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We investigated whether postural instability can predict motion sickness and
studied relations among instability, motion sickness, and vection. Nine men and 4
women (mean age = 19.85 years) were exposed, while standing, to an optical
simulation of body sway. Head motion was recorded using a magnetic tracking
system. Postural instabilities were observed prior to the onset of motion sickness.
Vection was reported by most participants, including all who became ill. A dis-
criminant analysis revealed that parameters of postural motion accurately
predicted motion sickness. The results confirm that postural instability precedes
motion sickness and suggest that measures of postural motion may serve as reli-
able predictors of motion sickness. Potential applications of this research include
the development of on-line diagnostic tools that will allow for the prevention of

motion sickness in operational and training settings.

INTRODUCTION

Motion sickness is a common by-product of
exposure to optical depictions of inertial mo-
tion. This phenomenon, called visually induced
motion sickness (VIMS), has been reported in
a variety of virtual environments, such as
fixed-base flight and automobile simulation
(Frank, Casali, & Wierwille, 1988; Regan &
Price, 1994; Yoo, Lee, & Jones, 1997) and in a
variety of nonvehicular simulations (DiZio &
Lackner, 1992; Ellis, 1991). Improvements in
simulation fidelity are associated with increases
in the likelihood of sickness (Crowley, 1987;
McGuinness, Bouwman, & Forbes, 1981; Miller
& Goodson, 1960). The effectiveness of virtual
environments and simulation systems, and
their acceptance by users, can be reduced if
they produce motion sickness (Biocca, 1992).
This is true especially if sickness in simulations
occurs in situations in which it does not occur
in the simulated system. This problem provides
a practical motivation for understanding visu-
ally induced motion sickness. Prevention of

visually induced motion sickness would be
facilitated if objective measures could be devel-
oped to predict it and if the factors that cause
it could be identified and eliminated.

Explanations of motion sickness typically
have been grounded in the concept of sensory
conflict (e.g., Oman, 1982; Reason, 1978;
Reason & Brand, 1975). However, the sensory
conflict theory of motion sickness has low pre-
dictive validity (Draper, Viirre, Gawron, & Fur-
ness, 2001; Stoffregen & Riccio, 1991), which
reduces the extent to which this theory can
guide the design of simulators and other virtual
environments. The present study does not
attempt to evaluate the sensory conflict theory
of motion sickness; rather, one of our goals
was to evaluate a new, alternative theory of
motion sickness etiology.

Postural Sway and Imposed Vibration

The occurrence of motion sickness is influ-
enced by the frequency of imposed oscillation.
In laboratory studies, motion sickness occurs
in the presence of imposed periodic motion at

Address correspondence to L. James Smart, Jr., 206¢ Benton Hall, Department of Psychology, Miami University, Oxford,
OH 45056; smartlj@muohio.edu. HUMAN FACTORS, Vol. 44, No. 3, Fall 2002, pp. XXX-XXX. Copyright © 2002,

Human Factors and Ergonomics Society. All rights reserved.



Fall 2002 - Human Factors

frequencies from 0.08 to 0.40 Hz (Guignard &
McCauley, 1990; Lawther & Griffin, 1988).
Motion at other frequencies produces little or
no sickness, even with long exposure durations
(Guignard & McCauley, 1990). These data are
consistent with what is known about opera-
tional vehicles that are associated with motion
sickness: Vibration or oscillation in this fre-
quency range is characteristic of ships, trains,
aircraft, and vehicular ride (Guignard &
McCauley, 1990; Lawther & Griffin, 1988).
The consistency of the laboratory and opera-
tional data might suggest that motion sickness
is caused by motion in the 0.08- to 0.40-Hz
range. However, the spectral power of normal
standing sway is concentrated between 0.1 and
0.4 Hz (Bensel & Dzendolet, 1968), yet people
are not sickened by their own postural sway.
Thus it cannot be the case that vibration in this
frequency range is inherently nauseogenic.

Destabilization of Posture

Riccio and Stoffregen (1991) suggested that
motion sickness results from instability in con-
trol of the posture of the body or its segments.
They defined postural stability as “the state in
which uncontrolled movements of the percep-
tion and action systems are minimized” (p. 202).
This means that stability may be degraded
rather than lost outright; there can be variation
in the magnitude of instability, and instability
can persist over long periods without necessar-
ily leading to frank loss of control.

What could cause postural stability to be
degraded? Stoffregen and Smart (1998) sug-
gested that instability might occur when pos-
ture is controlled in the presence of imposed
oscillations of a frequency between 0.08 and
0.40 Hz through a form of wave interference
(Tipler, 1987). When independently generated
waveforms interact, the resulting waveform is
a function of the relative frequencies of the
components. If two systems oscillate at very
different frequencies, the resulting waves will
pass through each other with little effect. How-
ever, when two systems oscillate at similar fre-
quencies, the interaction of the waveforms can
lead to dramatic instabilities. This particular
outcome, often described as destructive inter-
ference, usually occurs when the waveforms
are similar but out of phase (Tipler, 1991).

Stoffregen and Smart argued that imposed
oscillations in the frequency range of sponta-
neous sway might destabilize the postural con-
trol system, leading to abnormal patterns of
body sway. Such effects would not be expected
when the imposed vibration is not in the fre-
quency range of body sway. If it gave rise to
motion sickness, waveform interference could
explain why sickness is associated with im-
posed motion in the narrow band of fre-
quencies that are spontaneously produced by
postural sway.

The postural instability theory of motion
sickness (Riccio & Stoffregen, 1991) predicts
that postural instability should precede the
onset of motion sickness symptoms. Stoffregen
and Smart (1998) tested this prediction by
exposing standing participants to a wide-field
optical simulation of body sway. The amplitude
and frequency of imposed optical flow resem-
bled the amplitude and frequency of body
sway during natural stance. As predicted,
during exposure to the imposed optical flow,
participants who later became motion sick
exhibited increases in postural sway. Increases
were observed in the variability, velocity, and
range of postural motion. Similar effects were
observed by Stoffregen, Hettinger, Haas, Roe,
and Smart (2000) for seated participants.

Motion Sickness and Vection

Optical simulations of self-motion often
give rise to the subjective experience of self-
motion relative to the inertial environment,
which is referred to as vection. Vection is
common in vehicular simulators, wide field-of-
view cinemas (e.g., IMAX), and head-mounted
visual display systems. Hettinger and Riccio
(1992) suggested that vection is a necessary
precursor for the occurrence of visually in-
duced motion sickness. In the present study,
one of our goals was to test this hypothesis in
the context of motion sickness elicited by an
optical simulation of standing body sway. This
type of test is important because in ordinary
life, body sway does not commonly give rise to
the subjective experience of self-motion. In the
laboratory, optical simulations that mimic the
amplitude and frequency of body sway give
rise to a subjective experience of self-motion
in some persons but not in others (e.g.,
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Stoffregen, 1985); that is, some but not all per-
sons experience vection. Yet body sway is al-
most always strongly coupled to the imposed
optical oscillations, whether or not a person
experiences vection.

The vection and sickness data lead to a sim-
ple question: Does motion sickness in this situ-
ation occur solely in participants who have
experienced vection? If so, this would provide
support for the hypothesis of Hettinger and
Riccio (1992). Consistent with the prediction
of Hettinger & Riccio, Stoffregen and Smart
(1998) found that all participants who reported
motion sickness also reported vection. How-
ever, their vection data were qualitative and
were obtained only after termination of the
experimental stimulus (see Lishman & Lee,
1973; Stoffregen, 1985). In the present study
we obtained quantitative data about number
and duration of vection episodes during expo-
sure to imposed optical flow.

Quantitative Prediction of
Motion Sickness

Several factors make it difficult to predict
the occurrence of motion sickness in a given
individual in a given situation. Susceptibility to
motion sickness varies from person to person,
and within individuals it varies across situations
and experience levels (Benson, 1984; Calkins,
Reschke, Kennedy, & Dunlop, 1987; Miller &
Graybiel, 1972; von Baumgarten, 1986; Yardley,
1992). In addition, many symptoms of motion
sickness are not unique; they occur with num-
erous other maladies, and this overlap can lead
to confusion (Griffin, 1990). Another factor is
the possibility that motion sickness may have
multiple causes (Kennedy & Fowlkes, 1992).
A particularly difficult issue for prediction is
the role of experience. When people are ex-
posed to a simulation of a real-world event, the
incidence of motion sickness is greater among
those who have prior experience with that real-
world event (Kennedy, Hettinger, & Lilienthal,
1990). This seems to suggest that reliable
prediction of motion sickness would require
knowledge of the individual’s prior experience
(Stoffregen & Riccio, 1991).

There remains a need to identify objective
measures that can predict motion sickness.
Riccio and Stoffregen (1991) argued that a

reliable predictor of motion sickness could be
found by observing changes in postural control
that occur during exposure to nauseogenic
stimuli. The focus on posture during exposure
differs from studies that have measured posture
only before and after exposure (e.g., Anderson,
Reschke, Homick, & Werness, 1986; Cobb,
1999; Hamilton, Kantor, & Magee, 1989;
Kennedy & Stanney, 1996). Previous research
(Stoffregen et al., 2000; Stoffregen & Smart,
1998) has provided support for a key hypothesis
of the postural instability theory: that postural
instability precedes motion sickness. Stoffregen
and Smart, and Stoffregen et al., evaluated this
hypothesis only in a qualitative fashion — that
is, they did not attempt to predict motion sick-
ness on the basis of the quantitative details of
presickness postural sway. In the present study
we attempted quantitatively to identify para-
meters of postural motion that could predict
motion sickness.

The Current Study

The current study resembles the study of
Stoffregen and Smart (1998) in that standing
participants were exposed to an optical simula-
tion of body sway. It differs from the earlier
study in three ways. First, participants gave
reports of vection during exposure to the
nauseogenic stimulus. Second, we attempted
to generate predictive models based on the sig-
nificant parameters of postural motion. Third,
our analysis of body sway data included more
axes of motion than were analyzed by Stoffregen
and Smart.

During exposure to optical flow, participants
used a handheld device to indicate when they
experienced vection. We measured the number
and duration of vection episodes. In addition,
participants’ postural motion was measured.
We hypothesized that postural instability would
precede symptom onset (Stoffregen et al.,
2000; Stoffregen & Smart, 1998). To permit
this hypothesis to be evaluated, participants
were familiarized with motion sickness symp-
toms before the experiment began and were
explicitly instructed to cease their participation
in the experiment at the onset of symptoms, no
matter how mild. Several parameters of postural
motion were measured. The primary measures
were variability (operationally defined as the
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standard deviation of head position), velocity,
and range (operationally defined as the abso-
lute difference between maximum and mini-
mum position of head motion) for each of three
axes of translation and rotation. Additional mea-
sures will be detailed in the following section.

METHOD
Participants

Nine male and 4 female undergraduates vol-
unteered to take part in the experiment. Par-
ticipants were drawn from the participant pool
in the Department of Psychology at the Uni-
versity of Cincinnati and received course credit
for participating. Participants ranged in age
from 18 to 23 years (M = 19.85), in weight
from 45.45 to 84.09 kg (M = 72.38 kg), and in
height from 1.63 to 1.88 m (M = 1.75 m). All
participants reported that they were in good
health; they also reported normal or corrected-
to-normal vision and no history of dizziness,
recurrent falls, or vestibular dysfunction. Each
participant demonstrated that he or she could
stand on one foot for 30 s with their eyes
open. Participants were treated in accordance
with American Psychological Association ethical
standards at all times (American Psychological
Association, 1992) and were aware of the fact
that the experiment was designed to induce

motion sickness. When scheduling their partic-
ipation, participants were instructed not to eat
anything for 4 h prior to the experimental ses-
sion. Compliance with this instruction was ver-
ified at the beginning of the session.

Apparatus

Optical flow was generated using a moving
room (Lee & Lishman, 1975; Stoffregen &
Smart, 1998), an enclosure consisting of a
cubical frame, 2.4 m on a side, mounted on
wheels and moving in one axis along rails
(Figure 1). The room was moved by an electric
motor under computer control. At the center
of the front wall was a large map of Ohio (96
x 106 cm, 32° x 34°). Participants stood on
the concrete laboratory floor such that there
was no imposed inertial motion.

The room was driven using two functions
(Figure 2). One consisted of a simple 0.2-Hz
oscillation with an amplitude of 1.5 cm. The
other was a sum of 10 sines, with frequencies
of 0.0167, 0.0416, 0.0783, 0.1050, 0.1670,
0.1800, 0.1900, 0.2200, 0.2600, and 0.3100
Hz, each having an amplitude of 1.5 cm. The
phase and amplitude of the component sine
waves were adjusted so that the combined wave-
form had a maximum amplitude of 1.8 cm.

Data on postural motion were collected
using an electromagnetic tracking system (Flock

o

Figure 1. The moving room.
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Figure 2. Motion functions of the moving room. The
upper trace shows the 0.2-Hz motion. The lower
trace shows a portion of the sum-of-sines motion.
The sum-of-sines motion does not repeat over the
600-s period.

of Birds, Ascension Technologies, Inc., Bur-
lington, VT). The transmitter was located on a
stand behind the participant’s head. One re-
ceiver was attached to a bicycle helmet (weigh-
ing 0.34 kg) worn by the participant, and a
second receiver was attached to the moving
room. Six degree-of-freedom position/orienta-
tion data were collected from each receiver at
50 Hz and stored on disk for later analysis.
Participants were given a handheld button
that sent binary signals to the computer and

TABLE 1: Sequence of Trials

was used to indicate vection experienced dur-
ing the sum-of-sines trials.

Procedure

Prior to the experiment, participants com-
pleted a questionnaire on their motion sickness
history. To assess their initial level of symp-
toms and to ensure that they were familiar
with motion sickness symptoms, participants
were asked to complete the simulator sickness
questionnaire, or SSQ (Kennedy, Lane, Ber-
baum, & Lilienthal, 1993). Following Regan
and Price (1994), these preexposure SSQ data
were used to establish a baseline against which
later SSQ data could be compared.

Participants entered the moving room
through the opening in the right wall and placed
their heels on a marker on the floor so that
they were facing along the line of motion. They
were asked to keep their free hand (the one
not holding the button) in their pocket and to
not move their feet during trials. There was no
single fixation point; participants were asked
to keep their gaze on the map on the front wall
and to minimize head movements while look-
ing at the map.

The nature, number, and sequence of trials
were the same as used in Stoffregen and Smart
(1998) and are given in Table 1. During the
sum-of-sines trials, participants held the button
using their preferred hand, and they were
instructed to press it whenever they experienced
vection and to keep it depressed for as long as
they experienced vection. Vection was defined
as a feeling of self-movement, such as “the

Trial Type of Motion Duration
1 Spontaneous motion (eyes open) 20s

2 Spontaneous motion (eyes closed) 20s

3 Baseline motion 0.2 Hz (eyes open) 1 min

4 Baseline motion 0.2 Hz, (eyes closed) 1 min
5-8 Experimental motion 0.01-0.3 Hz 10 min
9 Spontaneous motion (eyes open) 20s

10 Spontaneous motion (eyes closed) 20s

11 Baseline motion 0.2 Hz (eyes open) 1 min
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feeling you get when a car moves next to you
and you mistake it for your own motion.”
Verbal reports of perceived motion of the
room and of the self were gathered at the end
of each sum-of-sines trial. Participants were
asked to describe any experience of motion
that they had, and their verbatim reports were
recorded. While in the moving room, partici-
pants were monitored continuously by an ex-
perimenter seated outside the door. This was
for their safety as well as to ensure compliance
with instructions.

Participants were warned that they might
become ill, and they were instructed to discon-
tinue the experiment immediately if they began
to experience any noticeable symptoms of
motion sickness. The time of discontinuation
was recorded automatically. Following discon-
tinuation or the completion of four sum-of-
sines trials, participants were asked to fill out
the SSQ a second time, after which those who
felt well enough completed Trials 9 through
11. At the end of the session, participants who
had not yet reported any symptoms were asked
to report on their motion sickness status over
the next 24 h. They were given a brief ques-
tionnaire on which they indicated, on a yes/no
basis, whether or not they “developed motion
sickness and if so, when?” They were also
given a printed copy of the SSQ, which they
were asked to fill out at the time of symptom
onset or after 24 h if no symptoms developed.
Stoffregen (1985; see also Kennedy & Lilien-
thal, 1994) noted that symptom onset was
sometimes delayed up to 1 h following termi-
nation of exposure to a moving room. It is for
this reason that participants who may have
been asymptomatic at the end of the experi-
mental session were asked to report their sub-
jective state over the following 24 h.

RESULTS

Motion Sickness History

Six of 13 participants (46%) reported being
motion sick in the past; this included 40% of
those who did not become sick in the present
study (4/10) and 67% of those who did be-
come sick (2/3). Sickness was reported in cars
or boats, especially while reading. On a 0 to 10
scale, self-ratings of susceptibility to motion

had a mean of 2.7 (SD = 1.95) for participants
who did not report sickness in the present
study and a mean rating of 5 (SD = 2.00) for
participants who reported sickness. These rat-
ings did not differ, #(11) = 1.79, p > .05.

Incidence of Sickness and Discontinuation

Participants were divided into sick and well
groups, with the sick group containing all partic-
ipants who became sick during the experiment
or up to 24 h following the experiment. Par-
ticipants were classified as sick by self-report.
All 3 participants (23%) in the sick group
were women. Participant JZ discontinued after
completing Trial 7 (the third sum-of-sines trial).
Participants MB and TB reported that symptoms
occurred shortly after leaving the laboratory.
As in previous experiments (Stoffregen et al.,
2000; Stoffregen & Smart, 1998), reports of
sickness were unambiguous (e.g., “I need to
stop, I feel horrible”; “I felt really sick after
leaving”). The remaining participants reported
no symptoms and were placed in the well group.

As indicated, all of the participants who
became motion sick in the present investiga-
tion were women. Gender has been implicated
by some researchers as a factor that may influ-
ence susceptibility (e.g., Grunfeld & Gresty,
1998; Kennedy, Lanham, Massey, Drexler, &
Lilienthal, 1995). However, no theory of motion
sickness has predicted any gender effects
involving postural instability. In addition, gen-
der has not been found to be a factor in studies
of postural control in the absence of motion
sickness (e.g., Horak & Macpherson, 1996).
Further, in the Stoffregen and Smart (1998)
study, motion sickness was reported with
approximately equal frequency by men (4) and
women (5). Thus, although the occurrence of
sickness solely in women is noteworthy, its sig-
nificance is uncertain.

SSQ Scores

Questionnaire scores for each participant
were computed in the recommended manner
(Kennedy et al., 1993). Because of the small
sample size, only the total severity score was
analyzed (Stoffregen & Smart, 1998). The mean
pretest scores were 11.22 (sick: n = 3) and
11.97 (well: n = 10); these means did not differ,
%2(1) = 0.06, p > .05. The mean posttest scores
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were 43.63 (sick) and 7.48 (well); these means
differed significantly, x*(1) = 6.27, p < .05.

Vection

Twelve participants experienced vection
during the sum-of-sines trials, including each
of the 3 sick participants and 9 of the 10 well
participants. The occurrence of vection in each
member of the sick group is consistent with
the hypothesis that vection is a necessary pre-
cursor for visually induced motion sickness
(Hettinger & Riccio, 1992). For the sick group
the mean number of vection episodes per trial
was 14.4 (SD = 14.64); for the well group the
mean was 6.65 (SD = 8.82). These means dif-
fered significantly, ¢1(48) = 2.17, p < .05. For
the sick group the mean duration of vection
episodes was 67.46 s (SD = 118.23), and for
the well group the mean was 70.53 s (SD =
100.34); these means did not differ, #(48) =
0.29, p > .05. All participants reported that
they perceived the room to be moving at some
point during the experiment.

Postural Motion

Because of discontinuation, participant JZ
did not complete Trials 9 through 11. This
meant that for these trials postural data were
collected from only 2 sick participants. For this
reason, no analyses were performed on these
trials. Because of an intermittent data acquisi-
tion problem, one sum-of-sines trial was not
recorded for participant MB (Trial 7). No other
data were affected. There was no corruption of
any of the acquired data. All statistical analyses
are based on those trials for which data were
recorded.

Two types of analyses were applied to the
data on postural motion: analysis of variance
(ANOVA) and step-wise discriminant analysis
(SDA). The purpose of the analyses of vari-
ance was to show that any effects of room
motion on body sway were restricted to the
visual consequence of room movements (i.e.,
optical flow rather than sound or other fac-
tors). For this reason, ANOVA was limited to
comparison of eyes-open and eyes-closed trials
(Trials 1-4). Separate two-factor mixed-model
ANOVAs (vision: eyes open vs. eyes closed
[within factor]; group: sick vs. well [between
factor]) were performed for variability, veloci-

ty, and range in each axis of postural motion
during the spontaneous sway and 0.2-Hz trials.
Analyses were performed using SPSS version
8.0.0 for Windows (SPSS, Inc., Chicago, IL)
using the general linear model procedure.

The analysis of primary interest was the SDA.
This analysis (a form of regression) is used to
determine which variables can be used to clas-
sify a given case (i.e., participant) into a partic-
ular group (in this case, sick vs. well). Like many
traditional regression analyses, SDA yields an
equation that maximizes the differences in a
given variable (or variables) among groups
based on maximum likelihood principles (Ped-
hazur, 1997). SDAs were performed only for
trials on which the eyes were open. Separate
analyses were performed for the spontaneous
sway (Trial 1), 0.2-Hz motion (Trial 3), and
sum-of-sines trials (Trials 5-8). Given that the
goal was to identify postural parameters that
predicted group membership, the criterion for
entry into the analysis was that a variable must
have accounted for a significant portion of
unique variance. At each step, we selected the
variable that minimized the sum of the unex-
plained variation for all pairs of groups. As
part of the discriminant procedure, signifi-
cance tests were performed on each variable
individually to test for significant differences
between sick and well groups; these tests are
reported in the Univariate results section.

Analysis of Variance

Spontaneous sway (Trials 1 and 2). Separate
two-factor mixed-model ANOVAs (vision: eyes
open vs. eyes closed [within factor]; group:
sick vs. well (between factor]) were performed
for variability, velocity, and range in each axis.
Significant effects of vision were obtained in
the anteroposterior (AP) axis for the variabili-
ty, velocity, and range of motion: M, = 0.92
em, Mejoeq = 1.17 cm, F(1, 11) = 15.28, p <
.05; Mgpe, = 0.35 cm/s, Mjoeeq = 0.63 cm/s,
F(1, 11) = 22.38, p < .05; and My, = 1.67
cm, Mijoeq = 3-07 cm, F(1, 11) = 11.38, p <
.05, respectively. These results replicate the
common finding that body sway is greater
when the eyes are closed (e.g., Lee & Lishman,
1975). There were no significant effects of
Group on any of the three variables. Repre-
sentative data are plotted in Figure 3.
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Figure 3. Representative spontaneous postural motion
in the moving room (eyes open). Participants are
identified by their initials. Those who later became
sick are on the right.

0.2-Hz motion (Trials 3 and 4). Variability,
velocity, and range were analyzed for these tri-
als. In addition, we analyzed the coupling of
body and room motion in terms of their cross-
correlation, phase, and gain; this is common in
research on relations between vision and pos-
ture (e.g., Warren, Kay, & Yilmaz, 1996). Phase
is a measure that determines the amount of
temporal coupling between the room and par-
ticipant’s motion, wherea gain is a measure of
the relative amplitude of the response of the
participant with respect to the stimulus. Sepa-
rate, two-factor mixed-model ANOVAs (vision =
within factor, group = between factor) were
performed for each variable in each axis of
motion with the exception of cross-correlation,
phase, and gain, which were calculated only in
the axis of stimulation (AP).

Variability. The main effects of vision and
group on sway variability were not significant
in any axis. In the roll axis there was a signifi-
cant interaction between group and vision,
F(1, 11) = 5.03, p < .05; participants who
would later become sick exhibited greater vari-
ability in the eyes-closed trial (Trial 4: Mg, =
9.83° My = 1.41°).

Velocity. There were no main effects of
vision on the velocity of body sway. There was
a significant effect of group on the velocity of

body sway in the lateral axis, vertical axis, and
pitch axis: Mg, = 0.29 cm/s, My, = 0.14
cm/s, F(1, 11) = 8.10, p < .05; Mg, = 0.15
cm/s, My, = 0.08 cm/s, F(1, 11) =6.70, p <
.05; and M, = 0.46%s, My, = 0.25%s, F(1,
11) = 8.80, p < .05, respectively. In each case
velocity was greater in the sick group. There
was a significant interaction between group
and vision in the roll axis, F(1, 11) = 5.60, p <
.05, with the sick group exhibiting greater
velocity during the eyes-closed trial (Trial 4:
Mg = 2.66%s, My, = 0.72%s).

Range. A significant effect of group on the
range of body sway was obtained in the lateral
axis, Mg, = 1.59 cm, My, = 1.30 cm, F(1,
11) = 7.80, p < .05, with the sick group
exhibiting greater range of motion. In the verti-
cal axis there was a significant main effect of
vision, My, = 0.82 cm, Mepeeq = 1.14 cm,
F(1,11) =7.30, p < .05, with greater range
when the eyes were closed. Significant Group
x Vision interactions were found in the vertical
axis, F(1, 11) =9.10, p < .05, the yaw axis,
F(1,11) =6.10, p < .05, and the roll axis, F(1,
11) = 5.90, p < .05. In each case the well
group exhibited greater range of motion when
the eyes were open whereas the sick group
exhibited greater range of motion when the
eyes were closed. Representative data are plot-
ted in Figure 4.

Measures of coupling. Cross-correlations
were standardized (z transformed) for analysis.
Cross-correlations were greater with the eyes
open (MOpen =0.14, SD = 0.23) than with the
eyes closed (M) q =—=0.01, SD = 0.13), F(1,
11) = 8.22, p < .05, indicating that body sway
was influenced by the imposed optical flow.
The sick and well groups did not differ, and
there was no significant Group x Vision inter-
action. Gain was greater with eyes open, Mo,
=047, Mjpeq = 0.18, F(1, 11) = 14.74, p <
.05. Gain was also greater for the sick group,
My = 0.20, Mg, = 0.45, F(1, 11) =6.05, p <
.05. Phase was analyzed using circular statistics
(Batschelet, 1981). With circular statistics,
variance can be analyzed for only a single factor
in each test (i.e., it is not possible to test for
interactions). Accordingly, we used the Williams-
Watson test, which is the circular analogue to
a one-way ANOVA. Separate analyses were
conducted to test for group differences in each
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visual condition (eyes open and eyes closed)
and for a general effect of vision. Differences
between sick and well groups were not signifi-
cant for either the eyes-open or eyes-closed
condition. There was a general effect of vision
on phase in that phase lag was decreased in the
eyes-open trial, MOpen = 15° (SD = 55.05°),
Mjoseq = 30.17°(SD = 111.52°), F(1, 24) =
8.11, p < .05.

Overall, the results of the 0.2-Hz trials
replicate the common finding that body sway
can be influenced by imposed optical flow (Lee
& Lishman, 1975; Stoffregen, 1985; Stoffregen
& Smart, 1998). When the eyes were open,
gain, phase, and cross-correlation were each
affected in the expected manner (i.e., relatively
higher gain and cross-correlation and lower
phase lag).

DISCRIMINANT ANALYSIS

An important goal of the present study was
to identify parameters of postural motion that
can predict visually induced motion sickness.
Because of the focus on vision, we excluded
from the discriminant analysis Trials 2 and 4,
in which the eyes were closed. Given the small
sample size, it was important to limit the num-
ber of variables being tested. Prior to the
analysis, all of the measures derived from the
participants’ motion were correlated. This was
done in order to safeguard as much as possible
against circularity (i.e., redundancy) in the
analysis. It was expected that most variables
would be at least moderately correlated with
one another, as they are all derived from the
same source and therefore cannot be truly
independent. It was decided that variables that
consistently exhibited strong correlations with
other variables (i.e., = .7; Stevens, 1996) would
be excluded from the analysis.

Based on these criteria, the range variable
was excluded from the analysis as it correlated
almost perfectly with variability (and to a
slightly lesser degree with velocity). Further,
motion in the yaw axis was omitted from the
analysis. This was done because the yaw and
roll axes were almost perfectly correlated in
variability, velocity, and range (this is in part
attributable to the structure of the cervical
spine, which results in the coupling of motion

Vertical Velocity (cm/s)

1cm/s

Yomis | teral Velocity (cmis)

Figure 4. Velocity data for representative partici-
pants during the baseline (0.2-Hz) motion trial
(eyes open). Participants who later became sick are
on the right.

in these axes; White & Panjabi, 1990). The
decision to keep the roll data rather than the
yaw data was based on the lack of empirical
evidence suggesting that motion in the yaw
axis contributes to motion sickness (see Law-
ther & Griffin, 1987; Parker, 1998; Wertheim,
Bos, & Bles, 1998). Although many of the
remaining variables and axes exhibited moder-
ate correlations with one another other, it was
felt that the discriminant analysis could be per-
formed (though one should be cautious in try-
ing to generalize beyond these data).

It was also necessary to determine the order
in which variables were entered into the analy-
sis. Variability in each remaining axis would be
entered first, then velocity. The order of axes
was AP, lateral, vertical, pitch, and roll. The
choice of order was made in the following
manner: The axes of translation were entered
first, given that the stimulus was translational.
Stoffregen and Smart (1998) found significant
differences in the AP and lateral axes, so these
axes were entered first. Vertical parameters
were entered next based on the work by Law-
ther and Griffin (1987) as well as Guignard
and McCauley (1990), which demonstrated a
relation between the frequency of imposed
motion and the incidence motion sickness,
using vertical motion. Finally, research in sea
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and space sickness (Parker, 1998; Wertheim et
al., 1998) has suggested that motion in the
pitch and roll axes can also contribute to motion
sickness. Gain, phase, and cross-correlation
data were entered last, as their relation to
motion sickness has not been extensively stud-
ied. These precautions were taken because dis-
criminant analysis is a form of regression
procedure; however, it is not clear that these
precautions affect the reliability of the analysis
(Pedhazur, 1997; Stevens, 1996).

In the univariate and discriminant analyses
to be reported, data were analyzed on the basis
of individual trials rather than on the basis of
participant means. This was done because
instability usually develops over time; thus
averaging across trials might mask emerging
instability and hinder the ability to predict
sickness.

Spontaneous Sway and 0.2-Hz Trials

Univariate results. There were no significant
effects in the analysis of sway in the eyes-open
spontaneous sway trial (Trial 1). Significant
group effects in the velocity of postural motion
during the 0.2-Hz trial (Trial 3) occurred in
the lateral, vertical, and pitch axes: F(1, 11) =
7.39,p <.05; F(1, 11) =7.71, p < .05; and
F(1, 11) = 16.38, p < .05, respectively. In each
case, velocities were higher for the sick group.
Gain was also significantly higher for the sick
group, F(1, 11) =5.96, p < .05.

Discriminant results. In the discriminant
analysis, there were no significant effects in the
analysis of sway in the eyes-open spontaneous
sway trial (Trial 1). For the 0.2-Hz trial (Trial
3), the analysis yielded one significant discrim-
inant function (only one is possible given that
there were only two groups): Wilks’s A = 0.40,
A(1) = 9.58, p < .05. Differences in pitch
velocity classified participants into sick and
well groups. This variable accounted for 60%
of the variance. The resulting function was

y=12.39 x V, - 3.68, (1)

in which V,, is the mean velocity of pitch rota-
tion for a given participant. The function accu-
rately classified 12 participants (92%). The
function was cross-validated by predicting
group membership of a particular case based

on the function generated by using all the
other cases, excluding the one being tested.
Performing this analysis did not decrease the
accuracy of the function.

Sickness was not predicted by any parameters
of sway in the axis of stimulation (AP). How-
ever, pitch velocity exhibited a strong correlation
with AP velocity (r = .77, p < .05). Thus, al-
though parameters of AP motion were not
selected, a closely related axis was.

Sum-of-Sines Trials

Our hypothesis was that postural instability
would occur before the onset of motion sick-
ness (Riccio & Stoffregen, 1991). Thus it was
essential to analyze only those data that were
collected before the onset of motion sickness
symptoms. To ensure the satisfaction of this
requirement, we analyzed only trials that were
completed prior to reports of sickness. Repre-
sentative trials are depicted in Figure 5.

Univariate results. Significant group effects
in the variability and velocity of postural motion
during the sum-of-sines trials were revealed.
Sway velocity was greater for the sick group in
the AP axis, the vertical axis, and the pitch
axis: Mg, = 0.91 cm/s, My, = 0.61 cm/s, F(1,
48) = 10.25, p < .05; Mg, = 0.31 cm/s, My, =
0.17 cm/s, F(1, 48) = 8.16, p < .05; and My,

Vertical Velocity (cmis)

|

A-P \elocity (cmis)

Figure 5. Velocity data for representative participants
during the experimental (sum-of-sines) motion trial
(eyes open). Participants who became sick are on
the right.
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=0.66%s, My, = 0.44°s, F(1, 48) = 6.07, p <
.05, respectively. Sway variability was greater
for the sick group in the vertical axis and in
the pitch axis: Mg, = 1.20 cm, My, = 0.67
cm, F(1, 48) = 21.23, p < .05; and Mg, =
2.78° My = 1.63°% F(1, 48) = 19.53, p < .05,
respectively. There were no other significant
results.

Discriminant results. The analysis yielded
one significant discriminant function, Wilks’s
A =0.69, x*(1) = 17.40, p < .05. Differences in
vertical variability classified participants into
sick and well groups. This variable accounted
for 31% of the variance in the data. The
resulting function was

y=3.06 x V, — 2.63, (2)

in which V,, is the mean variability in the verti-
cal axis for a given participant. The function
accurately classified 80% of the cases. Seven
of the 40 well trials and 3 of the 10 sick trials
were incorrectly classified (well trials and sick
trials are the total number of trials completed
by participants in the well and sick groups, re-
spectively). The cross-validation utilized was the
“leave one out” method described previously.
Performing this test did not affect the accuracy
of the classification. Interestingly, the incor-
rectly classified trials occurred later in the ex-
perimental sequence for the well group (Trial 7
or 8) and earlier for the sick group (Trial 5 or 6).

As in the 0.2-Hz trials, sickness was not
predicted by parameters of sway in the axis of
stimulation (AP). However, vertical variability
and AP variability were correlated (r = .53, p <
.05). Vertical variability also accounted for a
larger proportion of the variance (40%) than
did AP velocity (11%) causing it to be selected
by the analysis. Similar to the 0.2-Hz trials,
whereas motion in the axis of stimulation did
not significantly predict sickness, a closely
related axis did. The existence of significant
destabilization outside the axis of stimulation
is consistent the findings of Stoffregen and
Smart (1998) and Stoffregen et al. (2000). The
consistency of this finding may suggest a gen-
eral phenomenon worthy of direct study: How
is it that stimulation in one axis can cause in-
stability in another axis in addition to or
instead of the axis of stimulation?

DISCUSSION

In this experiment, motion sickness was
produced by exposure to low-frequency, low-
amplitude optical flow that closely resembled
the optical flow created by ordinary body sway.
Vection was experienced by each of the sick
participants, and vection episodes were more
common in the sick group. Motion sickness
was preceded by significant changes in postural
motion. Prior to the onset of subjective motion
sickness symptoms, increases in body sway
were observed in the axis of stimulation and in
other axes. Among participants who later
became sick, increases in body sway were
observed in the sum-of-sines trials. However,
the sick group also exhibited postural instabili-
ty in earlier trials involving simple sinusoidal
motion. These postural sway findings replicate
earlier studies (Stoffregen et al., 2000; Stoff-
regen & Smart, 1998). In the present study
there were no differences in sway between the
sick and well groups during spontaneous body
sway (i.e., sway in the absence of imposed
visual motion; Trials 1 and 2). Finally, the dis-
criminant analysis identified parameters of
body sway that reliably predicted the subse-
quent onset of motion sickness. These results
are discussed in the remainder of this paper.

Motion Sickness and Vection

Each of the participants who became sick
reported experiencing some vection. However,
all but one member of the well group also
reported vection. The fact that each person
who reported motion sickness also reported
vection is consistent with the hypothesis that
vection is a necessary precursor of visually
induced motion sickness. However, the fact
that vection was experienced by nearly all of
the well participants indicates that vection is a
weak predictor of sickness. We also found that
participants who became sick reported more
episodes of vection. Given that the mean dura-
tion of vection episodes did not differ for the
sick and well groups, this finding means that
the sick group experienced a greater overall
duration of vection than did the well group.

Our results raise the issue of a link between
vection and body sway. Such a link has been
studied directly by Kuno, Kawakita, Kawakami,
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Miyake, and Watanabe (1999), who measured
postural motion while participants viewed a
sinusiodally moving random-dot pattern via
a head-mounted display (a sum of 10 sine
waves). Participants used a joystick to indicate
the experience of vection. Increases in sway
were associated with increased experiences of
vection, leading Kuno et al. to conclude that
vection could be estimated empirically by
examining postural motion. The fact that in-
creased sway predicted vection was consistent
with our findings. However, our results suggest
strongly that the relation between postural
instability and sway is assymmetrical: Body
sway predicts vection (and motion sickness),
but vection does not predict sway (or motion
sickness).

Postural Instability Precedes
Motion Sickness

In this study, motion sickness was preceded
by increases in several parameters of postural
motion. This was true for body sway during
exposure to the nominally nauseogenic sum-
of-sines stimulus and for body sway during
exposure to the nominally innocuous 0.2-Hz
stimulus.

Stoffregen and Smart (1998) found that
motion sickness was preceded by increases in
the variability, range, and velocity of postural
motion. Stoffregen et al. (2000) found that
motion sickness was preceded by significant
increases in the same parameters of body sway.
In the present study we again found that
motion sickness was preceded by significant
increases in each of these parameters. Across
these three studies, there has been some varia-
tion in the exact combination of parameters,
trials, and axes of body motion in which effects
have been observed. However, there has been
considerable consistency in the overall pattern
of results: Across the three studies, motion
sickness has been reliably preceded by signifi-
cant increases in objective, measurable proper-
ties of postural motion. This general finding
confirms the central prediction of the postural
instability theory of motion sickness (Riccio &
Stoffregen, 1991). The fact that the precise
pattern of significant effects has not been repli-
cated exactly is not a problem for the postural
instability theory, as Riccio and Stoffregen sug-

gested that instability might occur in any of a
wide variety of parameters of postural motion.

With repeated replications of the general
prediction it will become appropriate to ex-
pand the range of variables that are evaluated
for instability that may predict motion sick-
ness. For example, future research might eval-
uate the hypothesis that motion sickness might
be preceded by instability in the coherence of
body sway or in the relative phase of postural
motion around the hip and ankle joints (Riccio
& Stoffregen).

Postural Instability Predicts
Motion Sickness

In the 0.2-Hz trials, the discriminant analysis
revealed that differences in pitch velocity classi-
fied participants into sick and well groups with
92% accuracy (i.e., 92% of the motion trials
were identified correctly as belonging to a sick or
well participant). In the sum-of-sines trials, the
discriminant analysis revealed that differences
in vertical variability classified participants into
sick and well groups with 80% accuracy.

These findings show that differences in pos-
tural motion that exist prior to motion sickness
can be used to predict who will get sick. This
prediction can be done prospectively, rather
than in a post hoc, retrospective manner. For
example, using the equation generated by the
discriminant analysis for the 0.2-Hz trials, a
person exhibiting a pitch velocity of 0.2%s
would have a discriminant score of —1.2. This
score could be compared with the group cen-
troids (mean discriminant scores for each group:
well = -0.62, sick = 2.05) to determine which
group this person most closely resembled (this
would be done by calculating the distance be-
tween the person’s score and the centroids).
The shortest distance suggests the group to
which the person most likely belongs; in this
case, the person would be classified as be-
longing to the well group (with a probability of
99%, given the person’s discriminant score).
The functions generated by the SDA account-
ed for more variance than did parameters that
have typically been used to predict motion sick-
ness, such as perceptual style, motion sickness
history, and physiological activity (Kennedy,
Dunlap, & Fowlkes, 1990; see also Stanney,
Kennedy, Drexler, & Harm, 1999).
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In the 0.2-Hz trials pitch velocity predicted
sickness, whereas in the sum-of-sines trials
sickness was predicted by vertical variability. It
is interesting that neither of these predictors
was in the axis of stimulation (AP). However,
it is the case that the predictive variables are
related to the axis of stimulation. Vertical motion
occurs along a different axis than does AP
motion, but jointly these axes define the sagittal
plane of motion (Tortora & Grabowski, 1993).
Pitch movement comprises motion in both the
AP and vertical axes and therefore occurs in
the sagittal plane as well. The ability of vertical
motion to predict sickness is plausible, given
that vertical (or heave) motion has been often
implicated in studies of seasickness (e.g., Law-
ther & Griffin, 1987, 1988). Statistically, the
predictive power of postural motion in the ver-
tical axis is not surprising, given that variabili-
ty in the AP and vertical axes was correlated.

Our analysis yielded a straightforward means
of predicting sickness. However, our analysis
has limitations that should be addressed with
future research. First, it is unknown whether
the present analysis can be applied to inertially
induced motion sickness (e.g. sickness in cars,
boats, or planes). Second, at present the pre-
dictions generated from this analysis do not
address temporal issues; the models predict
who will become sick but not when. Third,
although postural instability has been found to
precede motion sickness in both standing and
seated participants and in both moving-room
and flight-simulator environments (Stoffregen
et al., 2000; Stoffregen & Smart, 1998), addi-
tional research is needed to determine the gen-
eralizability of our analysis across technologies
and tasks. Fourth, the functions generated in
this study were obtained with small sample
sizes (13 in the study and 3 in the sick group).

It should be noted that quantitative studies
of postural motion often utilize small sample
sizes (e.g., Dijkstra, Schoner, & Gielen, 1994),
in part because of the relatively high reliability
of postural measures (increasing the sample
size in these studies can increase statistical
power but not substantive meaning). The
amount of raw data collected from each partic-
ipant was large (on the order of 120 000 data
points), and the measures used in the analysis
were derived from this abundant raw data.

Despite this, the issue of sample sizes remains
real and suggests that caution should be used
in generalizing the models beyond the current
study. Additional data and analyses are needed
in order to determine the extent to which the
current results may be general. Replication will
also aid in understanding the gender bias that
we observed.

CONCLUSION AND
DESIGN IMPLICATIONS

The present study confirms the finding of
Stoffregen and Smart (1998) and Stoffregen et
al. (2000) that postural instability precedes
visually induced motion sickness. Also in repli-
cation, this was found to be true not only for
postural motion during exposure to nauseo-
genic stimuli but also for postural motion dur-
ing exposure to innocuous visual motion. In
addition, the current findings suggest that it is
possible to use postural measures to predict
future occurrences of motion sickness. If true,
these measures could potentially be used to
identify persons who are likely to be suscepti-
ble to visually induced motion sickness, allow-
ing for proactive measures to be taken to
prevent motion sickness.

Our findings suggest that it may be possible
to use real-time data about postural motion to
identify individuals at risk for motion sickness
(Stoffregen et al., 2000). Such real-time mea-
sures of postural motion could be used to
exclude such individuals from exposure to nau-
seogenic stimuli. In principle, such measures
could also be used to make adjustments to
simulator and virtual environment dynamics
that could suppress postural instability and, in
turn, prevent motion sickness. For example,
display dynamics might be altered so as to pre-
vent or suppress waveform interference. The
practical utility of this strategy will be deter-
mined by further research.
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