JOURNAL OF

VESTIBULAR
RESEARCH:

Equilibrium & Orientation

An International Journal
of Experimental and
Clinical Vestibular Science

Contents/Author/Keyword Index
Volume 2, 1992

&> ) Pergamon Press
New York Oxford Seoul Tokyo




Journal of Vestibular Research, Vol. 2, pp
Printed in the USA. All rights reserved.

M-X, 1992 0957-4271/92  $5.00 + .00

1993 Pergamon Press Ltd.

CONTENTS INDEX
VOLUME 2, 1992

Volume 2, Number 1

C. Schnabolk
T. Raphan

B. de Graaf
H. Bekkering
C. Erasmus
W. Bles

I. Prigioni
S. Masetto

G. Russo
V. Taglietti

P.L.M. Huygen
M.G.M. Nicolasen

R.J. Peterka
M.S. Benolken

J.A. Waterston
G.R. Barnes

M. Shelhamer
D.A. Robinson
H.S. Tan

J.L. Johnston

INDEXED IN Cam. Sci. Abstr., CABS, IS

15

31

41

59

71

89

97

I

1992

CONTENTS

Original Contributions

Modeling 3-D Slow Phase Velocity Estimation during
Off-Vertical-Axis Rotation (OVAR)

Influence of Visual, Vestibular, Cervical, and
Somatosensory Tilt Information on Ocular
Rotation and Perception of the Horizontal

Calcium Currents in Solitary Hair Cells Isolated from
Frog Crista Ampullaris

Fitting Adaptation Models to Velocity Step Responses:
Simulation of Normal and Abnormal Responses

Relation between Perception of Vertical Axis Rotation
and Vestibulo-Ocular Reflex Symmetry

Visual-Vestibular Interaction during Head-Free Pursuit
of Pseudorandom Target Motion in Man

Context-Specific Adaptation of the Gain of the
Vestibulo-Ocular Reflex in Humans

Book Review

Vestibular Disorders edited by H.O. Barber and
J.A. Sharpe

ISSN 0957-4271
1l (936)



Volume 2, Number 2

G. Wei

S.H. Lafortune
D.J. Ireland
R.M. Jell

V.I. Pogossian
V.V. Fanardjian

S.F. Myers

G.D. Paige

O.1. Kolev
L. Tibbling

M.E. Norré

W.P. Huebner
R.J. Leigh
C.W. Thomas

J.R. Holden
S.L. Wearne
I.S. Curthoys

99

107

123

133

153

159

167

175

Summer 1992

CONTENTS

Original Contributions

Stimulus Velocity Dependence of Human Vertical
Optokinetic Nystagmus and Afternystagmus

Organization of Afferent Projections to the Ventral and
Dorsal Regions of the Cat Lateral Vestibular Nucleus:
An HRP Study

Patterns of Low-Frequency Rotational Responses in
Bilateral Caloric Weakness Patients

Senescence of Human Visual-Vestibular Interactions:
1. Vestibulo-Ocular Reflex and Adaptive Plasticity
with Aging

Vestibular and Cardiac Reactions to Open-Sea Exposure

Contribution of a Posturographic Six-Test Set to the
Evaluation of Patients with Peripheral Vestibular Disorders

Technical Notes

An Adjustment to Eye Movement Measurements that
Compensates for the Eccentric Position of the Eye
Relative to the Center of the Head

A Fast, Portable Desaccading Program



Volume 2, Number 3

H.P. Zenner

G. Reuter

S. Hong

U. Zimmermann
A.H. Gitter

G.R. Barnes
M.A. Grealy

U.J. Bucher
F. Mast
N. Bischof

D.L. Burgio
B.W. Blakley
S.F. Myers

E. Njeugna
J.-L. Eichhorn
C. Kopp

P. Harlicot

S.J. Heinen
D.K. Oh
E.L. Keller

B.S.K. Cheung
K.E. Money

181

193

213

221

227

235

247

Fall 1992

CONTENTS

Original Contributions

Electrically Evoked Motile Responses of Mammalian
Type I Vestibular Hair Cells

Predictive Mechanisms of Head-Eye Coordination and
Vestibulo-Ocular Reflex Suppression in Humans

An Analysis of Ocular Counterrolling in Response to
Body Positions in Three-Dimensional Space

The High-Frequency Oscillopsia Test

Mechanics of the Cupula: Effects of its Thickness

Characteristics of Nystagmus Evoked by Electrical
Stimulation of the Uvular/Nodular Lobules of the
Cerebellum in Monkey

The Influence of Age on Susceptibility to Motion
Sickness in Monkeys



Volume 2, Number 4

M. Igarashi

F.E. Guedry
A.H. Rupert
B.J. McGrath
C.M. Oman

F.H. Previc

K.K. Gillingham

J.R. Lackner

J.H.J. Allum
F. Honegger

S. Uimonen
K. Laitakari
M. Sorri
R. Bloigu
A. Palva

257

259

285

297

307

323

349

357
358

Winter 1992

CONTENTS

Guest Editorial

Special Section on Spatial Disorientation— Invited Papers

The Dynamics of Spatial Orientation during Complex
and Changing Linear and Angular Acceleration

The Effects of Dynamic Visual Stimulation on Perception
and Motor Control

The Spatial Disorientation Problem in the United States
Air Force

Multimodal and Motor Influences on Orientation:
Implications for Adapting to Weightless and Virtual
Environments

Original Contributions

A Postural Model of Balance-Correcting Movement
Strategies

Effect of Positioning of the Feet in Posturography

Acknowledgment
Reviewers for Volume 2

Vestibular Bibliography

Contents/Author/Keyword Index
Volume 2, 1992

Vi



Allum, JHJ, 323

Barnes, GR, 71
Barnes, GR, 193
Bekkering, H, 15
Benolken, MS, 59
Bischof, N, 213
Blakley, BW, 221
Bles, W, 15
Bloigu, R, 349
Bucher, UJ, 213
Burgio, DL, 221

Cheung, BSK, 247
Curthoys, IS, 175

de Graaf, B, 15

Eichhorn, J-L, 227
Erasmus, C, 15

Fanardjian, VV, 107

Gillingham, KK, 297
Gitter, AH, 181
Grealy, MA, 193
Guedry, FE, 259

Harlicot, 227
Heinen, SJ, 235
Holden, JR, 175

AUTHOR INDEX
VOLUME 2, 1992

Honegger, F, 323
Hong, S, 181
Huebner, WP, 167
Huygen, PLM, 41

Igarashi, M, 257
Ireland, DJ, 99

Jell, RM, 99
Johnston, JL, 97

Keller, EL, 235
Kolev, OI, 153
Kopp, C, 227

Lackner, JR, 307
Lafortune, SH, 99
Laitakari, K, 349
Leigh, RJ, 167

Masetto, S, 31
Mast, F, 213
McGrath, BJ, 259
Money, KE, 247
Myers, SF, 123
Myers, SF, 221

Nicolasen, MGM, 41
Njeugna, E, 227
Norré, ME, 159

Vi

Oh, DK, 235
Oman, CM, 259

Paige, GD, 133
Palva, A, 349
Peterka, RJ, 59
Pogossian, VI, 107
Previc, FH, 285
Prigioni, I, 31

Raphan, T, 1
Reuter, G, 181
Robinson, DA, 89
Rupert, AH, 259
Russo, G, 31

Schnabolk, C, 1
Shelhamer, M, 89
Sorri, M, 349

Taglietti, V, 31
Tan, HS, 89
Thomas, CW, 167
Tibbling, L, 153

Uimonen, S, 349
Waterston, JA, 71
Wearne, SL, 175
Wei, G, 99

Zenner, HP, 181
Zimmermann, 181






KEYWORD INDEX
VOLUME 2, 1992

adaptation, 89 models, 259
adaptive plasticity, 133 of postural control, 323
afferents, 107 motion
age, 247 perception, 59
aging, 133 sickness, 153, 247
multisensory tilt information, 15
calcium currents, 31 muscle stretch reflexes, 323
caloric stimulation, 153
cat, 107 nodulus, 235
cerebellum, 235 nucleus vestibularis lateralis, 107
context specificity, 89 nystagmus, 1, 175
control of vestibular micromechanics, 181
cupula, 227 ocular
counterrolling, 213
desaccading, 175 counterrotation, 15
disorientation, 297 oculomotor, 89, 175
dizziness, 181 OKAN, 99
dynamics, 259 OKN, 99
optokinetic nystagmus, 235
equilibrium, 181 orientation, 307
evoked vestibular hair cell motility, 181 oscillopsia, 221
eye otolith, 1
eccentricity, 167 OVAR, 1
movement, 175, 193
movements, 71, 133 patch-clamp, 31
perception, 259
finite element, 227 peripheral vestibular deficit, 323
frog, 31 phase reversal, 41
A pilot vertigo, 297
gain, 41 pitch, 213
geometric standardization, 167 platform test, 349
postural control, 349
head posture, 285
geometry, 167 posturography, 159
movement, 193 prediction, 193
movements, 71 pursuit, 193
heart rate, 153
human, 133 quick phase, 175
postural control, 323
humans, 99 roll, 213
isolated hair cells, 31 saccade, 175
seasickness, 153
manual control, 59, 285 semicircular canals, 31
mechanics, 227 sensory interaction in balance, 159
mechano-neural transduction, 227 sensory-motor control, 307
modeling, 1 sinusoidal, 123



smooth pursuit, 71
space motion sickness, 307
spatial
disorientation, 297
orientation, 259, 297
squirrel monkey, 247
stabilometry, 349
stimulus velocity, 99
subjective horizontal, 15
susceptibility, 247

3D space, 213
tilt, 213
time constant, 41

vection, 285
vertical, 99

vertigo, 181
vestibular, 59, 175
disorders, 159
habituation, 153

nuclei, 235
testing, 123

vestibulo-ocular reflex, 59, 123, 133, 221

vestibulo-spinal reflexes, 323
vestibulospinal
examination, 349
reflex, 159
virtual environments, 307
visual-vestibular, 285
volume representation, 107

VOR, 41, 89, 259
suppression, 71, 193



Journal of Vestibular Research, Vol. 2, pp. 213-220, 1992
Printed in the USA. All rights reserved.

0957-4271/92  $5.00 + .00
Copyright © 1992 Pergamon Press Ltd.

AN ANALYSIS OF OCULAR COUNTERROLLING IN RESPONSE TO
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O Abstract— Four normal subjects underwent oc-
ular counterrolling testing in a tiltable chair. Mea-
surements were taken in 62 different body positions
in steps of 30° varied rolls and pitches. In each
body position the eyes were recorded on video and
their roll angle was determined automatically by
computer analysis. The ocular counterrolling pro-
file showed a periodic characteristic with maximal
amplitude at roll tilts of 60°. In this study we can
clearly show that the eyes’ rolling response is not
systematically affected when lateral body tilts are
combined with any tilts in the pitch direction. This
undoubtedly implies that the ocular counterrolling
was mainly stimulated by the subject’s roll angle.
As an empirical contribution, this study provides
new data specially to be used in modelling and sim-
ulating the function of otolith organs.

O Keywords — ocular counterrolling; 3D space;
pitch; roll; tilt.

Introduction

Tilting the head sideways causes ocular coun-
terrolling (OCR), a rotation of the eyes
around their sagittal axes. OCR is mediated
by the stimulation of the otolith organs in the
inner ear (1,2). The otolith receptors respond
to shear forces acting on their hair cells. The
degree to which the eyes rotate is of crucial
importance for investigations in spatial per-
ception for at least two reasons:

A) To determine the precise coordinates of
physical objects on the retina as the head
is tilted sideways, the angular alignment

of subject’s eye must be known with ref-
erence to gravity. Since this angle exactly
differs by the extent of OCR angle from
subject’s head position, the rotation of the
retinal image about the vertical eye axis is
obtained by subtracting the OCR from
the head tilt (this simplified calculation is
true for head tilts in pure roll direction at
least).

B) Since OCR is mediated by the utricles (2),
it can be considered as a behavioral cor-
relate of otolith function. It therefore al-
lows an additional access to the study of
afferent vestibular information that is in-
volved in postural adjustments and per-
ceptive mechanisms.

In order to perceive physical objects ori-
ented in space as they really are, OCR would
be a conceivable type of compensation. How-
ever, since maximal OCR hardly exceeds 10°
in humans, it does not fully compensate lat-
eral tilts and therefore does not lead to a po-
sitional constancy of the retinal stimulus
pattern. Influences of body tilts on the retinal
image are compensated by central-nervous
processes. Investigations concerning the prob-
lem of the subjective vertical deal with such
compensatory mechanisms (3-13).

OCR is often used as a reliable indicator
for labyrinthine disturbances (14) and recently
OCR has been convincingly shown to be a
most reliable predictor of susceptibility to
space motion sickness (15,16). In addition,
the knowledge of the OCR response in vari-

RECEIVED 14 August 1991; REVISED MANUSCRIPT RECEIVED 8 May 1992; AccCePTED 15 May 1992.
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ous positions of the otolith organs with re-
spect to gravity provides information about
the central-nervous processing of afferent
utricular signals. By computer simulation
modeling of the response of utricular haircells
(17), the present data can be compared to the
simulation results to validate proposed neural
network models (see also [18]). In this sense,
this investigation can be regarded as an empir-
ical contribution to the function of OCR. The
rationale for this study is to observe the OCR
not only in the positions where it is most likely
to occur (pure roll positions), but in a variety
of different body positions. These tested po-
sitions are distributed equally over an imagi-
nary sphere. Relative to the previous studies
mentioned above, we took measurements in a
large number of combined pitch and roll body
positions yielding a more complete spatial
OCR pattern.

Methods
Apparatus

Our apparatus allowed us to tilt human
subjects into every desired body position re-
spective to gravity (see Figure 1). The cockpit
in which the subjects were placed could be
turned forward and backward in order to
vary the pitch dimension. By turning the
whole frame in which the cockpit is sus-
pended, we were able to tilt the subject side-
ways, thus varying the roll dimension. Both
possible movements could be performed inde-
pendently as well as in combination.

pitch

To reduce extra-otolith postural influence
on the perception of the vertical (which also
was measured during these experiments), the
subject was placed in a seat surrounded by in-
flatable pillows. By inflating the many differ-
ent sections individually, we ensured that the
subject remained in a fixed position while still
feeling comfortable as this afforded a better
distribution of the pressure that he or she ex-
perienced. (For more details about the space
perception in our experiments and discussion
on somatosensory influences see references
19 and 20). Stabilized by a removable bite-
board, the subject looked through binoculars.
An onboard camera, equipped with a macro
optical lens and connected to a video system,
was used to monitor each eye independently.
Both eyes remained fixes on a target point,
which was displayed by a mirror system in the
optical axis of the camera. In order for the
eye to be monitored on the screen, an infra-
red light diode was directed toward the eye-
ball. To avoid out of focus recording, the lens
could be adjusted by remote control while the
experiment was in progress. These pictures
were videotaped for further computer analy-
sis. For matters of subjects’ convenience and
therefore reliability reasons, this noninvasive
OCR measuring procedure is to be preferred
over others, as, for example, the scleral coil
technique, especially in studies that include
perceptual tasks.

Analysis

Single frames were analyzed by image anal-
ysis of the iris pattern. The OCR angle was

roll

Figure 1. The apparatus used to tilt the subject into every possible body position. By turning the cockpit around
the y-axis, the pitch angle is varied. By changing the position of the whole frame around the x-axis, in which
the cockpit is suspended, the roll angle is varied.
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calculated by comparing the recorded frames
with reference frames taken previously in a
separate session in upright body position (0°
tilt). This iris pattern was scanned in concen-
tric circles around the pupil center. The se-
quence of the grey values on the scan circles
of the two frames was approximately the
same. They differed mainly in rotational po-
sition. The extent of this phase difference can
be determined by crosscorrelation, and this
value represents the angle of OCR. A mean of
10 different OCR values of both eyes was
taken. The standard errors reflect the varia-
tion of OCR values obtained from the video
recording (10 seconds) taken at each body po-
sition. A complete description of this proce-
dure is given elsewhere (21). A similar one is
used by Clarke and colleagues (22).

Experimental Setting

In the present study, the OCR angle was
measured in combined pitch and roll body po-
sitions. In steps of 30°, pitch was varied from
—60° to +90°, and roll from —180° to +180°

(see Figure 2). In each session, lasting approx-
imately 50 minutes, subjects were brought
into 6 different, randomly selected body po-
sitions. The starting point for each tested po-
sition was the upright body position. This
periodical resetting of the starting point al-
lowed us to rule out possible hysteresis effects
(5,12). About 5 minutes later, after subjects
finished performing their perceptual tasks,
one eye after the other eye was recorded on
videotape for 10 seconds (about 250 available
single frames). During this time, no visual
stimulus that could possibly provide a direc-
tional cue was presented, in order to avoid vi-
sually induced OCR (23). The resultant data
consisted of OCR angles measured in 62 dif-
ferent body positions. Four subjects took part
in our experiments: two females (F1, F2) and
two males (M1, M2), between 22 and 26 years
of age. Their state of health was checked by
standard medical testing.

Results

The data were quantified at each of the 62
measurement points by calculating the mean

Combined Pitch and Roll Body Positions for OCR Measurements

60°
30°
s Qe @D
g 0 )
[
>
o
R -30°
-60°
-90°
-180° -150° -120°  -90°  -60° -30° 0° 30° 60° 90° 120°  150°  180°
Body Roll

© = upright body position

® = measured body positions

Figure 2. We have measured OCR at 62 different locations on the sphere. All of these pitch/roll combinations
are indicated here with black dots. Along the vertical gridlines at roll —90° and roll 90° you find only one dot,
since changing the pitch angle at 90° roll does not affect the direction of the gravitational vector relative to

the otolith organs.
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value of 10 different video frames of each eye
separately. Amplitudinal differences of the
two eyes were present but not further exam-
ined in this study. The OCR profile obtained
for each subject is shown in Figures 3a through
3d. The standard error at each displayed data
point (mean of 2 * 10 values) was <0.6°. The
different combined pitch and roll tilts are dis-
played on the base plane. The degrees of OCR
are represented by the curved surface. In body
tilts to the right (positive roll), the eyes rotate
to the left (negative OCR values), and vice
versa. Following the roll angle from —180° to
180°, the curves show a periodic character-
istic mainly irrespective of pitch. The OCR
strongly increases as body tilt approaches a
roll angle of —90° and —60° (left ear down)
and 60° and 90° (right ear down). The maxi-
mal amplitude of the OCR of each of the 4
subjects is shown in (Table 1). The amplitude
varied from 8.3° (F1) to 10° (F2) in body tilts
to the left (negative roll) and —5.7° (F1) to
—10.5° (M1) in body tilts to the right (posi-
tive roll). The extreme values were found in
positions where the roll angle was +60°. How-
ever, the maximal amplitude is found in a
combination with a pitch angle, the only ex-
ception being subject F2. OCR differences
when subjects were tilted to the right or to the
left (see Figures 3a through 3d, Table 1) dem-
onstrate an asymmetric continuation of the
OCR. Most asymmetry occurred in subject F1
(maximal absolute values 8.3° left ear down,

Table 1. The body positions (pitch and roll) in
which the maximal absolute OCR angles occur
(the data for tilts to the left and to the
right are presented separately)

Absolute max.

Subject Side OCR angle Pitch Roll
F1 left 10.0° -60 -60
right 8.6° 0 60

Fo left 8.3° 30 -60
right 5.7° 90 60

M1 left 9.4° —-60 —-60
right 9.2° -30 60

left 9.5° 30 60

M2 right 10.5° 30  -60

5.7° right ear down). However, such tenden-
cies were not found in all subjects, for exam-
ple, subject M2. It can also be seen that the
sinusoidal characteristic of the OCR was not
much affected when a roll angle was com-
bined with a pitch angle from —60° to +90°.
This means that following the grid line in the
graphs at any given roll angle along the vari-
ous pitch angles shows no remarkable changes
in elevation. It is seen clearly when overlaying
the different pitch series in a 2D graph, as is
shown in Figures 4a through 4d, that OCR is
not systematically affected if lateral body tilts
are combined with any tilts in the pitch direc-
tion. Kendall’s rank correlation did not show
any statistically significant changes (at 1%
probability level) of OCR with varied pitch at
any measured roll angle. Only moderate OCR
values (<2°) could be observed in pitch-
only tilts.

Discussion

The general characteristic OCR response
agrees with what was shown in earlier studies
(2,4,5,9,13,14,21,24). With an increasing roll
angle of the body position, OCR increases to
reach its maximum at a body roll between 60°
and 90°. The amplitude of OCR shows some
asymmetries between left and right body tilts.
In the present study, we report OCR measure-
ments obtained at different body positions,
most of them being combined pitch and roll
positions.

The reason for asymmetric OCR values,
obtained when subjects were tilted to the left
and right, may be due to intra-individual dif-
ferences in the anatomy of the otolith organs
(25-28). The observed asymmetry of OCR
could represent a behavioral correlate of asym-
metric positioning of the otoliths in a stereo-
tactic coordinate frame of the head. In addi-
tion, the fact that most OCR peaks occur in
combined pitch and roll tilts (roll always 60°
and —60°, see Table 1) may also be due to an-
atomical positioning parameters.

We have clearly shown that the OCR val-
ues mainly depend on the roll angle of the
body tilt. The same sinusoidal characteristic
that has been demonstrated in pure roll exper-
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iments has also been shown in measurements
taken in combined pitch and roll positions,
for example, the barbecue rotation, pitch:
—90°, roll: —180° to 180° (see also references
14 and 29). In contrast to that, from an engi-
neering point of view, we would have to de-
sign an external compensatory mechanism
(for example, for a camera) that would be de-
pendent on the roll and the pitch angle. This
is true even if we only want to compensate for
a tilt which keeps the projection of the gravi-
tational vector vertical on the xy plane of the
camera.

Considering the OCR response in combined
pitch and roll positions, our data support that
“we can be reasonably sure the utricle is the
primary sensory organ” (reference 27, p. 265).
Although the saccule can be expected to be
most sensitive to pitch tilts, it hardly contrib-
utes in an exhibitory manner to the afferent
otolith signals mediating OCR.

A computer simulation of the otolith re-
sponse to head tilts shows that the utricular
stimulus patterns in roll positions vary when
combined with different pitch tilts (17,30).
Therefore, we assume that the afferent utric-
ular signals contributing to the OCR must be
processed in a way that a pitch-independent
OCR response is mediated. This may demon-
strate how necessary it is to observe mecha-
nisms as OCR also in situations where they
are not expected to contribute in functional
terms.

219

Although moderate, OCR values could be
found also in all subjects in pure pitch posi-
tions, which are difficult to explain in func-
tional terms. Considering the amplitude and
the variation, it may rather be attributed to
a temporal fluctuation as also shown by
Miller (31).

In general terms, neither our present study
nor any previous studies to our knowledge
have been able to support a compelling bio-
logical function of OCR. Space constancy in
humans is achieved by more complex internal
compensatory processes. Despite its ineffec-
tiveness as a compensatory mechanism, it can
be concluded from these data (providing sys-
tematic measurements in combined pitch and
roll positions) that the OCR is a very useful
tool for further investigation of otolith func-
tion and its underlying netting in an alternative
access than is used for example, in neurophys-
iology or neurobiology.
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