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STATEMENT OF WORK SUMMARY

The overall objective of this proposal is to understand the relationship
between human orientation control and motion sickness susceptibility.
Three areas related to orientation control will be investigated. These
three areas are 1) reflexes associated with the control of eye movements
and posture, 2) the perception of body rotation and position with respect
to gravity, and 3) the sirategies used to resolve sensory conflict
situations which arise when different sensory systems provide
orientation cues which are not consistent with one another or with
previous experience. Of particular interest is the possibility that a
subject may be able to ignore an inaccurate sensory modality in favor of
one or more other sensory modalities which do provide accurate
orientation reference information. We refer to this process as sensory
selection. This proposal will attempt to quantify subjects’ sensory
selection abilities and determine if this ability confers some immunity to
the development of motion sickness symptoms.

Measurements of reflexes, motion perception, sensory selection
abilities, and motion sickness susceptibility will concentrate on pitch and
roll motions since these seem most relevant to the space motion sickness
problem. Vestibulo-ocular (VOR) and oculomotor reflexes will be
measured using a unique two-axis rotation device developed in our
laboratory over the last four years. Posture control reflexes will be
measured using a movable posture platform capable of independently
altering proprioceptive and visual orientation cues. Motion perception
will be quantified using closed loop feedback technique developed by
Zacharias and Young (Exp Brain Res, 1981). This technique requires a
subject to null out motions induced by the experimenter while being
exposed to varicus confounding sensory orientation cues. A subject's
sensory selection abilities will be measured by the magnitude and timing
of his reactions to changes in sensory environments. Motion sickness
susceptibility will be measured by the time required to induce
characteristic changes in the pattern of electrogastrogram recordings
while exposed to various sensory environments during posture and motion
perception tests.

The results of this work are relevant to NASA's interest in
understanding the etiology of space motion sickness. If any of the reflex,
perceptual, or sensory selection abilities of subjects are found to
correlate with motion sickness susceptibility, this work may be an
important step in suggesting a method of predicting motion sickness
susceptibility. f sensory selection can provide a means to avoid sensory
conflict, then further work may lead to training programs which could
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enhance a subject's sensory selection ability and therefore minimize
motion sickness susceptibility.

SUMMARY OF PROJECT STATUS

Three test devices are required for the proposed experiments. They
are (1) a moving posture platform, (2) a servo-controlled vertical axis
rotation chair with an independently controllable optokinetic stimulator,
and (3) a two-axis rotation chair for the generation of pitch and roll
motions. The first two devices have been functional for quite some time
and are routinely used for both clinical and research testing. The two-
axis rotation device has become operational as of mid-August 1990. The
development of this two-axis rotator has been a major focus of work and
will be described in more detail below.

An important component associated with the two-axis rotator is a
computer controlled video system for the measurement of eye movements.
This video system for recording horizontal and vertical eye movements
has been working for the past six months. We recently added the
capability to measure torsional eye movements. The quality of the eye
movement recordings are exceptional.

This new ability to record torsional eye movements should add
considerable versatility in the design of experiments related to this grant.
This is because torsional eye movements are closely associated with the
vertical semicircular canals and otolith receptors, which in turn are
implicated in the space motion sickness syndrome. In addition, very little
is known about the response properties of torsional eye movements as a
function of changes in body position with respect to the gravity vector.
We have begun a project to characterize the dynamic response
characteristics of torsional eye movements during roll rotations about an
upright position.

Another experiment in progress involves the determination of the
influence of visual, somatosensory, and vestibular motion cues on the
control of posture.

An initial set of experiments involving the perceptual feedback
technique developed by Zacharias and Young (Exp Brain Res, 41:159-171,
1981) have been completed. These experiments were designed to look for
correlations between vestibulo-ocular reflex parameters and the
perception of rotation. A paper describing these results is nearing
completion.

Four papers describing earlier work on the VOR and posture control
function in a large normal population have been accepted for publication
and are currently in press in the Journal of Vestibular Research.
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TWO-AXIS ROTATOR DEVELOPMENT

The two-axis rotator is a versatile, general purpose stimulator for
vestibular and visual-vestibular interaction studies. It consists of two
gimbals powered by rotary hydraulic actuators. A single DC torque motor
is now available which is interchangeable with either of the hydraulic
actuators. The inner gimbal produces yaw axis rotations of the subject.
The outer gimbal rotates the subject about a horizontal axis which passes
through the subject's ears.

We have completed the essential parts of 5 major projects related to
the two-axis rotator in the past several months. These are (1) the
installation of various mechanical, hydraulic, electronic, and computer
software safety devices and procedures, (2) calibrations of the two-axis
rotator motions, (3) tuning of the servo controls for optimum
performance, (4) improvements in the data collection and stimulus
delivery computer programs, (5) development of an improved system for
the video recording and automated analysis of eye movements, including
torsional eye movements.

EXPERIMENTS IN PROGRESS

Two experiments are currently being performed. One is an
investigation to characterize the influence of visual orientation cues on
the control of posture. The second is to measure the dynamic response
properties of human ocular torsion in response to roll rotations. The
results of both of these experiments will be used to develop a rating of
individual subject performance in various reflex and posture control tasks
so that a correlation with motion sickness susceptibility can be identified
(if the correlation exists).

The Role of Vision in Posture. These experiments are performed on a
moving posture platform. The subject stands facing a high contrast visual
field. This visual field can be placed in motion by rotating the visual field
in an anterior-posterior direction about an axis which passes through the
subject's ankle joints. We have been using sinusoidal motions of the
visual field at frequencies of 0.1, 0.2, and 0.5 Hz with amplitudes of 1, 2,
5, and 10 degrees presented in random order. In addition, in half of the
tests the surface upon which the subject stands is "sway-referenced" in
order to alter the somatosensory cues which are available for posture
control. Sway-referencing involves the controlled rotation of the
platform upon which the subject stands in proportion to the subject's own
sway. This results in very little change in the subject's ankle joint angle
even though the subject is swaying forward and backward. We record the
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subject's anterior-posterior sway at waist and shoulder level. From those
measures we estimate the sway angle of the subject's center of mass
throughout the trial. A Fourier analysis is used to estimate the average
amplitude of the center-of-mass body sway at the stimulus frequency.

Figure 1 shows typical results from a normal subject in response to
0.2 Hz sinusoidal rotations of the visual field at various amplitudes while
the subject stood on a fixed surface (left column) and a sway-referenced
support surface (right column). Sway-referencing of the support surface
refers to a technique which alters the normal relationship between body
sway and the rotation of the subject's ankle joint angle. This technique
apparently reduces the somatosensory signals available for the control of
body sway, and therefore forces a greater reliance on other sensory
system information (visual and vestibular in particular). Sway-
referencing of the support surface is accomplished by actively rotating
the support surface angle in proportion to the subject's sway angle.

Figure 1 shows that this normal subject's sway was only slightly
influenced by the "false" visual orientation cues resulting from the
sinusoidally rotating visual field when the subject stood on a fixed
support surface. Sway increased when the subject stood on the sway-
referenced support surface. However when the amplitude of the rotating
visual field increased, the subject's sway did not correspondingly
increase. This suggests that the subject's somatosensory and vestibular
systems in the fixed platform case, and the vestibular system in the
sway-referenced case, provided sensory cues which were used by the
brain's posture control mechanisms to limit the response to the visual
stimulus.

Figure 2 shows the results for a subject with complete bilateral loss
of vestibular function during the same conditions. At low amplitudes of
the visual field stimulus, the sway of this subject was clearly influenced
by the moving visual field. At higher stimulus amplitudes with fixed
platform, the bilateral loss subject consistently swayed more than the
normal subject. At higher stimulus amplitudes with a sway-referenced
platform to reduce somatosensory cues, the bilateral loss subject
consistently fell since the subject did not have any source of sensory
information which provided an accurate orientation reference.

What is not shown in these figures is that there was a wide range of
sensitivities to the visual field motion among the normal subjects. At
low stimulus amplitudes, some of the normal subjects showed similar
sway amplitudes to bilateral deficit subjects while other normals showed
much less. This suggests that there is considerable variation of the
behavioral weighting of sensory orientation cues among normal subjects.
As this grant work progresses, this variation will provide us with a scale
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of performance against which motion sickness susceptibility can be
compared.

Ocular Torsion. Rotations of the head about a naso-occipital axis
stimulate the vertical semicircular canals and the otolith organs
(depending on the orientation of the head with respect to gravity). Signals
from these vestibular receptors produce torsional or counterrolling eye
movements. As with other aspects of the vestibulo-ocular reflex (VOR),
the presumed function is to stabilize images on the retina during head
motion in order to insure clear vision. The need to torsionally stabilize
eye movements during rolling head movements would seem to be less
important than during pitching and yawing head movements since image
motion at the eye's fovea, the region of highest acuity, is relatively small
during head rolls. Therefore the results of counterroiling experiments
which have demonstrated very low gains during static head positions, and
relatively low gains during moderate frequency (0.1 to 0.8 Hz), actively
generated head rolls seem to confirm the thought that this reflex is not
very functionally significant.

Our results show that ocular torsion gains are actually quite large
during head motions which resemble those which can occur during natural,
everyday movements. That is, during low amplitude (<20 degrees), high
frequency (>~1 Hz) head rolls, the gain of the torsional VOR is close to
unity. Figure 3 shows the gain and phase responses of the three subjects
tested to date. At 2 Hz, 2 of the three subjects had gains above 0.9, and
phases were near zero.

As with the posture experiment results, the variability of results
among individuals will be a key point of interest in determining if
individual variations in reflex function relate to motion sickness
susceptibility. As an example of this variability, the torsion measures
from 2 subjects are shown in Figure 4 during a 0.2 Hz, ¥20° roll rotation.
One subject had very little nystagmus while the other had a great deal of
nystagmus. In addition, the subject with the least nystagmus also was
the one with the largest phase leads in Figure 3. These types of torsional
VOR response differences may represent "strategy" differences among
individuals in the way that they choose to use available sensory
information for the control of compensatory reflexes. Perhaps these
differences in strategies are also associated with either more or less
successful abilities to avoid motion sickness symptoms when exposed to
environments which give conflicting sensory cues to orientation.
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PERCEPTUAL FEEDBACK EXPERIMENTS

In 1981, Zacharias and Young presented a method which allowed for the
quantification of a subject's perception of rotation under the combined
influence of visual and vestibular cues. In this technique, the subject has
control over the rotational motion of the chair by adjusting a
potentiometer. Subjects are seated in the vertical axis rotation test room
with the potentiometer mounted on the arm of the chair. The output of
this potentiometer is summed with a velocity command signal from a
computer and this summed signal is delivered to the velocity command
input of the chair's servo motor. The goal of the subject is to
continuously adjust the potentiometer so that he feels like he is not
moving. A "perfect” subject would be able to hold himself stationary in
space by adjusting the potentiometer so that its output was equal but
opposite to the computer's command signal. "Real" subjects do not remain
stationary because of the dynamics of their motion perception and motor
reaction systems, and because of presumed imbalances in the vestibular
receptors.

Relation of Perceptual Feedback to VOR Test Results. The article by
Zacharias and Young suggested that the drift of the subject during rotation
in the dark, or with subject-referenced vision, might be due to an
imbalance in the encoded motion information coming from the two haives
of the vestibular system in opposite ears. This is also the interpretation
which is generally given to the presence of bias, or directional
preponderance observed in tests of horizontal VOR function. We
anticipated that there might be a correlation between the drift observed
in perceptual feedback tests and the bias recorded in VOR tests. However
we have not found any obvious correlation between these two measures.
It may be possible that normal subjects have too small a range of bias and
drift to provide a reliable correlation. However the bias measured for a
given subject does appear to remain consistent over time, as does drift.
That is, the reliability of the measurement of these two parameters
seems to be fairly good. This would argue that the lack of correlation
between these two measures is real, and not an artifact of their limited
range, at least in normal subjects. This observation suggests that there
are differences between the static (very low frequency) responses of the
VOR and the static properties of motion perception. We believe that
exploring these differences and their possible association with motion
sickness may be productive.
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SCIENTIFIC PAPERS AND PRESENTATIONS

An abstract describing torsional VOR dynamics was recently submitted
for presentation at the Association for Research in Otolaryngology in
February 1991. A copy of the abstract is attached.

Four papers describing the results of our study of VOR, optokinetic
reflex, and moving platform posturography from 200 putatively normal
subjects are currently in press in the Journal of Vestibular Research.
Copies of the four papers are enclosed.
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Figure 1. Anterior-posterior center-of-gravity sway angle in response to
sinusoidal rotation of a full-field visual surround. Results are for a
normal subject standing on a fixed surface (left column of data) and a
sway-referenced surface (right column) during 0.2 Hz rotations of the
visual surround at amplitudes ranging from +1° to +10°.






Bilateral

Fixed Sway Referenced

1°J\f\/\/’\,/\,f\./\/\f\/\—f\f\«
2% I A AN A

10° 2o

Figure 2. Sway of an abnormal subject with a total bilateral loss of
vestibular function responding to the same full-field visual field motions
as those in figure 1. Note that the subject fell on the +5° and +10° trials

when the platform was sway-referenced.
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Figure 3. Ocular torsion response dynamics of 3 normal subjects recorded
during roll rotations in a dark room while the subjects viewed a single
dim fixation light located on the rotation axis. The amplitude (gain =
torsional eye velocity/stimulus velocity) and timing (phase with respect
to the sinusoidal rotational stimulus) of torsional eye movements changes

as a function of the stimulus frequency.
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Figure 4. Torsional eye movements of 2 normal subjects recorded during
roll rotations in a dark room while the subjects viewed a single dim
fixation light located on the rotation axis. The stimulus was a 0.2 Hz sine
with +20° amplitude (top trace). The scale applies to all three traces.






DYNAMIC RESPONSE CHARACTERISTICS OF THE HUMAN

TORSIONAL VESTIBULO-OCULAR REFLEX. *R.J. Peterka.
R.S. Dow Neurological Sciences Institute and Clinical
Vestibular Laboratory, Good Samaritan Hospital & Medical
Center, Portland, OR 97210.

The torsional vestibulo-ocular reflex (VOR) was
measured in three subjects. The stimulus consisted of
controlled sinusoidal rotations with amplitudes of *20°
for 0.05 to 0.8 Hz stimuli, *10° for 1.0 Hz, and *5° for
the 2.0 Hz stimulus. Subjects were rotated in the dark
about a naso-occipital axis at the level of the intra-
aural axis while viewing a single dim red LED located on
the rotation axis about 38 cm in front of their eyes. A
small bite-plate mounted video camera recorded eye
movements from the right eye under infrared illumination.
Each sequential video image (60/s) from a video recording
was analyzed off-line by first locating the edges and
center of the pupil, and then scanning the intensity of 4
to 6 concentric rings around the 1iris about midway
between the pupil and the sclera. The peak of a cross
correlation between the reference 4iris scan rings
obtained at the beginning of each trial and the scan
rings from the current video image was used to estimate
the ocular torsion. The velocity of the slow phase
portions of ocular torsion was calculated and compared to
the stimulus velocity in order to calculate torsional VOR
gain and phase. Unity VOR gain and 0° phase represent
perfect compensatory response dynamics.

Torsional VOR gain generally increased with
increasing frequency. Gains at 0.05 Hz ranged from 0.15-
0.32 and at 2.0 Hz from 0.69-0.98. At lower frequencies,
phase leads were present. Above 0.1 Hz, phases generally
declined toward 0° with increasing frequency. Two of the
three subjects showed more phase lead at 0.1 Hz than at
0.05 Hz. Phases ranged from 7.4°-15.4° at 0.05 Hz, 7.8°-
17.6° at 0.1 Hz, and 1.2°-6.4° at 2.0 Hz.

Previous measures of torsional VOR during active
head tilts at frequencies below 1.0 Hz found gains
ranging from 0.3 to 0.7 (Ferman et al., Vision Res.
27:811-828, 1987). Although the results presented here
were obtained using passive rotations, similar torsional
VOR gains were observed at corresponding stimulus
frequencies. This study extended the frequency range to
2.0 Hz for the identification of torsional VOR dynamics.
At 2.0 Hz, two of the three subjects had gains greater
than 0.9 and phases near 0°. This suggests that the
torsional VOR can play a significant roll in stabilizing
retinal image motion during low amplitude, high frequency
head movements.

(Work supported by NASA grant NAG 9-117.)

Association for Research in Otolaryngology Abstract - Meeting
date February 1991.
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AGE-RELATED CHANGES IN HUMAN VESTIBULO-OCULAR REFLEXES:
SINUSOIDAL ROTATION AND CALORIC TESTS

R.J. Peterka, pnp,* F.O. Black, mp, and M.B. Schoenhoff, 8s

Good Samaritan Hospilal and Medical Center, R. S. Dow Neurological Sciences institule,
and Department of Neuro-otology, Portiand. OR

O Abstract — The dynamic response properties of
horizontal vestibulo-ocular refiex (VOR) were
characterized in 216 human subjects ranging in age
from 7 to 81 y. The effects of aging on VOR dy-
namics sud parameter distributions that describe
VOR responses 1o caloric and to sinusoidal rota-
tional stimuli were determined in 2 putatively nor-
mal population. Caloric test parameters showed no
consistent trend with age. Rotation test parameters
showed deciining respoase amplitude and slightly
less compensatory response phase with increasing
age. The magnitudes of these changes were not
large relative to the variability within the popula-
n. The age-related trends in YOR were not con-
sistent with the anatomic changes in the periphery

b.\y.).qnuc:a by others that showed an increasing rate

astead
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A

“of peripheral hair cell and nerve fiber loss in sub-

jects over 55 y. The poor correlation between phys-
tological and anatomical data suggest that adaptive
mechanisms In the centrai nervous system are im-
portant in maintaining the VOR.

(I Keywords — vestibular; eye movements;
rotation testing.

Introduction

Age-related changes in the peripheral vestib-
ular organs include loss of hair cells (16), ves-
tibular nerve fibers (4), and Scarpa’s ganglion
cells (15). The rate of loss of these peripheral
vestibular anatomical structures increases in

*Dr. Peterka is p y the Scientific Systems 1
at Depaniment of Neuro-otology and Assistant Scientist
at R. S. Dow Neurological Sciences Institute.

1040 N.W. 22nd Avenue, Portland, OR 97210
. i
subjects older than ~55 y{Ijl reflex function
depends directly on intact peripheral vestibu-
lar structures, then we might expect a decline
in vestibulo-ocular reflex (YOR) function
paralleling anatomical deterioration. Alterna-
tively, if the central adaptive mechanisms re-
main intact in older subjects, then VOR
function may remain relatively stable regard-
less of peripheral anatomical deterioration.
: Literature on age-related changes in vestib-
! ular function is limited. Experiments on hu-
mans are usually performed on a small
number of subjects, and these subjects are
typically young adults. The exceptions to this
occur in the clinical literature on caloric test-
ing of the VOR (5,11). The results of these
studies are rather ambiguous and include
etk increased, decreased, and unchanged re-
sponses with increasing age. Caloric test re-
sults are therefore not consistent with the
known age-dependent anatomical changes in
peripheral vestibular receptors and nerve
fibers. Studies on age-related changes in VOR
identified using rotation testing are less com-
plete either because the age range of subjects
was limited (20,18), or because older analysis
methods did not permit detailed characteriza-
tion of responses to rotation (19). However,
small age-related declines have been identified
in these studies. Since normal VOR function
has not been studied in the same subjects using
both caloric and rotation tests, it is possible
that the source of this difference between ca-
loric and rotation tests is simply related to the
choice of sample test populations.

Recervep 9 February 1990; Acceptep 12 March 1990.
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The present experiments were designed to
characterize the dynamic response properties
of human horizontal VOR in a normal pop-
ulation using passive rotational and caloric
stimuli. The population was sclected to pro-
vide results related to the effects of the aging
process on these reflexes, and to determine if
physiological changes were consistent with
anatomic changes which occur with age. Op-
tokinetic reflex and postural control function
were also tested in the same subjects on the
same day, and are reported in companion
papers (12-14).

Methods

Vestibular reflexes were tested in 216 hu-
man subjects (90 male and 126 female) aged
7 to 81 y. Ages were approximately uniformly
distributed over the entire range. Subjects
were required to meet the following criteria:

1. normal age-corrected auditory pure tone
responses

2. middle ear reflexes present bilaterally

3. normal middle ear impedance

4. no history of head blows of sufficient
magnitude to cause loss of consciousness

5. normal neurologic and otologic physical
exams

6. normal corrected vision

7. no history of ototoxic drug use

8. no history of dizziness or disequilibrium

9. moderate or absent use of alcohol with
instructions to abstain from alcohol and
caffeine 24 h prior (o testing

10. no use of psychotropic drugs

11. no history of meningitis. encephalitis,
stroke, seizure disorders, diabetes, hyper-
tension, heart disease, or other systemic
diseases.

We did not reject subjects based on the results
of any of the vestibular, optokinetic, or pos-
ture tests performed.

Rotation Tests

a
Subjects sat in a chair mounted o:\a 108
N-m velocity servo-controlled motor (Con-
traves Goerz OoG\./z_onn_ §24) which rotated
Attsbwrgh, 7A,

them about an earth vertical axis. Subjects
performed tests of VOR function with eyes
closed in a darkened room. Horizontal and
vertical eye movements were recorded by elec-
trooculographic (EOG) techniques {band-
width DC to 80 Hz) using silver/silver
chloride electrodes. Horizontal EOG was
recorded using bitemporal electrodes, and
vertical EOG was recorded by electrodes
placed above and below one eye. Stimulus
delivery and data collection were controlled
by computer (DEC LSI 11/73). Chair tachom-
eter signals as well as horizontal and vertical
EOG were digitized and stored for later anal-
ysis. Digitizing rates were 200/s for the hori-
zontal EOG and 50/s for vertical EOG and
stimutus velocity. Calibrations of the EOG
were performed before and after each rota-
tion test.

Rotational stimuli for VOR tests inciuded
both a pseudorandom stimulus (14) and sin-
gle frequency sinusoidal stimuli. Sinusoidal
stimuli included 0.05, 0.2, and 0.8 Hz rotations
with peak velocities of 60°/s. The duration of
sine tests were 100 s (5 eycles) for 0.05 Hz,
45 5 (9 cycles) for 0.2 Hz, and 26.25 s (21 cy-
cles) for 0.8 Hz. The first cycle in cach data
record was considered a transient response
and was ignored in the data analysis.

Subjects were given verbal tasks through-
out testing to maintain a constant fevel of
alertness. The tasks consisted of alphabeti-
cally naming such things as names, places,
and foods.

Rotation Test Data Analysis. Eye position
data were differentiated to calculate eye ve-
tocity. Fast phases of the nystagmus were
identified using a method similar to Barnes
(3). Curve fits to the remaining slow phase
eye velocity data aliowed the estimation of
VOR response parameters. Curve fits were
made to each period of the response. Periods
that contained corrupted data were rejected
before the final averaging of response param-
eter values from the remaining periods.

The curve fits to sinusoidal responses were
of the form:

r(t) = B, + AssinQxf + P,) 1
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VOR Responses to Rotation

Typical VOR rotation test results are shown
in Figure 1. Population statistics for gain,
phase, bias, offset, and asymmetry are given
in Table 1. The small differences in Ns are due
10 data eliminated because of poor quality.
The distributions of all parameters were fairly
symmetric about their means. Gain increased
with increasing frequency and had lower vari-
ance at 0.8 Hz as compared to 0.2 and 0.05 Hz.
The phase variance also decreased with in-
creasing frequency. The variances of the off-
set distributions were somewhat less than the
variances of the bias distributions at 0.05 and
0.2 Hz, and greater at 0.8 Hz.

Table 1. VOR Respons 4 for Single Sine
Stimuli: Mean, SO, and Percentlle Values
on Paramater Distributions

Gain Phase Bias Offset Asymmetry

Frequency = 0,05 Hz. N = 208

Mean 088 105 -0.44 -0.35 -0.9
S0 0.15 485 358 290 7.5

2 5%we-0.39 094 ~821 -8.11 -18.8
5% Q.44 247 -534 —484 151
25% 0.58 7.54 -2.55 -2.03 ~5.7
50% 0.67 10.27 -0.36 ~-0.32 ~0.5
75% 0.78 13.41 1.89 148 40
95% 0.96 1810 500 384 108
97 .5% 102 1919 6.73 6.46 13.8

Frequency = 0.2 Hz, N = 208

Mean 0.75 162 -0682 —0.35 -15
s0 0.16 317 291 232 6.6

25% 040 -427 -658 -5.00 144
S% 0.51 -3.58 -5.70 -398 -11.7

25% 065 ~0.36 —-246 -1.79 -5.9
50% 0.75 1.96 -0.65 -0.33 ~-1.5
75% 0.86 3.97 132 1.09 32
5% 0.99 595 432 347 9.7
97.5% 1.02 639 488 449 104
Frequency = 0.8 Hz. N = 204
Mean 0.84 078 -0.28 004 -1.4
S0 0.13 259 276 3.3 5.9

2.5% 0.50 -3.95 -6.27 -6.78 -14.6
5% 0.62 -3.07 -5.30 -520 -—11.9

25% 0.76 -0.59 ~1.98 -1.62 -4.0
50% 0.84 0.74 -0.21 -0.10 =11
75% 093 205 152 1.88 1.8
85% 1.08 538 391 54§ 8.5
97.5% 1.07 6.99 S14 6.50 10.3

Units are VOR phase in degrees. bias in */s_ oftsel in */s. and
asymmetry i parcent.

45D, stamdand daviah

Neither bias, offset, nor asymmetry were
highly correlated across the three test frequen-
cies. The largest correlation coefficient was
0.71 between bias at 0.2 and 0.8 Hz. Correla-
tions comparing bias at 0.05 and 0.2 Hz, and
at 0.05 and 0.8 Hz were 0.56 and 0.52, re-
spectively. The correlation coefficients com-
paring response offset at the three test
frequencies ranged from 0.43 10 0.57. Asym-
metry correlations across test frequencies
were the fowest of all symmetry measures
(range 0.10-0.37).

There were small changes in rotation test
gain and phase responses with age {Figure 2).
In particular, all gains decreased with increas-
ing age. The gain trend was more consistent
at 0.05 Hz than at 0.2 and 0.8 Hz. Phases in-
creased with increasing age at all frequencies
tested, although the effect was more pro-
nounced at 0.2 and 0.8 Hz than at 0.05 Hz.
The age-related changes in gain and phase
were bath roughly linear. Linear regression
stopes, intercepts, and correlation coef! ficients
are summarized in Table 2. Rotation test
measures of response symmetry (the absolute
values of bias, offset, and asymmetry)
showed no age-related trends.

VOR Responses to Caloric Stimuli

Caloric test results were generally in agree-
ment with those of others who reported nor-
mal ranges of LA of about 15 to 25%. Our
results were consistent with a 25% upper limit
of normal since 95% of our subjects had LA
measures below this value. The distribution
of AR had a mean of 17.0%s (+9.0 SD,
range 4.5-63.2) and was skewed toward
larger values.

Age-related effects on caloric test results
were ambiguous. A linear regression curve fit
to AR versus age (Figure 3A) showed an aver-
age decrease with increasing age. The linear
regression had an associated correlation coef-
ficient of —0.15, which was significantly dif-
ferent from zero (P < 0.05). However, the
lowess fit shown in Figure 3A indicated that
a linear regression was probably not an ap-
propriate description of the data. AR de-
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Figure 2. VOR gain and phase asa functlion of subject age. Data wers ined from lonal stim-

ulation at 0.05, 0.2, and 0.8 Hz. Solid curves sre lowess fits.

creased for subjects up to about 40 y, and
then increased at a low rate for older subjects.
Figure 3B shows the absolute value of LA
versus age. The lowess fit shows essentially no
change over the first 6 age decades, and a slight
increase in older subjects. Due to the large
variance in the data, a much larger sample
would be required to determine if the small
increase in older subjects was significant.

Correlations among Rotation and
Caloric Parameters

Table 3 summarizes correlations among
various caloric and rotation test measures.
Among rotation test response symmetry mea-
sures, bias and offset were highly correlated
at all test frequencies. Bias and asymmetry
showed moderate correlations (about 0.6) at
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do not reflect the physiotogical function of 2
randomly selected population. Several results
argue against a strong bias toward exception-
ally healthy elderly subjects. First, the audi-
tory pure tone threshold functions of our
subjects were consistent with the expected
age-related changes (17). Second, extended
frequency audiometry (8-20 KHz) was per-
formed on most subjects and showed consis-
tent monotonically declining function with
increasing age. Third, the optokinetic reflex
time delay showed monotonic increases with
age (14). Finally, posture test resuits {13) in
the same subjects showed clear age effects. it
seems unlikely that the peripheral vestibular
system of these subjects would escape distrib-
uted aging processes when other systems did
not.

The increases in VOR phase leads at higher
frequencies with increasing age were not an-
ticipated. On the surface they would scem to
represent a degradation of function since in-
creased phase leads take the system response
away from the goal of perfect compensatory
eye movements (unity gain and zero phase).
Perhaps the phase advance is an artifact of an
adaptation that improves overall VOR func-
tion. For example, studies of peripheral semi-
circular canal function in the squirrel monkey
have shown that higher gain peripheral nerve
fibers have dynamic properties which include
phase advances at higher frequencies (7). Phase
advances indicate a sensitivity to the velocity
of cupula deflection in addition to the cupula
position. In contrast, lower gain canal fibers
show cupula position sensitivity and there-
fore, due 10 the integrating accelerometer
characteristics of canal biophysics, the nerve
responses are in phase with head velocity at
higher frequencies of rotational movements.

On the basis of our results, we might
postulate that in young people, low gain tonic
canal fibers provide the major contribution to
the VOR. As the subject ages and there is a
gradual loss of peripheral canal input due to
cell death, adaptive mechanisms in the central
nervous system may be able to selectively in-
crease the contribution of high gain canal
nerve input. The net effect would be to main-
tain the gain of the VOR at a reasonable level

allowing for the generation of adequate com-
pensatory eye movements, However, this
mechanism of gain enhancement would be
accompanied by the possibly undesirable
phase leads associated with the dynamics of
the high gain canal fibers. A trade-off may be
occurring in favor of maintaining the desir-
abie feature of high response amplitude at the
expense of the timing of compensatory eye
movements.

This hypothesis may be consistent with the
muiltichannel model of the VOR (9) devel-
oped to explain the dynamic properties of
VOR adaptation. However, assuming that
human and monkey VOR adaptation occurs
by similar mechanisms, there are other stud-
ies that are not consistent with this hypothe-
sis. Minor and Goldberg (10) have shown that
phasic canal fibers do not appear to contrib-
ute at all to the VOR of the squirrel monkey.
If phasic fibers do not contribute to the VOR,
they cannot participate in alterations in VOR
dynamics. One might argue that these phasic
fibers only contribute to the VOR when they
are needed for the adaptive enhancement of
the reflex. However, this would be inconsis-
tent with other results that suggest shat it is an
enhancement of the contribution of the tonic
fibers that mediates adaptive increases in
VOR gain (8).

Finally, a hypothesis calling for an in-
creased phasic fiber contribution to the VOR
of older subjects may also be inconsistent
with anatomical aging resuits that showed rel-
atively greater hair ceil loss on the crest of the
crista (16), and the greatest fosses of the thick
fibers innervating the canal cristas (4). Since
the higher gain afferent fibers, at least in the
chinchilla, tend to be larger in diameter and
to originate from the crest of the crista (1),
the selective loss of these cells with increasing
age would preclude their participation in
VOR gain enhancement.

Current understanding of the mechanisms
of VOR adaptation and of anatomical
changes in peripheral vestibular receptors
does not provide a good explanation of our
VOR data. Studies of VOR adaptation, often
performed in younger animals, may not ade-
quately characterize changes that occur with

- dadite TeaX

010

R. J. Pelerka et al.

1oyt
age since the aging process may also affect
the functionality of the central neural net.
works involved in adaptation. An aging adap-
tive neural network could contribute its own
dynamic component to the VOR that differs
from the dynamic properties observed in
younger animals.

Clinical Significance

The presence of age-related changes in
VOR function identified using rotation tests
has implications for the assessment of normal
function. Part of the variability of VOR re-
sponse parameters is caused by this age ef-
fect. The square of the correlation coefficient
gives an estimate of the proportion of vari-
ance related to changes with age. The VOR
gain versus age measures had correlation co-
efficients between 0.3 and 0.4. Therefore, ap-
proximately 10% to 15% of the variance of
gain data is accounted for by the effect of
age. Measures of normal vestibular function
should account for these age effects.

Since the majority of the observed response
variability is independent of age, it is clear
that the functional characteristics vary widely
within any given age group in a putatively
normal population. To the extent that aging
effects are deleterious and that our reflex
measures accurately characterize the general
decline in function, a significant proportion
of subjects within any age group look “older”
than their chronological ages and may be less
functional with regard to their orientation

control abilities. One could hypothesize that
these subjects would be more susceptible to
the development of balance and orientation
coatrol probiems as their vestibular function
further declines with age. Perhaps there is
some threshold beyond which the brain’s
adaptive mechanisms are not able to compen-
sate for the declining function. After this
point is reached, subjects may develop dizzi-
ness and equilibrium control complaints, or
perhaps individuals will restrict their activities
50 as to avoid situations that stress their re-
maining capabilities. A longitudinal rather
than a cross-sectional study would be re-
quired to test this hypothesis.

Although we did not observe large age-re-
lated trends in VOR function, it is apparent
that central adaptive mechanisms cannot sus-
tain VOR function indefinitely in the face of
increasing losses of peripheral receptors and
neurai substrate. [t will be important to ex-
tend the age limit of our study to the eighth
and ninth decades, and 1o explore larger am-
plitude and higher frequency stimuli that
more nearly resemble natural head motion.
The point at which physiclogical function be-
gins to follow the anatomical decline will de-
fine the effective functional reserve of the
central adaptive mechanisms.
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O Absteact — The dynamic response properties of
horizoatal vestibulo-ocular reflex (YOR) and op-
1okinetic reflex (OKR) were characterized in 216
buman subjects ranging in age from 7 to 81 y. The
object of this cross-sectional study was to deter-
mine the effects of sging on VOR and OKR reflex
dynamics. and (o identfy the distributions of pa-
w7 rameters thaf describe VOR and OKR responses to
o pseudorandom stimuli in » putatively normal pop-

wia ts wiation. In general, YOR and OKR response pa-
) dckn (ameters changed in a manner consisteal with
) - declining function with increasing 2ge. For the
=t L.A,.LA VOR this was reflected in declining respouse am-

plitudes, aithough the magnitude of the decline was
small relative to the variability of the data. For the
OKR the lag time of the response, probably asso-
ciated with the time required for visual information
processing, increased linearly with age st a rate of
about 1 ms per year.

O Keywords — vestibular; visual-vestibular; eye
movements.

Introduction

A great deal is known about age-related per-
formance declines in various visual perception
tasks (7). These tasks are usually studied in
controlled settings in which oculomotor per-
formance is assumed not to play an impor-
tant role. However, in natural settings it is
obvious that changes in oculomotor perfor-
mance with age could have a deleterious ef-
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fect on many aspects of visual perception. In
particular, vestibulo-ocular reflex (VOR) and
optokinetic reflex (OKR) normally function
together to provide clear vision by generating
comp Ty €ye mo s that minimize
image motion on the surface of the retina
during head movements. It is important to
know how the VOR and OKR change with
age since a degradation in these reflexes could
impair the acquisition of visual information
during active and passive head movements.

During horizontal head rotations in the
light with earth-fixed visual surrounds, the
VOR and visual motion information through
optokinetic and pursuit tracking systems
combine to produce compensatory eye move-
ments that facilitate clear vision by maintain-
ing a fixed gaze direction. The combined
VOR and visual tracking reflexes are effective
over a bandwidth from DC to several Hertz
9.

Literature on age-related changes in vestib-
ular and oculomotor function is limited. Ex-
periments on humans are usually performed
on a small number of subjects, and these sub-
jects are typically young adults. The excep-
tions to this occur in the clinical literature on
caloric testing of the VOR (3), in some work
on age-related changes in pursuit tracking
ability (16,17), and in responses to constant
velocity optokinetic stimuli (10,18).

The present experiments were designed to
characterize horizontal VOR and OKR dy-
' namic response properties, and the variability
of those responses in normal humans. The
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' population was sclected to EoimM results re-
ilated to the effects of the aging process on
. these reflexes. Tests of VOR function using
: caloric and sinusoidal rotational stimuli, and
“tests of posture control were also made in the
' same subjects and are reported in companion
i papers (12-14).

|
Methods

Vestibular and oculomotor reflexes were
tested in 216 human subjects (90 male and
126 female) aged 7 to 81 y. Ages were approx-
imately uniformly distributed over the entire
range. Details of subject selection are given in
a previous paper (13). We did not reject sub-
jects based on the results of any of the vestib-
ular, optokinetic, or posture tests performed.

Rotation Tests

Test conditions for the VOR were identical
to those described earlier (13). Additionally,
for the OKR the subject was surrounded by a
circular cloth cylinder 1.8 m in diameter. The
cylinder acted as a projection screen for an
optokinetic stimulus. A full field optokinetic
stimulus was provided by a pin hole type
projector mounted on a 6.8 N-m servo motor

orp 7 onia Domigwe 2, ¥ Genisco-Technology-Gorpr-Model+100) at-

A, Model 1109°5)

tached to the ceiling directly above the sub-
ject's head. The projector produced randomly
placed vertical stripes of light against a mostly
dark background.

Rotational stimuli for VOR tests included
both single frequency sinusoidal stimuli {results
reported in (13)] and a pseudorandom stimu-
lus. The pseudorandom stimulus consisted of
the summation of eight discrete sinusoidal fre-
quencies. The [requency components were se-
lected to minimize corruption of the results of
the data analysis due to possible nonlinear re-
sponses of the VOR system (19). The eight
frequencies were 0.0092, 0.021, 0.046, 0.095,
0.180, 0.388, 0.766, and 1.535 Hz. The nom-
inal amplitudes of these components were all
15.6%s except the highest frequency compo-
nent which was 7.8%s. The highest instanta-
neous stimulus velocity was about 100%/s. The
duration of the stimulus was about 440 s.

Transient responses were avoided by record-
ing only the final 327.68 s of the trial.

The OKR of each subject was tested by
recording horizontal eye movements evoked

‘bya projected visual stimulus rotated around

the stationary subject. The optokinctic
projector moved under the control of a pseu-
dorandom stimulus consisting of seven sinu-
soids with frequencies 0.018, 0.043, 0.092,
0.189, 0.360, 0.775, and 1.532 Hz. The ampli-
tudes of the components were nominally
7.8%/s except the highest frequency compo-
nent which was 3.9%s. The peak instanta-
neous velocity was about 40°/s. The total
stimulus duration was about 220 s. Transient
responses were avoided by recording only the
final 163.84 s of data. Complete OKR data
were not obtained on all subjects since the
stimulus induced motion sickness symptoms
in some subjects, requiring the early termina-
tion of the test.

Subjects were given verbal tasks through-
out the VOR and OKR rotation tests to main-
tain a constant level of alertness. The tasks
consisted of alphabetically naming such
things as names, places, or foods.

Data Analysis

Eye position data were differentiated 10
calculate eye velocity. Fast phases of the nys-
tagmus were identified and efiminated (11).
The Fourier analysis of the remaining slow
phase eye movements provided estimates of
the response parameters given by the foliow-
ing equation

N
r(t) = B+ 3, AisinQ2xf; + P) 48]

im]
where B is bias or average slow phase veloc-
ity, with units of */s, N is the number of sinu-
soidal components in the pseudorandom
stimulus, A, is the response amplitude at the
ith frequency f;, and P, is the response phase
at the ith frequency. A Fourier analysis of the
stimulus velocity was performed to calculate
the amplitudes and phases of the stimulus
wavelorm. The reflex gains and phases at the
N stimulus frequencies were computed as the



‘e)ep #y) jo siskjzue

pue (g} USIMIEq $18q [IUSA "DOI IMUOIPOY (D) PUs

Au eyt jo saseyd 1£9] JO SUOHEIO] Y] moys (&3]

*Kioo10n 848 essyd mois (8) “Aj1o0194 jrUOnTIO) § J30IGNS

a1 sMoyS (Y] ‘YOA #U} O UORTINWIIS WORUEIOPNIST AQ PAXCAS SILSWEAOW 843 jo oidwes s 0g ¥ °| eunbig

(spucdes) swiy

G 4 Y
a Ay ooioA A3 moig oSt
asti-
7 a
! o~ !
NANA, A A Ae
v Kyjpoiep snjawns o“—

10U $20p |2powr Jawesed Om1 Y1 ‘13AIMOH
‘$ §'pp JO 1EISUOD Swh YOA Suol e payf
-IUAPL 1Y 241N Y] “erep wopuelopnasd syr
uey) peat sseyd §53] Yitw Ing waned FLIENEY]
ay1 Suwturijuod urese ‘zH §°0 PUe ‘T0 ‘SO0
1B 1T PUR ‘87— ‘.Lf MM [nINS [EPIOS
-nuis 01 $3suodsas jo aseqd 2y § ‘sausnbayy
1531 [[© $SOIO€ 0337 eyl 11eaI8 pue 1oy Ape]
atam DT 2Indig un miep aseyd YOA UL
*(9) Aaxjuou annbs >y1 ut s1U
-13)je feued diseyd jo sasuodsal dtureukp 3y
2qQUISAP 01 PIsn U0 3y} 01 JR[IWIS 3q pinom
wioj SiYl JO UONdUR} IIJSURIT Y uUONIUNJ
Jajsuei ay) Ut Wl pea| Ksusnbasy By
® 211nb31 pINOM ®IEP SIY1 01 1J IAIND el
-nooe 10w Y -usned [eI3usl ) pauLyuod
210j219¢) pue ‘13{qns syt 10] *K[PAnd3ds3a
'26°9 PUE ‘,0°T *.L701 3139m SUONIRIOL [EPlOS
-nuis 24 §°0 PUE ‘T°0 *50°0 01 SISUOASII YOA
jo saseyd ayg -Kousnbaiy Buiseasdur Yim
speaj aseyd Suiseasdul pamoys eiep Aouanb

-a15 13431y 9y1 g [Ppow Idwesed oml-

U1 £q []9m 1) 19m T UT eTRp AdUanbas) mof
syl "DT pue gz saundig ut s1a2fgns Jayio oMl
woJj vIep Y1 4q payndwaxa a1e ystym U1l

-1ed SIY1 WOIJ SUOITBIAIP 21am 394, *(7 ubd)
[opow uondunj 12jsuen 3aausesed oml Yl 4q
PaZLIAISRIBYD (|94 SBA pUR ‘Y7 2mBLJ ut e1ep
541 01 ULIO] U] JR[IWIS SEM $193{qNS 1S0W JO
e1ep sseyd pue ured YOA Jo ussned 3yJ
193{qns
yaea jo wiep Y1 01 (7 uba) vonounj sajsuenn
1a1aurered omi B JO ity daInd Juasaidas siutod
eiep Y1 yInoryl sauyy prjos syl "Noidwk
-se ue Yoeas 01 syeddde 1 S19Y10 UL pue p1sa
s8ue) A5uanb21j Y1 340 SISEIOUL (e
-uojouow ured a3 s19a(qns swos up ‘Kousnb
~31) Suisea1atl Yim SISEIIDUL pue Kduanbaig
1531 159M0] Y1 18 Jamo| St uted ayy AjjeandL |
7 N1 UL UMOUs e 5133(qQNS 3yl Wolj
wiep aseyd pue ured jo sajdwexy -Asuanb
-31 snjnuns jo uohounj e se aseyd pue ules
ssuodss1 Jo saunsesw sapiaoid A1do[a SN
-WS pIPI03] A puE ANJ0[RA 343 I5eYd MO[S
Jo sisjeue [enads v (g sin3ig) uonow
Kioresuadwod Swikzapun ays §(e3a3s £1150[
-3 943 aseyd mojs jo uonend[ed pue 'swAu
-0dwo3 I158) pue mo[s Jo uonesedss "12amoH
(51 21m81g) uiaied wdwIsouws 243 xe(dwod
€ $310A3 sn{nwIns wopuesopnasd aqy [ M

‘B 1e Blag T Y

v00

W, PP

-$14 Ul UMOYs SI SNNWNS YOA Wopuelop
-nasd & o1 asuodsal reardA e jo sjdures v

sasuodsay AOA

‘Sa[eWa) pue SIBW UIIMIDG SIXI[J1
ut $a5ualaJIp auedsyludis ou d1am BYL
*UOIUNS Uf SUTDIP © paredipul safueyd 15O
‘eyep Y1 Jo Aupqelrea a1 01 Jane[1 ddue|
10U Sem saSueyd asayl jo spmitusew ay ng
‘saanseaul 95uodsal 1531 GONEIOA [[e Isoutje ut
paynuapl 219m s3fueyd parel-s3y “uohiduny
AMNO PUE YOA JO s2Inseaull |[¢ uo sasuods
31 Jo sBuel Ipim © PIMOYS 5103(qns oy

sinsay

*51531
15410 U0 10(qns Jures Y} Wolj eIep IO
Ajifenbsip 01 posn 10U SeM 1$3) UIAIB e VO 193(
-qns suo Joj eiep Aurenb 1004 “1531 Yde2 1O}
300d pajel aJam $159{QNS JO ¢4p INOQqE WOI)
synsal 159) a4y Aupenb wiep jo juawdpnl
Ut pasn 10U 219m s1Rurered asuodsas Jo sIn
-Tea renioe 2y ] ‘smudeisku jo saseyd 1sej pue
mols Jo uonesedas Y1 Ui SISA[RUE JUSWIAOW
24> ay) jJo Ad>eindode 1 uo pue ‘sninwms
sy} jo uoneinp ay moydnosy; sdsuodsas
21 JO ADUISISUOD AN} UO Paseq d1am SIUIW
-8pnl Lijend) ‘uondas SHNSAI Y WY sdURW
-wns eRp Y1 Ul papnput dse viep Lijend
118§ pUE pood AuQ “100d 1o irej ‘poos jo Buy
-1eJ ¢ UdAId Ajpanaiqns seam 12(qns yoed 10§
1521 GOPRICI Yoed Jo ANfenb [[eisa0 YL

Amon® v1oT

*$135 ®IEP [ U0

pasn atam Z JO J9Pweed UOHERIAN Pire §°0 JO |

satourered Sunqioows ssamo] v *Suryioows Jo |

SIUNOWE J[qeIreA smoje pue iuod 3uiKnno
01 PAINISUIS $$3] S1 INQ ‘3ANNY I8eisae Ful

-AOu ® 0] Tefruis st Sunpoows s, *(p) stopd

-1911E3S ) Yyoouwss 0] pIsn sem (1 ssamoy
sisAreue noissas¥as pawdam A[[edo] 1snqor e
*5301d191183$ U SpUSN IZITENS|A O} P10 U]

spuas fo uonozionsig

v
T e
[(9; m._EuS;Eoﬁ.u_ﬁ:IS

" -do pue 351015 ANOOPA YIM PITRIDOSSE JUels

~u0d s Y3 J0u 51 97 “A>uanbaiy Suisea1doul
Yatm SULPIP J0U PIp ued asoym neiqns 10}
sunosde (577 —)dxa%y = (§)*°x 01 $3ONpas
uotdunj 1ysuress 3yl (31)}°1 10f 0192 jo Injea
v "saouanbaly 1amof 18 Sutuuilaq ssuidp
ureS yilm JUSISISUOD 2I® %[ Jo sInfea Jadie]
*5130(qns JWOs U1 PIAIISqO Ad>usnboiy Sursessd
-uf Yiim ured Suruosp Yl 10j SIUNOIVE YOIYm
1y ssedmof e s1uvs3idas Jowe) | + 5L
Y] "MUSWIAOW K3 pue WwIAOW PPRY
rensia uasmiaq S| 3y BuUIqUIdSIP SPUOIIS Jo
siun Yitm 1auresed Kg[op swn e St A7 pue
*£1100(9A SOINWIIS 01 1120124 3£3 seyd MO|s
Sune(a) JueIsuod Ued YHO U1 ST %Y ‘spuo
335 JO SHUN YIlm JURISUOD Jwin) ¥ ST 7L 3I3Ym

[ +5°%

fel (21— )dx2°y

= ()"™H

uIoj Y3 JO uondunj
13jsuen Januwered 3341 B £4q 1Y) [19m I1dM
s122{qns fje 1o} erep sseyd pue ured YO
“fqetiea
uojsuen sdeide] Y1 St S pue "IWBISUOI
uted YOA U3 St Y ‘(SpuoIss jo syun) wers
~U0D AW YOA ) JO BUNIS Ue $1 17 19ym

1+

2 Y = ($)"™Y

wioj Fuimoqlo] sy Jo uon
-enbs UONSUN] J2JSURN B YIM PINY d1am XY
-31 YOA Y2 JO sanfea aseyd pue ured sy
‘eiep
JuSWIAOUW K3 [B2I Wolj sIseyd ise) snwidel
-sAu Jo uonEUnUYR Y3 £q P erep 3ulsst
3o susaned 213 ANLINWIS 01 PABURMI 213M
dso) pareinuns 21 jo s 325 ‘sisreue
210J9f] “SUNIRD JUVONI?|D UMOUY [t s5u0ds
-31 ¥3[J31 Bupemiots Kq PSLLISA 3Iom Suon
-gpnofes aseyd pue ured Joj sunpuodre sy L
s ow 342 £ d Apvagaad
paiuasaidas aseqd 0 pue ured Lmun jey) oS
X3{J21 JOA U1 Jo 51593 30} soseyd parenofed
341 01 pappE sem 01 JO SN[RA ® ‘sIdquNU
Jojews qim Surjiom JO 32UINTIAVOD YD
10g “Apandadsas ‘aseud sninwmns pue sseyd
25u0dsa) usIMIq I5UIFJIP Y1 pue ‘apmiyd
-ure snjnwis 01 sprjjdwre ssuodsaa jo onel

€00

UNO PUB HOA U1 5199413 3bv

<

— 440511&

(3



Age Effects in VOR and OKR
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Figure 2. Examples of VOR gain and phase data from
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dorandom rotation, Solid line through the dats show
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describe either the low or high frequency
phase data well. A transfer function fit with
an s* Laplace operator is better able to de-
scribe this type of data (i).

VOR gain and phase data from pseudo-
random stimulus test results are summarized
in Table I. As with single frequency sinusoi-
dal results, the variance of gain data was sim-
ilar across all frequencies. The variance of
phases data was larger at low frequencies
than at high, probably reflecting the variance
of the YOR time constant among individuals.
The variance of the phasc data at 1.535 Hz
was larger than the variance at adjacent lower
frequencies. This probably resulted from the
fact that the stimulus amplitude of the high-
est frequency component was half that of the
lower frequencies resulting in a lower signal-
to-noise ratio at the 1.535 Hz test frequency.

The distributions of the VOR gain con-
stants and time constants for the pseudoran-
dom stimulus are summarized in Table 2. The
gain constant distribution was symmetric with
an average value of 0.72. The VOR time con-
stant distribution was skewed toward longer
time constants. Mean value was 24.4 s and
median vaiue was 23.0 s. Only two subjects
had time constants below 10 s. One of these
subjects (time constant = 8.2 s) had a partial
unilateral loss of vestibular function as
judged by caloric testing. A short time con-
stant is consistent with a unilateral loss of ves-
tibular function (8). However, the other
subject (time constant = 7.0 s) had normal ca-
loric test results.

Table 1. VOR Gain and Phase (mean = 1 SOF
Derived from Responses to Pseudorandom

Stimulation

Frequency Phase

{H2) Gain (degrees)
0.0092 0.58 2 0.14 340+86
0.02% 0.864 +0.15 1942586
0.046 0.69 £ 0.15 11.4£38
0.095 0.71 £ 0.16 66=-29
0.180 0732016 51=227
0.388 0.7520.18 38=27
0.768 0.7520.18 412235
1.535 0.74 £0.17 4.4 6.2
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Table 2. VOR Response Parameters for
Pseudorandom Stimuly n, SO, and
Percentlie Vaiues lrom Parsmaeler
Distributions (N = 207)

Twme
Gan constant Bias
constant —M- Al\h-
Mean 72 245 -0.1
so 0.16 8.6 21
lease adh IPALE —STh 50 042 138 -50
. T 5% 0.48 142 -38
a0 M e 25% 0.61 184 -13
hun frbles 50% 0.73 231 -00
! 75% 081 281 1.3
fa\ L. 95% 0.97 436 32
) 975% 102 at.a a7

ALL chanipe
Juar st =5

V.

Comparison of VOR Measured
by Single Frequency and
Pseudorandom Stimuli

If the VOR were a linear system, then gain
and phase data obtained from single fre-
quency sinusoidal and pseudorandom stimu-
lation should be identical within the random
variability introduced by measurement efrors.
Statistical comparisons were made between
the single freq y (13) and pseud d
gains and phases and are shown in Table 3.
Singie sine and pseudorandom results were
not significantly different at the lowest fre-
quency (0.05 Hz). Small but consistent differ-
ences were evident at higher frequencies. In
particular, the single frequency gain was

3. Comparison of Single Sine and P

higher at 0.8 Hz than the pseudorandom de-
rived gain, and the pscudorandom phase val-
ues at 0.2 and 0.8 Hz were phase advanced by
about 3° compared to single frequency sine
results. The improved phase response from
sine tests may represent a small predictive ef-
fect; however, this effect did not apparently
carry over 1o the 0.05 Hz data,

The gain value from the 0.8 Hz test was
higher than the pseudorandom test result.
This might aiso be due 10 a predictive effect.
However, in this case it seems likely that the
data analysis methods could have contributed
to this higher value. During the analysis of
the single frequency sine tests, the experimen-
ter had the ability to reject data from stimu-
lus cycles that were obviously corrupted.
These corrupted data cycles could easily be
identified based on gain, phase, and/or bias
values that deviated greatly from the values
for other cycles. There were several causes for
poor data cycles including transient EMG in-
terference, excessive blinking, gaze deviations
from the horizontal plane, inatientiveness to
tasking, and failure of the fast phase eye
movement detection algorithm. With experi-
ence, it became a simple task to detect and
correct these problems by rejecting the af-
fected cycles. The net effect usually increased
the average gain measure. Eye movement
recordings were also transiently corrupted
during pseudorandom testing, but we did not
have a means of correcting or eliminating
these problems and they were therefore aver-

seudorandom Gain and Phase Results®

Single sine Pseudorandom Average

Parameter {H2) (Hz) difterence Nt Significance
Gain 0.05 0.048 -0.01 199 -

0.2 0.180 0.019 199 t

0.8 0.766 0.085 195 :
Phase 0.0% 0.046 -0.3 199 -

0.2 Q.180 -3.2 199 t

0.8 0.768 -3.4 185 *

- Positive differences indicale that tha sverape sngie Sine paramele’ vaiue was irger

thaa the averags PISUSONINGOM Darameter

value. The sversge sted me for the
dom stimull, Gein snd Dhase cOrMections were based on the VOR
and gain constant of 0.72.

n st between e Eingie 3ne and Pasudoran-
ransier luncbon n #an 2 wilh sveisga bme constant of 2453

42-I-2:-!5!_93«5._.-!.uvonucunnggi!o:o;insaui.cu;&uoﬁgoaﬁ.

15.gniticant gitterence (P < 0.05. pewed [ test).
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Age Effects in VOR and OKR
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Figure 5. OKR gain constant (A), time constant (8),
and time delay {C) parameters as a tunction of subject
age. Parameter values were estimated from transfer
function curve fits 10 OKR gain and phase dala ob-
talned from pseudorandom rotation test results. Solid
curves are jowess fits.

time is reduced compared to the equivalent
testing using single frequency sinusoidal stim-
uli. In addition, all gain and phase measures
obtained from pseudorandom responses are
obtained at the same average level of subject

arousal. Therefore a subject's reflex gains,
which depend on subject alertness, can be
compared across test frequencies without
worry of possible alertness changes as in se-
quential testing at individual frequencies. A
wide bandwidth stimulus can therefore reveal
patterns of gain and phase changes over a
range of test frequencies that are not as evi-
dent or as reliable when single frequency sinu-
soids are used. These detailed patterns of gain
and phase changes with frequency may con-
tain more clinically useful information than
the simple summaries of response dynamics
in terms of derived gain constants and time
constants. In addition, a pseudorandom stim-
ulus may provide a more “realistic” or “nat-
ural” stimulus than more predictable ones,
and therefore test the dynamics of the com-
ponents under conditions similar to everyday
conditions.

Pseudorandom testing has the disadvan-
tage that the complexity of the eye movement
responses makes it difficult to judge the qual-
ity of the responses. The failure 1o maintain
subject alestness throughout the test coupled
with the failure to recognize the lack of alert-
ness would bias the gain and phase measures
of reflex dynamics.

The similarity between pseudorandom and
sinusoidal VOR test results suggests that in-
formation from the two test techniques is rel-
atively interchangeable. The most significant
difference between VOR responses was the
small 3° phase lead of pseudorandom results
relative 1o sines at higher stimulus frequen-
cies. However, others have shown large dif-
ferences in OKR dynamics when gain and
phase data derived from single frequency si-
nusoidal tests are compared to pseudorandom
results (20). In particular, OKR gains from si-
nusoidal tests are generally higher and show
less phase lags at any particular test frequency
than pseudorandom results. The simplest in-
terpretation of these differences is that predic-

tion plays an important role in visuali-grivene- Pl

eye movements. The mechanisms involved in
this prediction are poorly understood, but it
is known that the brain's predictive mecha-
nisms influence the overall dynamic responses
of pursuit eye movements even when pseudo-
random visual stimuli are used (2). In partic-
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Tsble 5. Age EHects on VOR and OKR Response

Siope 3 J " Intercept
Parameter {changse at 0 years N
VOR gain constant —-0.0019 .- 019 ~0.24 207
VOR time constant (s) —o-e8 -0.%w }270 ~0.15 207
OKR gam constant -0.001 0. -0.26 179
OKR time delay (8} 0.0012 0.13 053 179

Y=y

« AN paramater vehses Mal'showed sgnaicant or neary BOniCant inear trends with sge we bted.
an were

ular, the predictive mechanism apparently
favors the highest frequency component of
the stimulus at the expense of lower fre-
quency components causing the gains of
lower frequency components of pursuit eye
movements to be depressed while the gain of
the highest frequency is enhanced. Although
there are differences between pursuit and op-
tokinetic response dynamics to pseudoran-
dom stimulation (20), similar mechanisms to
those which occur in pursuit tracking may in-
fluence optokinetic responses to full field vi-
sual stimuli.

The presence of a predictive mechanism as
well as other nonlinear properties of visually-
m.:momvnwn movements does not necessarily
disqualify the use of pseudorandom stimuli
for OKR testing. Rather, pseudorandom
stimuli may prove to be useful in quantifying
the functionality of the predictive mechanism
which is likely an important contributor to
the control of gaze. Perhaps the larger propor-
tion of young and old subjects with declining
OKR gains at higher stimulus frequencies
(larger 7,'s) may indicate a _iess fupnctional

predictive mechanism for A.m:n:vrmcan@nwn

movements in these age groups.

VOR and OKR Changes with Age

We were able to identify small age effects
on VOR and larger age effects on OKR
reflexes. The direction of change of some re-
flex parameters were expected, such as declin-
ing VOR gains, declining OKR gains, and
increased time delays in the OKR with in-
creasing age. However, the decreased high
frequency OKR gain of the youngest and old-

diffecent from zero (P < 0.03)

est subjects as compared to middle-aged sub-
jects was not expected.

The rate at which the OKR time delay in-
creased with age was quite large and is simi-
lar to the changes found in pursuit latency
with increasing age (16,17). I{ this increased
time delay is representative of general changes
in the speed of visual system motion process-
ing associated with visuomotor tasks, this
could affect tasks such as posture control,
which use vision for feedback control. Longer
feedback time delays generally contribute
to decreased stability and poorer overail
performance.

The interpretation of age-related changes
in OKR time delay is complicated by the fact
that the OKR time constant and time delay
parameters are probably not independent.
This is because the lag term T,s + | ineqn 3
which accounts for the declining gain at
higher stimulus frequencies also accounts for
some of the phase lag. The larger the OKR
time constant, 7,, the more phase accounted
for by the lag term, and therefore the smaller
the value of the OKR time delay parameter,
T,, required to explain the remaining phase
lag. Singg the youngest subjects had the
E_.wnu_@ this would tend to bias thei

toward [ower values. oldest subjects also
tended to have _unmn_@ which should also
bias Snmm\w_oiua ower values. However,
Figure 5C shows that, despite this possible
bias toward lo values, older subjects still
had the larges in the population. There-
fore, although the exact time course of the
age-related change in time delay in Figure 5C
may be distorted by the interaction with T,
it is apparent that the oldest subjects did have

. the largest response delays.
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AGE-RELATED CHANGES IN HUMAN POSTURE CONTROL:
MOTOR COORDINATION TESTS

R.J. Peterka, pno,” F.O. Black, MO

Good Samaritan Hospital and Medicat Center, R. 5. Dow Neurological Sciences Institute,
and Department of Neuro-otology, Portiand, OR
y£5 — Reprint address: Rober! J. Peterka, Dept of Neuro-otoiogy. NO10.
Good Samaritan Hospitat & Medical Center, 1040 N.W. 22nd Ave., Portiand, OR 97210

O Abstract — Posturai responses to support surface
displ were d in 214 normal hu-
man subjects ranging in age {rom_7 to A1y, Motor
tests measured leg muscle electromyograph (EMG)
latencies, body sway, and (he amplitude and tim-
ing of changes in center of pressure displacements
in response to sudden forward and bsckward hor-
izontal translations of the support surface upon
which the subjects stood. There were small in-
creases in both EMG latencies and the time to
reach the peak amplitude of center of pressure re-
sponses with | ing age. The amplitude of cen-
ter of pressuce responses showed no change with

age if the amplitud. were normalized by
2 factor related to subject height. In general, pos-
tural resp to sudden transiations showed min-

imal chauges with age, and all sge-related treads
that were identified were small relative to (he vari-
ability within the population.

O Keywords — posturography, EMG,
coordination, equilibrium,

Introduction

1f the posture of a quietly standing individual
is suddenly perturbed by the application of
an external foree, rapid automatic responses
are initiated to maintain postural equilibrium

i *Dr. .v«.nqrn is preseatly the Scientific Systems Manager

2t Department of Neuro-otology and Assistant Scientist
at R. S. Dow Neurological Sciences Institute.

(2). These postural responses produce com-
pensatory muscle contractions beginning
about 100 ms following the start of the per-
turbation. Experimental tests of postural mo-
tor coordination typically measure postural
reactions 1o short duration translatioas or ro-
tations of the support surface under the sub-

ject (1,4,7,10). A consistent finding has been —

a coordinated synergy in.which muscle con-
traction proceeds from distal to proximal leg
and trunk muscles following a support sur-
face perturbation.

Various factors associated with the visual,
vestibular, and somatosensory systems have
been shown to influence or modulate these re-
sponses. These factors include support sur-
face condition (8), initial body position (4,9),
stimulus velocity and displacement ampii-
tudes (6), galvanic stimulation to the inner ear
(12}, and availability of visual (11) and pro-
prioceptive cues (5).

The complexity of maintaining upright ¢, Yis™

W
stance suggests that theregsja qu,wﬁrm‘au_ 07\+¢ © Gond be”
?:nno:u_ <m1uc.&,€.. %n.m normal popula; ]
tion as a result ofJariations in sensory system, "o reswit
central nervous system, and biomechanical iad-Zihust asrben
?:23@% Systematic changes
may als6 occur as a result of childhood devel-
opment and degeneration associated with ag-
ing. In order to define the range of normal
function, and to identify the nature of any
age-related changes in postural motor coordi-
nation, we tested a putatively normal popula-
tion with a wide age distribution.

RecerveDp 9 February 1990; AccepTep 12 March 1990.

001

A. J. Peterka and F. O. Black

Methods

Posture coordination function was tested
in 214 human subjects (90 male and 124 fe-
male) aged 7 to 81 y. Ages were approxi-
mately uniformly distributed over the entire
range. Rotation tests of horizontal vestibulo-
ocular and optokinetic refiex function, caloric
tests, and sensory interaction tests of postural
control were measured in these same subjects
on the same day, and are reported in com-
panion papers (13-15). Details of subject
selection are given in a previous paper (15).
Subjects were not excluded from the popula-
tion based on any vestibular, optokinetic, or
posture test results.

Subjects stood on a movable support sur-
face surrounded in front and on two sides by
a visual surround that was stationary during
motor tests. The visual surround was a box
with randomly placed 2 cm black dots on a
flat white surface, The average spacing be-
tween the dots was ~20 cm, and the distance
from the subject to the box was ~50 cm. Sup-
port surface motion was controlled by a hy-
draulic position servo system that could
produce forward and backward translations
and toe up and toe down rotations. The sub-
ject’s ankle joints were aligned with the rota-
tion axis located 7.4 cm above the center of
the support surface. Force transducers in the
support surface recorded vertical forces ap-
plied by each of the subject’s legs. The ante-
rior-posterior (AP) sway angle (6,,) of each
subject was recorded using a rod attached to
a potentiometer. The potentiometer was
mounted on a post next to the subject. The
end of the rod rested in a V-shaped holder
centered on the subject’s back at hip level. A
voltage proportional to the rotation of the
potentiometer was recorded and later trans-
formed using appropriate trigonometric con-
versions to 8,,.

Tests consisted of five each of forward
platform translations, toe down rotations,
backward transiations, and toe up rotations
of the subject's support surface. The subject
stood with eyes open viewing the stationary
visual surround. Only responses to transla-
tions are reported in this paper. Ramp trans-

lations were 3 cm in 0.25 s. The support
surface returned slowly to the center position
following each motion and there was a vari-
able delay averaging 4 s between stimuli. Four
EMG's were recorded from the left leg using
surface electrodes over the gastrocnemius

- (G), tibialis anterior (T), hamstring (£), and

_

quadriceps (Q) muscles. EMG's were recti-
fied, low pass filtered at 20 Hz, and sampled
at 500 Hz. The latency to the onset of the re-
flex EMG bursts were estimated from average
EMG traces. Latencies were recorded from
averaged traces oniy if the EMG onset times
could unambiguously be separated from
background activity. Consequently the num-
ber of subjects contributing to the data sets in
vdfius figures and tables varies.

AP displacement of each subject’s center
of pressure (CP with units of cm) was calcu-
lated for each leg by the following formula:

L(F,— F)
CP = Ll -0 1
Fr+ Fy (1

where L, the length from the ankle joint to the
front and to the back force transducers in the
platform, was equai to 27.3 em, and F; and

! F, were the vertical forces recorded by the

front and back force transducers during the
trial. The center of pressure velocity (CPV in
cm/s) was computed from CP by a two point
central difference formula. The CP and CPV
traces from five trials were averaged, and var-
jous peak amplitude and time parameters
were measured for cach subject (Figure I).
All EMG, CP, CPV, "and §,, times were
referenced to the start of platform motion as
determined by the earliest deviation of the
average CP trace from its baseline,

In order to visualize trends in various scat-
terplots, a robust Jocally weighted regression
analysis (lowess fit) was used to smooth the
scatterplots (3). Lowess smoothing is similar
to a moving average but is less influenced by
values far from the central tendency of the
data. The degree of smoothing is specified by
a smoothing parameter (f) between 0 and 1.
Larger f values give more smoothing.

When a lowess fit indicated an approxi-
mately linear trend, a linear regression anal-
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Figure 2. EMG onset times (A, B, C, D) from suppor surface trensistions as a function of subjecl age, and the
ditference between proximal and distal EMG onset times (E, F) a5 o function of age. Plots are bssed on record-
ings trom 182, 168, 206, and 147 subjects tor G,, H,, T,, 3nd O, and 145 and 147 for H, ~ G, and [ R
respectively. Soild linas through dats sre fowess fits with { = 0.5,

trend in T, with age, particularly for older
subjects, coupled with essentially no age trend
for Q, in subjects older than 20 y.

Age Related Changes in CP and CPV

Figure 3 shows CP,, CP,, CPV,, CPV,,
and CP, as a function of age from backward
translations recorded from the right leg. In
addition, CP, normalized by dividing by the
square of subject height in meters is also plot-
ted. Table 2 summarizes linear regression fits
to CP,, CPV,, and CP, data versus age. Lin-
ear regressions to CP,, which had a bimodal

distribution, were restricted to the larger
group of subjects whose CP,’s were <300 ms.

CP,, CPV,, and CP, for backward trans-
lations, and CP, for forward translations
showed small (0.2 ms/y) approximately linear
increases with increasing age. CPV, and CP,
for forward translations did not change sig-
nificantly with age.

Values of CP, and CPV, for subjects older
than —20 y did not show any consistent
trend. However, CP, and CPV, for subjects
younger than 20 y showed large increases with
increasing age in both forward and backward
translations (Table 2). Normalizing CP, and
CPV, by the square of the individual subjects’

006
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Table 2. Linesr Reg ion and C

and #,, Paramaters ver

Coaflict tor EMG, CP, CPY,
s Age*

Backward transiation

Forward transiation

Siope ~ ¥’ Siops - !
ﬂn:ﬁ.oa@ intarcept r N .n:!oni@ intercept r N

021 107 0.34% 182

0.30 132 0.27% 168
0.10 110 0.18% 208
-0.07 129 -0.08 147
0.18 121 0.26¢ 211 -0.08 139 -0.06 212
0.18 238 0.19% 172 0.34 239 0.32% 104
0.21 158 0.26% 211 -0.10 182 -0.08 212
0.31 233 0.15 189 0.08 265 g19t 171
0.11 -o0.27 0.69¢ 46 0.06 015 0.55% 48
~0.004 1.59  -0.16 165 0.001 1.24 0.06 166
1.26 -2.89 0.52¢ 46 0.66 1.27 0.474 46
~0.05 17.4 -0.13 165 0.009 12.0 0.03 166
0.0004 0.47 0.07 198 0.002 0.36 0.33% 199
0.0017 5.10 0.02 198 0.015 3.54 0.23% 199
—-0.002 1.71 -0.09 21 -0.002 1,95 -0 211

“Units ara the aame a3 i Table 1.
.O}Sgsgisgs:s.zxtanv.A-Avoo:F
FOnly inciuoes §,'s < 300 ms.

$Comeiation cosfficients signicantly differant from zero {# < 0.05).

heights (4?) removed most of the age-related
trends in CP, and CPV, in the younger sub-
jects indicating that the source of this trend
was probably related to changes in body di-
mensions with growth, Normalization by h*
also reduced the entire population's variabii-
ity of CP, relative to the mean value. For ex-
ample, the coefficient of variation (CV =
SD/mean) of CP, from right leg backward
translations was 0.98 while the CV of
CP,/h* was 0.29. The normalization only
slightly reduced the CV of CPV, from 0.44
to 0.41. Normalization of CP, by 4? theoret-

ically provides a value proportional to the .

peak rotational acceleration of the body
about the ankle joint (see Discussion).

Right-Left Asymmetry

Table 3 summarizes comparisons between
measures of CP,, CP,, CPV,, CPV,, and CP,
recorded from the right and left legs during
forward and backward transiations. The CP,
and CPV, responses from the left leg were

significantly larger than the right during
backward, but not forward translations. With
the exception of forward translation CP,, in
which right side responses were longer than
left, there were no significant timing differ-
ences between right and left leg responses.

Comparison of EMG and CP Timing

Table 4 summarizes the correlations be-
tween EMG onset times and the various mea-
sures of CP and sway times inciuding CP,,
CP,, CP,, CPV,, and 8,. The average of
right and left leg responses of CP,, CP,, and
CPV, were used in the calculations. The bi-
modal distributions of CP, and 8, distorted
the correlation analysis when data from all
subjects were included; therefore, the analysis
was restricted to the larger portion of the
population with shorter CP, and §, responses.

In general, there were moderate, positive
correlations between the various response
timing measures. For both forward and back-
ward transiations, the largest correlations
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Table 4. Linear Correl

tion Coeflicients Comparing Motor Rasponse Times

H, CP, cPy, cP 8
r N 4 N t N r N r N
Backward translation
G, 0.38 145 0.37 181 0.37 181 0.33 149 0.22 183
Hy 0.34 187 .4 167 0.27 138 0.25 148
cP, 0.61 211 0.40 172 0.31 189
cPv, 0.50 172 0.28 189
CP,* 0.36 159
Q, cP, CPV, CcP* 8"
r N r N r N r N r N
Forward transiation
T, 0.34 147 0.54 205 0.48 2056 0.12 101 023 166
Q, 0.3¢9 147 o 147 -0.08 76 0.08 120
CP, 0.63 212 0.20 104 0.12 17
cPY, 0.34 104 017 171
CP” 0.18 89

*Only nciudes vaiues with ngnt and lett CP,'s < 300 ms.
TOnly nciudes #,'s < 300 ms.

and o a since r? is proportional to A%. CP,/
h? data versus age is fairly constant indicat-
ing that the peak angular acceleration in re-
sponse to a sudden translation changes little

with age. + g Lodcall m.e.?..rhr

ingly for clinical evaluation. For patients with
balance disorders, these motor tests serve a
function similar to optokinetic and pursuit
tests for the evaluation of the ascending visual
and visual-vestibular system control of eye
movements. That is, they provide informa-
tion on the integrity of spinal and central ner-
vous system function important for the
interpretation of sensory organization tests of
posture control (13).

The clinical use of postural motor coordi-
nation tests requires an appropriate selection
of response parameters and a definition of
the range of these parameters in a normal
population. Ideally these parameters shouid
have narrow distributions for normal subjects
and should be sensitive to abnormalities. This
paper does not address abnormal response
patterns, but the results do suggest that some
of the potential motor response parameters
may be difficult to use clinically. In general,

the variability of the parameters was large
even though age-related trends contributed
very little to the variability. Among timing
measures, G, and CP, for backward transla-
tions and T, for forward translations showed
the least variability, followed by Q, and CP,
for forward, H, for backward, and CPV, for
both forward and backward transiations.
Despite their narrow distributions, EMG on-
set times are problematic in routine clinical
tests since they are often difficult to measure.
The bimodal distributions of CP, and 8,
make them less attractive candidates for clin-
ical functional measures. Although there were
differences between some motor response
measures related to the bimodal distributions
of CP,, there was no clear indication of the
source(s) of these bimodal responses. Perhaps
the support surface perturbations evoked dif-
ferent movement patterns in different sub-
jects with some subjects moving like inverted
pendulums, while others used more complex
motions to maintain their upright posture.
Among response amplitude measures,
there appeared to be little range for abnor-
mally low CP, and CPV, responscs since
many subjects in our putatively normal pop-
ulation showed responses only slightly above

010
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the passive-platform antifact level. Different
force platform designs with smaller mechan-
ical artifacts might improve the separation of
abnormal subjects from normal subjects with
low amplitude responses. CP, and CPV, val-
ues normalized by h? were better parameters
for comparisons across populations than CP,
and CPYV, alone.

Different mechanical platform systems, in-
strumentation, data analysis, and particularly
stimulus parameters, could influence the con-
clusions drawn in this paper. As other motor
coordination tests with different stimulus
conditions are developed, it will be important

to consider the possible presence of anaﬂ_.
parameter distributions, to determine the neu-
ral or biomechanical factors that cause these
bimodal responses, and to test a large enough
population to clearly define the range of nor-
mal function.
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AGE-RELATED CHANGES IN HUMAN POSTURE CONTROL:
SENSORY ORGANIZATION TESTS
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and Department of Neuro-otology. Portland, OR
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O Abstract — Postural control was measured in 214
human subjects ranging in age from 7 to 81y. Sen-

sory organiza(ion tests d the magnitude of

anterior-posterior body sway during six 21 s trials
in which visual and somatosensory orientation cues

werealtered (by rotating the visual surround sad
support surface in proportion to the subject’s ut:w..U
or vision eliminated (eyes n_omam@a&ing.?
binations No age-related increase’in postural sway
was found for subjects standing on a fixed support
surface with eyes apen or closed. However, age-
retated increases in sway were found for conditions
involving altered visual or somatosensory cues.
Subjects older than ~55 y showed the largest sway
increases. Subjects younger thaa ~15 y were also
sensitive 10 alteration of sensory cues. On average,
the older subjects were more affected by altered vi-
sual cues whereas younger subjects had more dif-
ficully with sltered somatosensory cues.,

(I Keywords — posturography, vestibular,
somatosensory, vision, equilibrium,
development.

Introduction

The automatic control of upright stance is an
active sensorimotor process that maintains
the body's center of gravity over the base of
support (the feet). This process requires that
deviations of body position from upright be

*Dr. Prierka s p ly the Systems
at Departmeat of Neuro-otology and Assistant Scientist
at R. S. Dow Neurological Sciences Institute.

1040 N.W. 22nd Ave., Porlland, OR 97210

sensed and processed to initiate motor com-
mands that oppose the initial deviation and
return the body to an upright position. The
vestibular, somatosensory, and visual systems
are the main sources of sensory information
on body motion. Howevet, situations com-
moualy arise in which information from the
various sensory systems is absent or altered
even in individuals with physiologically nor-
mal sensory function. For example, somato-
sensory cues from compliant surfaces can be
misleading, and visual cues are eliminated
when the eyes are closed. In order to maintain
postural control under a variety of environ-
mental conditions, motion information from
sensory systems must be organized by the
central nervous system so that inappropriate
or inadequate sensory inputs can be ignored
when necessary.

One method for testing postural control,
which we will call sensory organization tests,
involves postural responses occur over
tens of seconds to minutes when subjects at-
tempt to stand quietly in various sensory con-
ditions. The simplest sensory organization
tests are the clinical standard Romberg tests,
which characterize spontaneous postural sway
when the subject’s eyes are open and closed
(3,10). The standard Romberg tests can be
extended by altering somatosensory and/or
visual motion cues. The alteration of somato-
sensory and/or visual cues by rotating the
subject’s visual field and/or support surface
in equal proportion to the subject’s own sway
(11) tests the subject’s ability to maintain

Recervep 9 February 1990; AccepTep 12 March 1990.
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equilibrium when various combinations of
sensory cues are inappropriate or inadequate
for orientation to earth vertical. Postural con-
trol under these aitered conditions may be
more difficuit than when information is miss-
ing, as with eyes ciosed.

The increased incidence of falls in the
oider population (18) suggests that one or
more of the components required for accu-
rate postural control degenerates with age.
Studies that have looked for differences in

" postural control between young and old

I

adults have generally found these differences
(10,19), including increased sway or falls in
various sensory organization tests. In addi-
tion children show developmental changes in

. postural control that converge to adult pat-
. terns at about age 10 y (6,15). However, the

limited scope of these studies having small
sample sizes and restricted test paradigms
have not clarified either the time course or the
mechanism involved in the changes in use of
sensory information for postural control with
increasing age. We tested a putatively normal
population with a wide age distribution using
both postural motor coordination (12) and

© sensory organization tests. In addition, ves.

tibulo-ocular (VOR) and optokinetic reflexes
(OKR) were independently tested in the same
individuals (13,14) for comparison to postural
responses.

Methods

Postural sway under various sensory con-
ditions was measured in 214 human subjects
(90 male and 124 female) aged 7 to 81 y. Ages
were approximately uniformly distributed
over the entire range. Details of subject selec-
tion are given in a previous paper (14). No
subjects were exciuded from the population
based on any vestibular, optokinetic, or pos-
ture test results.

Body Sway Measurements

The anterior-posterior (AP) wiuv. angle

* {845, See Figure I) of each subject was recorded

using a rod attached to a potentiometer. The
potentiometer was mounted on a post next to
the subject. The end of the rod rested ina V-
shaped holder centered on the subject’s back
at hip level. A voltage proportional to the an-
gular displacement of the potentiometer was

1 recorded and later transformed using appro-
priate trigonometric conversions to 8,,. A
second potentiometer mounted at shoulder
level recorded AP displacements at the shoul-
der in the last 65 subjects tested. A measure
of hip angle (4,, Figure 1) was calculated
from AP angles measured at the hip and
shoulder. An approximate center-of-gravity
AP sway angle (6,,) was calculated using the
following formula:

o.usu:_e.‘+c.u3:=23+$v _
0.860cos8,, + 0.242c08(8,, + 6,) |

e}

This formula was derived assuming the sub-
jects had average body mass distribution and
average proportional lengths of various body
segments (5), To the extent that the various
subjects deviated from average body config-
urations, the measurement of 8., would be in
error. This error was probably not more than
10% in this population. Sway angles were
sampled at 50 Hz.

[ u.-::é

Test Conditions

Subjects stood with feet separated by
about 20 cm on a movable support surface
surrounded in front and on two sides by a
movable visual surround, The visual sur-
round was a box with randomly piaced 2 cm
black dots on a white surface. The average
spacing between the dots was ~20 cm, and
the distance from the subject to the box was
~50 cm. Support surface motion was con-
trolled by a hydraulic position servo system
that couid produce toe up and toe down ro-
tations about an axis collinear with the sub-
ject’s ankle joints. Visual surround motion
was controlled by a separate hydraulic servo
system that rotated the box about the anklie
joint axis. Subjects wore a harness attached
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Table 2. AP Sway Measures in Compisted Sensory
Test Conditions {mesn = 1 S0°%)

Average rectitied  Peak-lo-peak

Condition N
1 214 0.26 £ 0.21 0.82 £ 0.44
2 214 042033 1.25 £ 0.58
3 189 0.68 £ 0.57 2.78 £ 2.00
4 213 0.74 = 0.49 2.95 x1.97
5 192 1.20 £ 0.48 5.54 =223 ,
6 155 1.32+£053 575 £ 2.12 !

S0, standard deviahon.

ing average filter, but is less sensitive to
outlying points and allows variable amounts
of smoothing. A lowess smoothing parameter

condition 3 distribution is EME« skewed to-
ward larger sway amplitudes indicating that a
significant fraction of the population had dif-

L ?205:3 [ -i&Q&EM_n:E. maintaining their upright posture
when visual orientation information was

present but sway-referenced. In addition, 30
of 214 subjects (14%) fell in condition 3.
Condition 4 provided earth-referenced vi-
sual cues but sway-referenced somatosensory
cues. This distribution was skewed toward
larger sway angles in a similar manner to the
condition 3 distribution. Hewewer Bn aver-
age, subjects were more stable in condition 4
than in condition 3 since only three subjects
out of 214 (1.4%) fell in condition 4.
Visual cues in condition 5 were absent

of 0.5 and iteration parameter of 2 were used : (€yes closed) and somatosensory cues were al-

on all data sets.

Results

As visual and somatosensory sensory infor-
mation were removed and/or altered during
the various sensory test conditions, subjects

tered by the sway-referenced support surface.
This condition presumably forced a greater
reliance on vestibular cues for postural con-
trol. Average sway was larger than in any of
the previous conditions and was also skewed
toward larger values. Twenty-cight of 214
mn:SanG (13.1%) fell in this condition.

Condition

was the most difficult of the

became less stable (Table 2) and falls became ~ six conditions. Under this condition, both the

more likely. Most subjects did not fall in any
condition, but their sway amplitudes in-
creased as they were deprived of orientation-
ally accurate sensory reference information.
Some subjects, particularly alder subjects, did
fall. The pattern of falls was not random, but
rather was restricted to certain conditions and
combinations of conditions.

Sway Responses

I subjeets were on astablesu
eyes\open of Wwith eyes closed (conditions
nd 2\see Figure 2).\No subjects fell in con-
‘ditions 1 or 2. Postural sway increased in con-
dition 3 when the visual surround rotation
was referenced to the subject’s sway. The me-
dian of the condition 3 sway distribution in
Figure 2 was only about one degree higher
than condition 2 indicating that most subjects
had only slightly more difficulty controlling
their posture under the sway-referenced vision
condition than with eyes closed. However, the

“ Al Suppects had rinimnad matw Stmdd,
n 2ute doud oo shble S foce

visual surround and the support surface were
sway referenced. As with condition 5, this
condition forced a greater reliance on vestib-
ular cues for postural control. However, the
presence of altered visual orientation cues in
condition 6 (as opposed to absent vision in
condition $) apparently increased the diffi-
culty of the task. The average sway for sub-
jects who completed condition 6 was larger
than in any other conditions, and 70 of 214
subjects (32.7%) fell.

The amount of sway in one condition was
generally a poor predictor of the amount of
sway in $aeférent condition. Linear correla-
tion coefficients relating peak-to-peak sway in
various combinations of conditions were cal-
culated for the 125 subjects who did not fall
in any condition. The largest correlation coef-
ficients (ranging from 0.42-0.54) were between
conditions | and 2, and among conditions 4,
s, and 6. Correlation coefficients comparing
sway in conditions 1 and 4, and 2 and 4 were
~0.3. The correlations coefficients for all
other paired comparisons were <0.2.

\(w‘ unh L.c_a ofen

(Cometinn 4wl o0 Fpura 2). "

duie” aven”

replace “a \F\\.\\ﬁlv
w ik “gmnthon”

006 R. J, Peterka and F. Q. Black
2 . 18 N
1 4
20 L L
190 — -
28 r
a T T T v L ¥ T -
100 s . R N .
- 2 5
3
2 b
g 504 Lot
(7]
M 1004 -
i 13 - I
Q
£ 1 !
z
o = v ° —t L a——
s " " . s N .
.WI_ u jE
50 H 0 XL Ny
25 » r 1" .
L] t t Al - L T t+ T 1
L] 2 . ] [ ] 10 12 ° 2 4 L[] [ ] 10 12

sk-to-Peak AP Sway Angle {degrees)

Figure 2 Histograms of pesk-to-peak #,, under the six dilfersnt sensory lest conditions. Gray bars {0 the right

of esch histogram Indie:
5 subjects in condition § had sways gre:
tlve histograms.

Movement Strategy

The use of an ankle strategy was by far the
most common mode of postural sway in these
subjects. The 65 subjects whose body motions
were measured at both the hip and shoulder
were the older portion of the entire popula-
tion wi 12.5 SD, range
27 to 81 y). Their mean strategy scorewere
close to zero and the variances of the scores
were small in all six conditions (Table 3)., This
was confirmed by plotting peak-to-peak f¢
versus peak-to-peak 8,,. For pure hip strate-

e the number of subjects who fell in that candition. One subject In condltion 3, and
r than 12* but did not fall, and sre not Included in those respec:

gies 6, and 6, should be relatively unrelated
whereas a pure ankle strategy would have
equal 6, and §,,, and correlations of —1.0.
Cotrelation coefficients between peak-to-peak
6., and 6,, data ranged from 0.93-0.98 for
the six conditions. Data points were tightly
clustered around the line of equal 8 and f,,.

Fall Patterns

Table 4 summarizes the data on subjects
who fell during one or more of the six condi-
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Table 5. Sensory Test Falls Sorted by Subject Age

Single Multipte Total

fafts falts {ails

% N % N %
143 2 95 S 238
333 3 111 12 444
143 2 T3 8 214
125 2 63 6 188
281 6 18.8 15 469
30.8 5 19.2 13 500
28.6 14 40.0 24 636

462 2 152 8 815
248 36 168 89 416

olds. A possible anomalous result was ob-
tained in the over 70 age group for multiple
falls. Their muitiple fall rate was less than the

w  fall rate for 60-70 ytold:subjocis-and approx-

———

imately the same as for 60y. s
may be a result of the small sample size of the
aver 70 age group, an exceptionally healthy
condition of this group, or an exceptionally
high fall cate for subjects in the 60-70 age
group. . 5 R

Surprisingly, the increased incidence of
falls in older subjects in conditions 3 and §
was not accompanied by a trend toward in-
creasing peak-to-peak 8,, among non-fallers
(Figure 3). This is in contrast to condition 6
where both sway and falls increased with age.
Since it is not possible to maintain stance with
the body’s center of gravity outside of its base
of support, the theoretical limit of peak-to-
peak sway is dependent on foot size and body
mass distribution. Since most subjects have a
10° to 12° range of stable AP sway, and
peak-to-peak 0,, average 3° and 5.3° for con-
ditions 3 and 5, respectively, it seems that there
was some room for the nonfalling population
to shift toward larger sways in conditions 3
and §, and that this shift would be accompa-
nied by an increased number of [alls. Al-
though the falls increased, the peak-to-peak
sway amplitude of nonfallers did not.

Discussion

g Age-retated changes in postural control
¢ performance were not present in subjects

_older than ~15 y when they were tested under

. * e i

i-normal, operating conditions during wosmoé}?‘: ﬁs&&

test conditions 1 and 2. That is, when subjects
stood on an earth-fixed support surface with
eyes open or closed, their sway was smali and
the oldest subjects performed as well as the
younger ones. Since the first two sensory tests
are characterized by the presence of multiple
sensory system inputs that converge and
cooperate in the generation of appropriate
postural control responses, it is apparent that
subjects are well adapted to an environment
without conflicting sensory cues. However, it
is also clear from the other sensory test con-
mnngJ_wu" the “parts” that make up the
“whole
unctional in ail individuals. The prevalence
of falls and the wide range of postural sway
amplitudes in sensory test conditions 3-6
demonstrate this functional inequality.

Analysis of Fall Patterns

The pattern of falls among subjects who
fell in two or more conditions can be logicaily
associated with specific types of peripheral
sensory or sensory integration problems. The
15 subjects who fell in the 3-6 conditions were
highly sensitive to visuai cues which were al-
tered by sway-referencing the visual field.
These subjects behaved paradoxically. The
fact that they did not fall in condition 5 indi-
cates that they were presumably able to use
vestibular cues to properly maintain stable
stance since no visual and only altered soma-
tosensory cues were otherwise available.
However, when visual cues were present in 3
and 6, they chose to ignore earth-referenced
vestibular and somatosensory cues in condi-
tion 3 and earth-referenced vestibular cues in
condition 6 in favor of the altered visual ref-
erence. Although the mechanisms that cause
and sustain this preference for a visual refer-
ence are not known, it seems likely to be a
sensory selection problem rather than a mo-
tor coordination problem (11).

The second most common paired falls oc-
curred in conditions 5 and 6 that force sub-
jects to rely primarily on their vestibular
systems for postural control since somatosen-

(“postural control are not equally Ao

w,‘&.w.u
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sory and/or visual cues are either absent or
altered. This pattern of falls is found fre.
quently in subjects who have peripheral ves-
tibular deficits (8,11). A subject with total
bilateral peripheral loss of vestibular function
is the extreme form of vestibular deficiency.
Patients with bilateral loss as judged from ab-
sent caloric and rotation responses invariably
fall in conditions $ and 6 (2,11).

Falls in both conditions 5 and 6 could the-
oretically also arise from central mechanisms.
The central postural control mechanisms per-
form complex tasks that include both the gen-
eration of the correct motor commands to the
muscies and the selection of an appropriate
orientation reference based on information
from several sensory systems thal at times
may be conflicting. It is possible that periph-
eral vestibular signais may be normal, but the
central mechanisms that make use of this in-
formation are faulty. The “fault” may have
more than one source. For example, the pro-
cessing of the sensory information may sim-
ply be too slow, in which case the appropriate
motor comunands never arrive at the muscles
or arrive too late to prevent a fall. Alterna-
tively, the central processing that must deal
with conflicting sensory information may
produce inappropriate responses based on the
available sensory signals. These inappropriate
responses could drive the system into instabil-
ity with a resulting fall. A possibie example of
this may be learning disabled children with
normal VOR function who often fall in con-
ditions S and 6 (8,16). Finally, motor coordi-
nation deficits and muscie weakness could

‘also play a roie in 5-6 fallers since these con-

ditions evoke relatively large sway amplitudes
in most subjects,

Developmental Postural
Changes in Children

Subjects aged 7-15 y had increased peak-
to-peak sway amplitudes in all sensory test
conditions except conditions 2 and 3. This is
consistent with previous results in children
aged 2-15 y (15) and 14-10 y (6,17). Both
studies show increased AP sway in sensory

i

|

condition 1 in the youngest children with a
convergence toward adult performance at’
about age 8-10 y. One of these studies (6) also
used sway-referenced tests identical to condi-
tions 3-6 and again found the poorest per-
formance in the youngest children but with

. incomplete convergence to adult values by age
' 10 y for all four conditions. Sway-referenced

vision (condition 3) results presented here differ
from this previous study (6) since the average
peak-to-peak sway of the youngest subjects
did not differ from adult sway values. How-
ever, condition 4, §, and 6 results presented

o o
here agree with the previous findings (6) and

extend those results to show that adult perfor-

) pobey

mance is not fully attained until — ege 20y -y *je

under these sensory conditions.

In all conditions with altered somatosen-
sory inputs (conditions 4, 5, and 6), subjects
younger than —15 y showed more sway, on
average, than middie-aged adults. This sug-
gests that younger subjects rely more heavily |

' on somatosensory cues than do middle-aged

and many older adults even when accurate,

1 earth-referenced visual and vestibular cues are

available. Many children had sway results

' compatible with adult sways, while others

swayed considerably more than middle-aged

* adults. This wider range of postural sway for

children compared to aduits may be associ-
ated with differing rates of development of
postural control abilities in different children.

Postural Control Changes
in the Elderly

Sensory test results showed that most falls
occurred in subjects older than ~50y. In con-
dition 6, the increased number of falls was
accompanied by increased sway among non-
fallers. However, oider nonfailers performed
about the same as younger subjects in condi-
tions 3 and 5 even though there were in-
creased falls in the elderly group.

The finding that there is no general in-

- crease in sway with age in conditions 3 and 5,

but there is an increase in falls suggests that
the eiderly fallers form one or more sub-
groups within the elderly population. These
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visual control on posture and locomator equilibrium.
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