the retina, which shows active transporta-
tion of an ion. Thus, the eyeball is thought to be a movable bat-
tery whose cathode is directed backward. The movement of the
eyeball has same meaning that the movement of a battery. Then,
this potential change can be amplified and recorded from the elec-
trodes attached to the surface of the face near the eye. This poten-
tial is about 15 to 500 micro volts. This potential is linear, if the
visual angle is limited to within 30 deg (7).

EOG is the most widely used method of recording of eye move-
ments worldwide especially for clinical examination. However,
this potential changes under various conditions, in addition to
the eye movement itself. The strongest effect is the illumination.
The potential comes larger in the light and smaller in the dark.
Gonshor (8) reported that the subjects should be made to adapt
to the dark for about 50 min before EOG recording. This is,
however, not practical during a clinical examination. In addition
to that, the weakest point of EOG is that this method can record
the horizontal and vertical eye movements, but cannot record
the torsional eye movement.

Cornea search coil 
If the coil moves in the magnetic field, the alternating voltage is
induced. This is proportional to the sine of the angle between the
coil and the magnetic field (Fig. 2). Using this principle, the eye
movements in a subject who wears contact lenses with a coil sit-
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Fig. 1. Positioning test through infrared CCD camera. The examiner
observes the patient’s eye movements on a TV monitor.

Fig. 2. The simplified schematic representation of scleral search coil
method. A uniform alternating magnetic field (vertical arrows) induces
an alternating voltage in the eye coil, the amplitude of which is pro-
portional to the sine of the angle between the plane of eye coil and
direction of magnetic field (θ).
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ting in the magnetic field, can be amplified and then phase-detect-
ed with respect to the magnetic field to give a signal that corre-
sponds to movements of eye in the horizontal and vertical plane.
If two search coils are used, a three dimensional recording can
be made. This method was first reported by Robinson (9). They
applied this method in an animal experiment, so that the coil was
implanted in the sclera of the animal’s eye (10). After that, the
contact lens with coil was developed and thereby can be used for
measurement of human eye movements (11).

This method has great advantage from the point of view of
sensitivity and accuracy for recording and analyzing the eye move-
ments, such that the resolution was estimated to be about 6 to
15 min/deg. However, the actual accuracy seems to be rather
less than what would be expected from the noise level. For clini-
cal use, this method contains several disadvantages. Wearing the
contact lens is invasive to the subjects. It causes discomfort in
sensation, distortion of the cornea, dryness of cornea, elevation
of the intra-ocular pressure, and so on. Therefore, in spite of the
accuracy of the recording and that it can analyze three-dimen-
sionally, this method is not used in routine clinical examination,
except for some experimental trials in human subjects.

Video-oculography
Otto et al. (12) reported the 3D analysis method using video images
of the eye. They used the contact lens with a surface marker and
tracked this mark with a video image analysis. From the angle
between this mark and the center of the pupil, they calculated
the torsional eye movement. This means they could not solve the
problem of the invasive characteristics, which the search coil
method has. Therefore, this method is also not used for clinical
examination.

There are two main systems to record and analyze the eye
movements three-dimensionally using video images. One is a
system, which has been reported by Yagi and his group (13, 14),
and another is that developed by Scherer et al. (15). Both meth-
ods are using video image of eye for analyzing the 3D eye move-

ment.
The lightweight CCD camera is attached to the specially designed

goggle (Fig. 3A), which can be attached to the subject’s head. In
the goggle, the infrared LED light illuminates the eye. In this con-
dition, the eye movements in the complete darkness can be record-
ed. This is an advantage for observing and recording nystagmus
in patients with labyrinthine disorders whose nystagmus can be
easily identified in the complete darkness. In addition, if an exam-
iner wishes to record the eye movements in the light, one can use
the goggles, which contains the infrared reflection mirrors. Through
this mirror, the vision of the subject can be kept intact and only
the infrared light, which leads the image of the eye, is reflected
to the infrared sensitive CCD camera (Fig. 3B).

In Yagi’s (13, 14) system, the output signals from the infrared
sensitive CCD camera are fed into the hard disk of the comput-
er thorough and AD converter. A gray-level histogram is creat-
ed from the digitized image and threshold is selected to produce
binary image at the gray level of the pupil. From this binary image,
the center of gravity of the pupil can be calculated. Then the posi-
tion of this center of gravity is used for analyzing the horizontal
and vertical eye movements. To calculate the torsional eye move-
ment, the edge detection filter is applied and 5 to 7 iris striations,
which have clearly detected the edge is chosen using a comput-
er. By monitoring each of the position of the clear edges in rela-
tion to the center of the pupil, it is possible to calculate the angles
of the torsional eye movements (Fig. 4). From each frame of the
video image the computer calculates the position of the center
of the gravity of pupil and the angles between this center and
several iris striations. In standard NTSC system, the sampling rate
of the video image is 30 Hz. To analyze the rapid eye movement,
the high-speed camera is necessary. At present, the high-speed
CCD cameras, which have same size and same weights as the
standard CCD camera, are available. The sampling rate of these
cameras is 120 Hz (16) and 240 Hz. The recording charts of 3D
eye movement using standard and high speed CCD camera are
demonstrated in Fig. 5. 
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Fig. 3. Infrared CCD camera attached to the specially designed goggle. The goggle for observing the positional and positioning nystagmus
through infrared CCD cameras in complete darkness (A) and in light using infrared reflection mirrors (B).
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Scherer et al. (15) used the same strategies for measuring the
horizontal and vertical eye movements. In other words, he used
the path of the center of gravity of the subject’s pupil for track-
ing the two eye movements, horizontal and vertical. Their algo-
rithm generates an annulus within the iris area, and extracts the
corresponding subset of image data. The contrast profile along
this annulus defines the torsional position of the iris.

ANALYSIS OF VESTIBULAR INDUCED EYE
MOVEMENTS IN THREE-DIMENSIONS

Caloric nystagmus
The caloric test has been widely accepted as a means for evalu-
ating the vestibular function. The nystagmus evoked by caloric
stimulation is thought to be elicited mainly by the activities of
horizontal semicircular canal. From the observation of the caloric
nystagmus in rhesus monkeys, it was speculated that the superi-
or semicircular canal is also activated during the stimulation (17).
Also from another study it has been speculated that the caloric
nystagmus is arises from the three semicircular canals, in the same
animal experiment (18). In humans, the role of vertical canals in
the generation of caloric nystagmus remains controversial. Thus,
it is quite reasonable to analyze the eye movement three-dimen-
sionally to elucidate the role of vertical canals on caloric nystagmus.

Yagi et al. (19) analyzed the caloric nystagmus from 10
healthy subjects induced by cold water in the supine and prone
position. They found, in the supine position, that the three com-
ponents of nystagmus were directed towards the left (10 sub-
jects), upward (8 subjects) or downward (2 subjects), and clock-
wise (10 subjects) from examiner’s view. In the prone position,
on the other hand, the three components were directed towards
the right (10 subjects), downward (5 subjects) or upward (3 sub-

jects), and counterclockwise (10 subjects) from the examiner’s
view; there was no vertical direction in two subjects. Therefore,
they concluded that these findings indicate that the caloric stim-
ulation activated the three semicircular canals simultaneously.
Also they speculated that the changes in the direction of the
nystagmus in the supine and prone positions could be explained,
at least in part, by the nonconvective component of caloric nys-
tagmus.

Earth Vertical Axis Rotation (EVAR)
The relationship between the anatomical and the functional
planes of the horizontal canal in the rotational stimulation is
not clear in detail. The relationship between these two planes is
studied in 16 human subjects using 3D analysis of rotational
nystagmus by Suzuki (20). The subjects’ head are firmly fixed
with the specially designed head fixed device and are given
pendular rotation. In her report, the position of the head was
changed 40 deg antero-flection and retro-flection from the zero
deg, which is based on the line through the lateral orbital edge
ant upper edge of external ear canal. The average amplitude
changes of horizontal, vertical, and torsional eye movements
are illustrated in Fig. 6 in relation to the head position induced
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Fig. 5. The printout charts of horizontal (A) and vertical (B) saccades
using the high-speed camera of 240 Hz sampling rate.

A

B

Fig. 4. Calculation of the horizontal, vertical, and torsional eye move-
ments. The horizontal and vertical eye movements are calculated
from the path of the center of the pupil (large +) and the torsional
eye movements are calculated from the relation between the several
iris striations (small +) and the center of the pupil (large +). 



by a pendular rotation. The maximum amplitude of the hori-
zontal eye movement is in around 20 deg antero-flection of the
head. The amplitude of the vertical eye movement in this range
of head position is small ranging from 2 to 8 deg and no vertical
eye movement is seen in some subjects. In this range of head
position, the smallest amplitude is observed in the head posi-
tion of about 10 deg antero-flection. The amplitude change of
the torsional eye movement shows similar characteristics as
that of the vertical eye movement. That is, with around 10 deg
antero-flection head position the amplitude is the smallest,
about 3 deg, and the largest amplitude are seen in 50 deg
antero- and retro-flection of the head. From this observation, it
can be said that the most sensitive functional head position to
the earth vertical rotation in human is about 20 deg antero-flec-
tion in human subject. If the Reid line (Horsley-Clarke line),
which is quite frequently used in the animal experiment, is used
as the base line, this value is interpreted as 25 antero-flection
head position of Reid line. This value is quite close to the value

which is as is anatomically measured in the human dry skull
(21). However, Fetter et al. (22) reported that the even the
head position is changed as upright, antero- and retro-flection
of 30 deg; the VOR gain is almost same. 

Off Vertical Axis Rotation (OVAR)
The EVAR is one of the most common methods of stimulation
for evaluating the function of the semicircular canals. On the
other hand, rotation about the axis tilted from the earth vertical
(OVAR), which was discovered and described almost simulta-
neously by Guedry (23) and Benson et al. (24) has been used to
investigate the response to combined semicircular and otolith
organs. The OVAR generates unique 3D eye movements,
known as the modulation component (MOC) and bias compo-
nent (BIC). These characteristics of the eye movements induced
by OVAR are observed in rats (25), cats (26, 27), monkeys (28,
29) and also in human subjects (23, 24, 30). 

The MOC and BIC were clearly observed in the horizontal
eye movements during OVAR in human subjects (31, 32). On
the other hand, the presence of BIC in the vertical eye move-
ment is controversial. In addition, these studies in human sub-
jects are performed on the eye movements of horizontal and
vertical. Then, Yagi et al. (32) analyzed the eye movements
during OVAR three dimensionally. 

In their study, thirty-seven healthy human subjects are seated
and rotated in a computer-controlled chair in a spherical dome,
which can be tilted by hydraulic pressure up to 40 deg from the
earth vertical position (Fig. 7). Clockwise rotation at a velocity
of 4 deg/sec2 is applied until the rotation speed reached up to
60 deg/sec after which a constant velocity is maintained. Thus,
one full rotation took 6 seconds. After cessation of the per-rota-
tory nystagmus as monitored on a TV screen, the spherical dome
with the rotation chair is tilted to 30 deg at a velocity of 1 deg/
sec and this position is maintained for 60 sec. During this period
the eye movement is recorded on a video tape recorder and
analyzed off-line. 
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Fig. 6. The average amplitude changes of horizontal, vertical, and
torsional eye movements in relation to the head position during a pen-
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eye movements, respectively.

Fig. 7. The hydraulic driven spherical dome for examining the off vertical axis rotation (OVAR). The seen of outside (A) and the inside (B) of the
dome.
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During the acceleration period mainly the horizontal nystag-
mus towards the right is observed. This nystagmus gradually
disappears with time during the constant velocity period.
However, when the orientation of the gravity is changed by
tilting the spherical dome to 30 deg, the eye movements with
all three components can be observed (Fig. 8A). Between the
two vertical lines drawn in Fig. 8 indicate one cycle of rotation
(6 sec). These eye movements continue as long as the OVAR is
maintained. The horizontal, vertical and torsional eye move-
ments exhibit regular periodic amplitude changes (MOC). Fig.
8B shows the traces of the eye position after removing the sac-
cades using a computer program. The eyes deviate at a velocity
of 1.3 deg/sec towards the left, which has been called as BIC
with the MOC mentioned above. On the other hand, no such
clear eye deviation is seen in the vertical and torsional eye move-
ments.

The BIC of the horizontal, vertical, and torsional eye move-
ments is measured after removing the saccadic eye movements.
The mean and standard deviation of the BIC in the horizontal,
vertical, and torsional eye movements in all subjects tested are -

2.45±1.36 deg/sec, 0.05±0.89 deg/sec, and -0.06±0.28
deg/sec, respectively. The BIC in the horizontal is clearly bigger
than that in the vertical and torsional movements. The direction
of the BIC in the vertical and torsional components shows no
clear tendency deviating towards one direction, such as upward
or clockwise. The MOC of three eye movements are also mea-
sured. The mean maximum amplitude and standard deviation
of horizontal, vertical, and torsional eye movements are 3.93±
1.55 deg, 2.7±0.98 deg, and 4.47±1.8 deg, respectively. The
amplitude of the vertical eye movement is significantly smaller
than that of the horizontal and torsional eye movements. The
phase of the MOC in relation to the head position is measured
and is shows an example of horizontal, vertical, and torsional
eye movements in relation to the LED position of fitting with
least square sinusoids in Fig. 9. The average and standard devi-
ation of the phase lag of horizontal, vertical, and torsional eye
movements with respect to the origin are 270.6±48.5, 284.4±
73.9, 11.6±22.2 deg, respectively. The phase of the torsional
eye movement is very consistent with a small variation between
each subject. From these results, in human subjects, there should
be some differences in the dynamic function of the otolith system
compared to that observed in monkeys (28).

In addition to the above-mentioned study, their group did a
3D analysis during OVAR in patients with unilateral labyrinthine
loss (33). The MOC of these patients is not different from that
of normal subjects. However, the horizontal MOC is significantly
smaller when the rotation is directed towards the diseased side
as opposed to the healthy side. With rotation to the diseased
side, most subjects exhibit a horizontal BIC to the opposite side
as compared with the diseased side in normal subjects. The ver-
tical and torsional BIC are also influenced some extent by lack
of input from the unilateral labyrinth. These results indicate that
a unilateral otolith organ play a major role in the production of
horizontal BIC contralateral to the direction of rotation, which
is strongly related to the velocity storage mechanisms in the
central nervous system (34-36).

The above-mentioned OVAR is induced by a constant veloci-
ty trapezoid. However, there is another mode of rotational
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Fig. 9. The phase of the modulation component (MOC) in relation to the head position (A) and the fitting with least square sinusoids (B). The
clear bias component (BIC) is seen in the horizontal eye movement.
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Fig. 8. The eye movements during OVAR (A) and traces of the eye
position after removing the saccades using computer program (B). 
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stimulation; sinusoidal rotation. Using the sinusoidal stimula-
tion, one can simultaneously evaluate the function both the
otolith organs and the semicircular canals (37). 

THREE-DIMENSIONAL ANALYSIS OF
NYSTAGMUS IN THE LABYRINTHINE DISORDERS

Significance of 3D analysis
The stimulation of individual semicircular canals elicits eye
movements in planes parallel to the plane of the canal. This
physiological rule has been investigated and clarified using ani-
mal experiments of many species, such as pigeons, rabbits, cats,
and monkeys (38, 39). If it is also true in humans, the analysis
of slow phase of nystagmus, whose origin is in the vestibular
labyrinth, in the peripheral disorders lead to determine the
pathological localization of the disease. The rotation axis of the
nystagmus can be determined from the three-dimensional analy-
sis. The calculated rotation axis of the nystagmus is then com-
pared to the anatomical axis of each semicircular canal (22, 40). 

The rotation axis is calculated as follows. The velocity of the
slow phase of each nystagmus, torsional, vertical, and horizon-
tal, is measured from the printed-out chart of spontaneous or
evoked nystagmus in a subject. From this data, the planar equa-
tion (ax + by + cz + d = 0) is applied, where, x, y, and z express
the axis of torsional, vertical, and horizontal eye movements,
respectively. Then the coefficient of the equation (a, b, c) in the
formula is estimated. 

Pressure nystagmus in patients with lateral semicircular
canal
The stimulation of individual semicircular canals elicits eye
movements in planes parallel to the plane of the canal as men-
tioned above. In humans, it is almost impossible to prove these
physiological finding directly, because stimulating an individual
semicircular canal or ampullary nerve as is done in animal
experiments cannot be performed in human subjects. The
labyrinthine fistula is a naturally occurring pathological condi-
tion, which can be a good model to investigate the human semi-
circular canal - ocular reflex. Using this model, Yagi et al. (41)
showed the fact that the human VOR also followed the above-
mentioned rule as has been proved in many animal species. 

That is the slow phase of nystagmus, which is evoked by
applying the positive pressure, is calculated. The average veloc-
ity vectors from patients with lateral canal fistula are demon-
strated in Fig. 10. In this figure, in addition to the 5 patients in
that report (41), the data from another 6 patients with lateral
canal fistula are added. The velocity vectors from all subjects
are well aligned with the anatomical axis of the lateral canal
(22). These results also show no exceptions regarding the direc-
tion of the velocity vectors of the nystagmus in all eleven cases.

Nystagmus in patients with lateral canal BPPV
Horizontal canal BPPV (HC-BPPV) is more recently proposed
than posterior canal BPPV (PC-BPPV) as a new entity of the
positional vertigo syndrome (42-44). In HC-BPPV, the vertigo
is more intense as compared to that of PC-BPPV. Positional
nystagmus testing shows a long lasting (more than 30 sec), direc-
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Fig. 10. The three dimensional representation of the velocity vectors of the pressure nystagmus which are recorded from the eleven patients
with lateral semicircular canal fistulae due to the cholesteatoma. The velocity vectors of nystagmus in these patients (thin black lines) are well
aligned with the anatomical axis of the horizontal canal (circles on the surface of the sphere) with a standard deviation.
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tion changing (geotropic or apogeotropic) positional nystagmus
with a short latency. It occurs with a change of head position to
either side, but it is always stronger on one side. The vertigo is
principally caused by rotation of the head in the supine posi-
tion, and the nystagmus is horizontal instead of torsional-verti-
cal. McClure (42) speculated that this variety of BPPV resulted
from accumulation of debris in the long arm of the horizontal
canal analogous to the mechanism for PC-BPPV caused by the
posterior canal lesion. This speculation mainly arises from the
findings of positional nystagmus, which is horizontal in nature,
and the provocation head position, which mainly stimulates the
horizontal canal, leading to vertigo. The longer duration of the
HC-BPPV may be explained by the longer time constant of the
horizontal vestibulo-ocular reflex (VOR) compared to the verti-
cal VOR (45). Several researchers tried to describe the reason
for the short latency of the attack and the lack of fatigability of
this disease; but there are no clear explanations as yet. Also,
there is no clear evidence indicating that the pathological local-
ization of HC-BPPV is in the horizontal semicircular canal.

Regarding the HC-BPPV, Yagi et al. (46) investigated the
axes of provoked nystagmus to clarify the pathological origin of
this disease using video-oculographic technique. They analyzed
nystagmus in 11 patients, who were diagnosed as the HC-
BPPV from their history and positional nystagmus testing. In
seven patients, the velocity vectors of the slow phase of nystag-
mus were well aligned with the axis of the horizontal semicircu-
lar canal and in four patients were not. They found that the
pathology of HC-BPPV in most patients with apogeotropic
positional nystagmus has been considered to be localized in the
horizontal canal. On the other hand, the velocity vectors of
nystagmus in three out of four patients with geotropic nystag-
mus do not align with the horizontal canal axis. Based on the
results of the vector analysis of the axis, a possible combination
of pathologies localized in two or three semicircular canals can-
not be the case in these patients. They stated that their results
strongly suggest that in the patients with geotropic positional
nystagmus the pathology is localized in the utricle.

Nystagmus in patients with posterior canal BPPV
(PC-BPPV)
Barany (47) described the basic features of BPPV. He wrote,
“My assistant, Dr. Carlefors, first noticed that the attacks only
appeared when she lay on her right side. When she did this,
there appeared a strong rotatory nystagmus to the right with an
upward component. The attack lasted for about 30 sec and was
accompanied by violent attacks of vertigo and nausea. If, imme-
diately after the cessation of the symptoms, the head was again
turned to the right, no attack occurred and in order to evoke a
new attack in this way, the patient had to lie for some time on
her back or on the left side.”

Barany (47) carried out certain further observations, and
demonstrated that the factor precipitating the vertigo was not a

head movement but the head position in space, and for this rea-
son he attributed the condition to a disorder of the otolith organs.
However, it was not until 1952 that Dix and Hallpike (48) des-
cribed the provocative positioning nystagmus test maneuver
and clearly defined the syndrome as “positional nystagmus of
benign paroxysmal type.” They came to a similar conclusion
that this entity of disease originates from pathology in the otolith
organ, after reviewing the clinical features of 100 patients with
BPPV. 

Schuknecht (49), however, proposed a new theory for under-
standing this disease. In a temporal bone study of two patients
with BPPV, he found amorphous deposits on the cupula of the
posterior semicircular canal on the diseased side. Based on this
temporal bone study he proposed the theory of “cupulolithia-
sis” of the posterior semicircular canal. However, he could not
explain the clinical features of BPPV, such as the limited dura-
tion of the attack and the fatigability on repeated testing, and
occasional prolonged periods of remission. The latency at the
onset of the positioning nystagmus was also not explained by
this new theory.

Barany (47) speculated that BPPV is caused by pathology of
the otolith organ since the vertigo is induced by a change in the
head position relative to the gravity and not by the head move-
ment itself. Dix and Hallpike (48) suggested that the pathologi-
cal localization of BPPV is in the otolith organ, especially in the
utricle, because they identified unilateral utricular macula
degeneration at necropsy in a typical case of BPPV.

These days the posterior semicircular canal is considered to
be a strong candidate as a responsible site of the pathology in
the inner ear. Schknecht (49) proposed the theory of “cupu-
lolithiasis” from the temporal bone studies of three patients
who had been suffered from severe positional vertigo. Hall et al.
(50) suggested the free flouting debris, “canalolithiasis” in the
posterior semicircular canal. Most of the descriptions above
suggest that BPPV may be caused by the posterior canal or a
utricular pathology. The following descriptions are somewhat
different entities of BPPV than mentioned above.

Fetter et al. (51) analyzed nystagmus of BPPV patients. They
measured the velocity vectors of slow phase of provoked nystag-
mus in a head hanging position in five patients with BPPV using
the dual-search coil method. They found a good alignment of the
axes of the slow phase of nystagmus with the anatomical axis of
the posterior semicircular canal in all patients tested. Aw et al.
(52) measured the velocity vector of the slow phase of provoked
nystagmus in 44 BPPV patients also using dual-search coil method.
The nystagmus was provoked by Dix-Hallpike or supine ear-down
test in two-axis whole body rotator. The rotation axes in twen-
ty-one patients clustered around the posterior canal. The rotation
axes in seven patients clustered around the anterior canal and
those in another seven patients clustered around the horizontal
canal. In the remaining 9 patients, however, the rotation axes were
located between the posterior and horizontal canal axes. They
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concluded that, BPPV can affect one or more of the semicircu-
lar canals.

Yagi et al. (53) investigated the nystagmus provoked in 26 pa-
tients with PC-BPPV using the video-oculographic technique by
their own recording and analysis system. They hypothesized that
if the origin of the nystagmus is from the posterior canal, nystag-
mus in the head hanging and sitting positions during the position-
ing nystagmus testing should be mirror images. They calculated
the rotation axis from each path of the slow phase of positioning
nystagmus of each individual in the head hanging and in the sit-
ting position. From the calculated axes of the slow phase of nys-
tagmus in head hanging and sitting position, they calculated also
the angle of these two axes. They proposed angles of more than
130 deg between two axes as representative of a good mirror
image. In order to compare the three-dimensional rotation axis
of positioning nystagmus to the morphological data, they used
the anatomical three coordinates of the semicircular canals mea-
sured in the human dry skull as reported by Blanks et al. (22). The
results of the analysis are as follows. Among the 26 patients test-
ed, 20 patients demonstrated the axes of nystagmus in good or
relatively good alignment to the posterior canal axis in the supine
position. Nine out of 20 patients exhibited good or relatively good
alignment of the axes to the posterior canal axis also in the sitting
position (Fig. 11 upper line). However, in 11 of these 20 patients
there was poor alignment of the axis of nystagmus in the sitting
position to the posterior canal axis (Fig. 11 lower line). In addi-

tion, six patients showed axes of nystagmus with poor alignment
to the posterior canal in the head hanging position. Among them,
two patients exhibited axes of nystagmus in good alignment with
the anterior canal, in spite of diagnosis of these patients as PC-
BPPV from the history and the positioning nystagmus testing.
These results indicate that the only-one third of patients, who are
diagnosed as PC-BPPV, can be diagnosed as true PC-BPPV. Be-
sides the possibility that the pathology may originate from the
anterior canal, it is still unclear which part of the inner ear may
be the actual site of the pathology of PC-BPPV in the other 15
patients.

Nystagmus in patients with superior semicircular canal
dehiscence
Superior semicircular canal dehiscence (SSCD) syndrome is a
newly found entity of vertiginous disease. Minor et al. (54) first
reported three cases of SSCD. The symptoms of this disease are
vertigo and oscillopsia induced by loud sounds (Tullio phenom-
enon) and by pressure changes, either at the external ear canal
or associated with Valsalva maneuver due to a bony dehiscence
of the superior semicircular canal at the roof of the temporal
bone. 

Almost all the cases reported showed clear nystagmus during
loud sound stimuli and/or Valsalva maneuver (54-56). Yagi et
al. (57) reported a patient exhibited clear nystagmus evoked by
cough, but who did not show any nystagmus by sound stimuli
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and/or pressure to the external ear canal or Valsalva maneuver.
Stimulation creates an inward pressure at the round or oval

window results in an outward bulging of the membranous laby-
rinth in the area of bone dehiscence, with consequent ampulofu-
gal endolymph flow of the superior semicircular canal. On the
contrary, stimulation that creates an outward pressure at the
round or oval window results in an inward bulging of the mem-
branous labyrinth at the dehiscence with an ampulopetal endo-
lymph flow. Cough increases the intracranial pressure and caus-
es the inward bulging of the membranous labyrinth in the bone
dehiscence area of superior semicircular canal. The ampulofu-
gal and ampulopetal endolymph flow produces the excitatory
and inhibitory activities of the ampullary nerves, respectively.
Therefore, in their case (57), the ampulofugal endolymph flow
in the right superior semicircular canal occured by coughing
and led to an inhibitory nystagmus, which is the downward-
clockwise (from subject’s view) nystagmus.

Minor et al. (55) analyzed sound evoked nystagmus three-
dimensionally using video-oculography. They found good
alignment of sound evoked nystagmus with the axis of superior
semicircular canal. Yagi et al. (57) also found a good alignment
of cough-induced nystagmus with the anatomical axis of superi-
or semicircular canal Fig. 12. From these studies, the pathologi-
cal localization of the SSCD proposed by Minor (54) is proved
to be in a superior semicircular canal.

CONCLUSION AND FUTURE ASPECT

From the vector analysis of the slow phase of nystagmus, one
can diagnose the localization of the disease in the peripheral
labyrinth. However, if the pathology originates from two or

three semicircular canals, one hardly can diagnose the detailed
localization in the labyrinth, except in very limited cases. In
those cases, the strength of the disease should be the same in
two or three canals. Then the axis of the nystagmus is the added
vector of two or three semicircular canals. Otherwise, the possi-
bility of the axis of nystagmus is located anywhere in the 3D
space. Also one doesn’t know about the nystagmus related
pathological nature of otolith.

We have now quite well developed devices for recording
human eye movements. That is video-oculographic devices,
which are quite close to the ideal. These devices, however, will
be improved upon to more ideal ones in the near future along
with the technological advancement. In addition, the engines
for analyzing three-dimensional eye movements will be further
developed. In these engines, the accuracy of the measurement
and the speed of analysis will be improved. Also, these devices
with analytical engine will be more cost beneficial for clinical
use. Then we, clinicians, can record and analyze the eye move-
ments in patients with vertigo and/or disequilibrium easily.

On the other hand, the anatomical and functional studies,
especially about the otolith organs should be carried out. We
do have quite limited knowledge about morphology evidences
and physiological facts of the otolith organs. The anatomical
studies of otolith organs have been done by many investigators.
However, a little is known about the detailed three-dimension-
al structures. Although Uzun-Coruhlu et al. (58) demonstrated
3D structures of otolith organs in guinea pigs; still we need
more research about the otolith anatomy, especially in humans. 

From the functional aspect, the ocular counter rolling (OCR),
which is generated from the utricle; have been performed since
early 20th century (59). However, only little basic research
regarding otolith-ocular physiology has been performed. Uchino
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et al. (60, 61) observed the monosynaptic and disynaptic connec-
tion between the utricular nerve and ipsilateral abducens moto-
neurons. Also they found polysynaptic circuits from the utricu-
lar nerve to inferior oblique and trochlear motoneurons, which
cause vertical and rotatory eye movements in the cat. One can
interpret these data to understand the otolith-ocular reflex, even
though we still have almost no information about the nature of
nystagmus, which may come from the otolith organs.
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