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ABSTRACT

We examined how spatial and temporal characteristics of the perception of self-motion, gen-
erated by constant velocity visual motion, was reflected in orientation of the head and whole
body of young adults standing in a CAVE®, a virtual environment that presents wide field of
view stereo images with context and texture. Center of pressure responses from a force plate
and perception of self-motion through orientation of a hand-held wand were recorded. The
influence of the perception of self-motion on postural kinematics differed depending upon
the plane and complexity of visual motion. Postural behaviors generated through the percep-
tion of self-motion appeared to contain a confluence of the cortically integrated visual and
vestibular signals and of other somatosensory inputs. This would suggest that spatial repre-
sentation during motion in the environment is modified by both ascending and descending
controls. We infer from these data that motion of the visual surround can be used as a thera-
peutic tool to influence posture and spatial orientation, particularly in more visually sensi-
tive individuals following central nervous system (CNS) impairment.
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INTRODUCTION

EXPOSURE TO WIDE FIELD OF VIEW visual motion
produces an illusion of self-motion in the direc-

tion of the moving visual field.1 This visually in-
duced perception of self-motion (vection) reflects
an interaction between visual and vestibular infor-
mation and is generated by visual inputs to the cor-
tical vestibular centers.2 The optical flow pattern
creates a compelling illusion of self-motion, but
this illusion is not corroborated by inertial forces
transmitted through the vestibular sense organs.3
Thus there is a mismatch between visual and ves-
tibular feedback that has the potential to affect con-
stancy of the perception of self-motion. Indeed,

vection responses have been shown to have long
time constants3 and fluctuating intensities.4 In this
study, we have explored whether the temporal and
spatial characteristics of the visually induced per-
ception of self-motion are exhibited differentially in
the postural kinematics of the head and in center of
pressure by inducing a vection response in an im-
mersive, stereo virtual environment (VE). We hy-
pothesized that head orientation would directly
reflect response direction and magnitudes neces-
sary to compensate for the perceived vertical, but
that to maintain a stable posture, center of pressure
responses would be modulated by segmental in-
puts acting on the descending visual and vestibular
signals.

1Sensory Motor Performance Program, Rehabilitation Institute of Chicago, Chicago, Illinois.
2Department of Physical Medicine and Rehabilitation, Feinberg School of Medicine, Northwestern University, Chicago, Illinois.
3Department of Bioengineering, University of Illinois at Chicago, Chicago, Illinois.
4Department of Computer Science, University of Illinois at Chicago, Chicago, Illinois.
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METHODS

Twelve healthy young adults (20–34 years) gave
informed consent in accordance with the guide-
lines of the Institutional Review Board at the Uni-
versity of Illinois at Chicago. Subjects were
immersed in a three-dimensional, complex texture-
mapped, stereoscopic visual scene generated by a
VE called the CAVE® (CAVE Automatic Virtual En-
vironment) that is composed of four screens
arranged in a 10-ft cube with projections (Mirage
5000 projectors, Christie Digital Systems, Cypress,
CA) on three walls and the floor.5 An SGI Onyx
with two Infinite Reality graphics pipelines con-
trolled the projected images. Image resolution was
1024 � 1024 pixels with a refresh rate of 120 Hz (an
effective stereo refresh rate of 60 Hz). Total display
system latency from the time a subject moved to
the time a new stereo image was displayed was
50–75 ms. Subjects wore stereo shutter glasses
(Stereographics Corp., San Rafael, CA) which lim-
ited field of view to 100° of horizontal binocular vi-
sion and 55° in the vertical direction. Subjects stood
on a force plate (Advanced Medical Technology
Inc., Watertown, MA) which measured the ground
reaction forces at a sampling frequency of 1000 Hz.
Two six degree-of-freedom tracking devices (Inter-
sense, Bedford, MA), calibrated to an accuracy of
±1.3 cm, tracked head position and angular orien-
tation of a hand-held wand.

Scene characteristics

The VE (scene) consisted of a room containing
round columns with patterned rugs and a painted
ceiling.6 Rug patterns were texture mapped on the
floor. The subject stood in the center of the room be-
tween two rows of columns. Beyond the virtual
room was a landscape consisting of mountains,
meadows, sky, and clouds. The floor was the dis-
tance from the subject’s eyes to the virtual floor and
the nearest column was 4.6 m away. The visual ex-
perience presented to the subjects was that of being
immersed in a volume filled with three dimen-
sional objects at various distances from the subject.
Head tracking insured that the virtual objects re-
tain their true perspective and position in space re-
gardless of the subjects’ movement.

Procedures

Subjects stood on the force plate with their arms at
their sides and feet together while exposed to four
visual stimuli in random order: natural visual feed-
back with motion of the scene matched to motion of

the head, pitch or roll motion of the scene at a con-
stant velocity (36 degrees/sec), and combined pitch
and roll motion of the scene. Combined motion pro-
duced a complex movement of the visual scene
which traced a multi-axial path resembling an alge-
braic figure eight at a velocity of 36 deg/sec. The roll
stimulus rotated in a counterclockwise direction
about the line of sight and the pitch ramp stimulus
rotated from lower to upper visual fields about an
axis going through the subjects’ ears. Subjects were
instructed to orient the hand-held wand in the verti-
cal direction throughout each 140 sec trial.

Statistical analysis

Root mean square (RMS) values were calculated
across the period of the trial for orientation of the
wand and head in the plane of interest (i.e., roll
and/or pitch) and for side-to-side and anterior-
posterior (a-p) center of pressure (COP). Onset la-
tency of change in wand orientation was the time
between onset of visual scene motion and the time
at which wand tilt angle exceeded seven times its
standard deviation during natural scene motion.
An Anderson–Darling normality test at the 95%
confidence interval revealed an asymmetric, non-
normal distribution in side-to-side COP with com-
plex visual motion (p < 0.005). Four of the subjects
exhibited significantly different COP behavior be-
tween complex and natural visual stimuli; the re-
maining eight subjects did not. Thus these four
subjects were treated as a separate group in this
analysis. With pitch motion of the visual scene, one
subject had a disproportionately high change in a-p
COP (p < 0.005) and this subject was not included
in further analyses of pitch. Paired t-tests were per-
formed on the RMS values of the head, wand, and
COP responses.

RESULTS

During roll, RMS values of wand orientation
(ranging from 1.17° to 34.81°) significantly differed
from natural visual feedback (t(11) = 3.97, p <
0.003), but response behaviors varied across sub-
jects. Although 75% of the subjects tilted the wand
in the direction of roll, two subjects tilted in that di-
rection continuously; three subjects tilted in the op-
posite direction before tilting in the direction of
scene motion (mean latency of 62.77 ± 21.32 sec);
and the rest of the subjects fluctuated between the
true and their perceived vertical (Fig. 1). RMS val-
ues of side-to-side COP shifted significantly (t(11) =
4.80, p < 0.003) in the roll direction compared to
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natural visual feedback (Fig. 1). RMS values of
head orientation (ranging 1.38° to 14.36°) were also
significantly different between roll and natural vi-
sual feedback (t(11) = 4.08, p < 0.003). Actual angles
of the head and wand did not demonstrate a con-
sistent relationship across subjects, however.

RMS values of wand orientation in pitch (rang-
ing from 0.54° to 10.87°) significantly differed from
natural visual feedback (t(10) = 2.68, p < 0.03).
There was also a significant tilt of the head (ranging
from 1.18° to 17.26°) along the pitch axis (t(10) =
2.39, p < 0.04). RMS values of a-p COP shifted sig-
nificantly (t(10) = 2.39, p < 0.04) in pitch in 50% of
the subjects and appeared as an oscillation of the
body along the pitch axis or a sustained tilt either
in or opposite to the direction of the pitch stimulus.
When pitch and roll motions of the visual scene
were combined as a complex stimulus, a significant
change in side-to-side COP (t(3) = 3.72, p < 0.04) ap-
peared in four of the subjects when compared to re-
sponses with natural visual feedback (Fig. 2).

DISCUSSION

Postural kinematics were differentially influ-
enced by vection depending upon the plane of mo-

tion and complexity of the visual field. Despite the
somatosensory inputs at each joint that could con-
tribute to the final response, it would appear that
vection from visual field motion in roll controlled
whole body postural response behaviors. In pitch,
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FIG. 1. (Left) Orientation of the wand during roll motion of the visual scene (bold line) and natural visual feedback
(broken line) in three subjects demonstrates constant response (A), bi-directional response (B), or fluctuating (C).
Dashed vertical lines mark the start and end of the scene motion. (Right) Side-to-side COP responses of the same 3
subjects shown during roll motion of the visual scene (bold line) and with natural visual feedback (broken line).
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FIG. 2. RMS values of side-to-side COP in four subjects
that exhibited a significant change between natural and
complex visual motion (unfilled bar) and in the eight
subjects that did not exhibit significance (filled bar).
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however, responses were more variable suggesting
that the rich segmental inputs along the vertebral
column7 or biomechanical limitations of the pos-
tural system6,8 contributed more robustly to pos-
tural perception in this plane. With complex visual
motion, the impact of vection was even less appar-
ent in the postural behavior and only a small subset
of subjects exhibited a selective response to the roll
component of the visual motion. This could indi-
cate greater visual sensitivity on the part of some
subjects to roll motion. It is also possible that the
CNS assigned a lesser weight to visual information
that does not have a real life parallel. (Note that
subjects tilting up in pitch viewed the top of the
CAVE where there was no scene projection; if direc-
tion of the scene were reversed, they would have
viewed the floor projection and their responses
may have been different.)

Thus, postural behaviors generated by the per-
ception of self-motion appear to be a result of corti-
cal interaction of visual and vestibular signals as
well as input from other somatosensory signals.
This probable on-line monitoring of spatial orienta-
tion has implications for rehabilitation interven-
tions. Recovery of balance following a slip or trip
may rely greatly on the ability to match continu-
ously changing sensory feedback to an initial
model of vertical that could be highly dependent
on the visual environment and the mechanical
arrangement during that particular task. It cannot
be assumed that a patient, particularly one with a
sensory deficit, who appears to be vertically ori-
ented at the initiation of motion, will be able to
sustain knowledge of that orientation as a task
progresses.
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