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Abstract Motion sickness is more common among
women than among men. Previous research has shown
that standing body sway differs between women and men.
In addition, research has shown that postural sway dif-
fers between individuals who experience visually induced
motion sickness and those who do not and that those dif-
ferences exist before exposure to visual motion stimuli.
We asked whether sex differences in postural sway would
be related to sex differences in the incidence of visually
induced motion sickness. We measured unperturbed stand-
ing body sway before participants were exposed to visual
motion stimuli that induced motion sickness in some par-
ticipants. During postural testing, participants performed
different visual tasks. Results revealed that postural sway
was affected by visual tasks, consistent with the literature.
In addition, we found a statistically significant three-way
interaction between visual tasks, sex, and (subsequent)
motion sickness status. These results suggest that sex dif-
ferences in motion sickness may be related to sex differ-
ences in the control of postural balance.

Keywords Postural control - Motion sickness - Sex
differences

Introduction

Classically, motion sickness has been associated with physi-
cal displacement, usually through travel in vehicles. Recent
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decades have seen a dramatic increase in reports of motion
sickness outside the context of travel. Interactive visual tech-
nologies can induce motion sickness. In the context of enter-
tainment (e.g., video games), such effects may be inconse-
quential. However, interactive technologies increasingly are
being used for purposes other than entertainment. Motion
sickness has been reported among users of tablet comput-
ers, such as the iPad (Stoffregen et al. 2014), and there are
anecdotal reports of sickness arising from motion graphics
in cell phone interfaces (The Guardian 2013). Using “off-
the-shelf” devices and applications, the incidence of motion
sickness among users of visual interactive technologies can
be greater than 50 % (e.g., Dong et al. 2011; Merhi et al.
2007; Stoffregen et al. 2008). In addition, motion sickness is
common among users of “immersive” virtual environments
of the kind that are widely used in physical rehabilitation
(Akiduki et al. 2003; Villard et al. 2008). Motion sickness
in these settings can have negative impacts on individuals
(e.g., reduced benefit from a rehabilitation intervention) and
on society (e.g., the exclusion of susceptible individuals
from technology-related careers; Giammarco et al. 2015).
The spreading of motion sickness across so many “plat-
forms,” and the general increase in reports of motion sick-
ness suggest that this malady is of general importance at a
societal level. Accordingly, there is increased motivation for
greater scientific understanding of motion sickness, both in
terms of causality or etiology and in terms of our ability to
predict and prevent its occurrence.

Sex differences in susceptibility
One of the most commonly observed phenomena of motion
sickness is that women are more susceptible than men.

This observation has been confirmed in some of the largest
field research studies ever conducted. Lawther and Griffin
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(1988) studied seasickness among more than 20,000 pas-
sengers on ocean-going ferries. The severity of seasickness
symptoms was greater in women than in men by a ratio of
5.2/3.1. A nearly identical ratio was observed for vomit-
ing, which was more common among women (8.8 %) than
among men (5.0 %). Similar results have been obtained
in land transportation (Golding 2006; Park and Hu 1999;
Turner and Griffin 1999) and in vehicle simulators (e.g.,
Kennedy et al. 1995). Women are more likely than men to
experience motion sickness resulting from wind-induced
motion of tall buildings (Lamb et al. 2013).

Sex differences in susceptibility to motion sickness
extend to visual motion stimuli in the absence of any iner-
tial displacement. Koslucher et al. (2015) exposed stand-
ing participants to visual motion stimuli that oscillated
along the line of sight. The stimulus motion was a sum of
ten sines in the range 0.1-0.4 Hz, and the maximum ampli-
tude (peak to peak) of room motion was 1.8 cm. Partici-
pants were exposed to this motion in up to four trials, each
10 min in duration. Participants were instructed to discon-
tinue participation immediately if they experienced any
symptoms of motion sickness, however mild. Koslucher
et al. separately evaluated the incidence of motion sickness
and the severity of subjective symptoms. Motion sickness
incidence was assessed using a yes/no forced choice ques-
tion, Are you motion sick?, which was administered before
and after exposure to visual motion in the moving room.
Symptom severity was assessed using the Simulator Sick-
ness Questionnaire or SSQ (Kennedy et al. 1993).

Before exposure, each participant stated that they were
not motion sick, and SSQ scores were low (Koslucher et al.
2015). After exposure, the incidence of motion sickness
among females was 38 % (26/69), which was significantly
greater than incidence among males, which was 9 % (4/45).
At post-exposure, symptom severity scores were greater
among participants in the sick group. However, post-expo-
sure scores did not differ between men and women in the
well group or between men and women in the sick group.
That is, there was a sex difference in the incidence of
motion sickness, but not in its severity. These results sug-
gest that visual technologies may lead to large sex differ-
ences in motion sickness and, consequently, to impacts of
motion sickness that are sexist at both the individual and
societal levels. The data reported by Koslucher et al. were
part of a larger study of sex differences in motion sickness.
In the present article, we report data on postural sway and
visual performance that were collected from the same par-
ticipants, as part of that larger study.

Sex differences: causal hypotheses

Why do women and men differ in susceptibility to motion
sickness? It has been suggested that reports of subjective
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symptoms, such as nausea and fatigue, might be affected
by social or gender-role issues. For example, women might
be more willing than men to acknowledge aversive subjec-
tive experiences. However, Golding (2006) rejected this
argument. One reason is that the sex difference exists in
relation to objective data: As noted above, women vomit
more than men (Lawther and Griffin 1988). The sex differ-
ence also does not seem to be related to extra habituation
to greater ranges of motion environments experienced by
risk-taking males (Dobie et al. 2001), nor to gender-biased
differential self-selection between males and females when
volunteering for laboratory motion sickness experiments
(Flanagan et al. 2005). It is sometimes suggested that the
sex difference arises from female hormonal cycles (e.g.,
Howarth and Griffin 2003), but the evidence does not sup-
port this view. Golding et al. (2005, p. 972) concluded
“only around one-third of the difference between male and
female susceptibility could be accounted for by increased
or decreased motion susceptibility at certain phases of the
menstrual cycle. ... any putative menstrual/endocrine effect
cannot fully explain sex differences in motion sickness
susceptibility.” It has been suggested that sex differences
in motion sickness may arise from physiological vari-
ables. For example, the level of salivary cortisol is related
to motion sickness susceptibility in women. However, this
relationship does not exist in men (Meissner et al. 2009).
Accordingly, salivary cortisol cannot explain differences
between women and men.

The above attempts to explain sex differences in motion
sickness are ad hoc, in the sense that they have not been
derived from any general theory of motion sickness etiol-
ogy. That being said, many of the researchers involved are
adherents of the sensory conflict theory of motion sickness
(e.g., Flanagan et al. 2005; Howarth and Griffin 2003; Gold-
ing 2006). The sensory conflict theory claims that everyday
interactions with the environment give rise to expectations
about relations between inputs from different sensory sys-
tems (e.g., Reason 1978). When current patterns of input
differ from expected patterns, sensory conflict is produced.
When the magnitude of this conflict exceeds some thresh-
old (Oman 1982), motion sickness can result. We are not
aware of any attempt to use the sensory conflict theory to
explain or predict the existence of sex differences in motion
sickness. That is, we are not aware of any claims that the
hypothetical internal expectations on which the theory is
based should differ between women and men, and we are
not aware of any claims that the hypothetical threshold for
motion sickness should differ between women and men.
The absence of such principled accounts may explain the
fact that adherents of the sensory conflict theory have tended
to resort to ad hoc explanations for known sex differences.

In the present study, we offer a qualitatively different
approach. Our approach is based on the postural instability
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theory of motion sickness (Riccio and Stoffregen 1991),
which argues that motion sickness occurs in the animal—
environment system. Many situations, including travel in
both physical and virtual vehicles, alter relations between
body movement, perceptual stimulation, and the effects of
postural control actions. Changes in these dynamics man-
date changes in the control actions that are used to stabilize
the body. In many situations, these dynamics are not only
novel but also variable; an example is the quasi-periodic
motion of a ship at sea. Control actions that served to sta-
bilize the body on land generally will be inefficient or even
counter productive at sea. Individuals must learn new con-
trol actions that are “tuned” to the novel dynamics. As with
any form of learning, there will be individual differences in
the rate at which new skills are acquired; some individuals
will learn more rapidly than others. In addition, there may
be individual differences in the way in which new control
actions are learned (e.g., Faugloire et al. 2006). Until new
control actions are identified (i.e., until the individual learns
how to link particular patterns of perceptual stimulation to
particular patterns of control outputs), certain aspects of
the animal-environment interaction may be uncontrolled
or controlled only intermittently. Uncontrolled or intermit-
tently controlled movements tend to be unstable, and insta-
bility will persist until new types of control are robust.

The experience of motion sickness often is accompanied
(or followed) by visible instability in control of the body:
Sufferers may be visibly unsteady in their posture and gait.
Instability that is concurrent with or which follows the sub-
jective symptoms of motion sickness is uncontroversial
and has no implications for etiology. Riccio and Stoffregen
(1991) made a qualitatively different claim. They argued
that unstable control of the body should precede any sub-
jective symptoms of motion sickness, and they argued that
the subjective symptoms of motion sickness result from
instabilities in the control of perceptually guided adjust-
ments to posture. A central prediction of the postural insta-
bility theory is that postural activity should differ between
persons who experience motion sickness and those who do
not and that these differences should exist (and be measura-
ble) before the onset of the subjective symptoms of motion
sickness.

Men and women differ in many ways. Which of these
differences may underlie sex differences in motion sick-
ness? In the present study, we asked whether sex differ-
ences in susceptibility to visually induced motion sickness
might be preceded by patterns of postural activity in stand-
ing body sway that would differ between women and men.

Postural sway before motion sickness

Motion sickness is associated with degraded control of the
body. It is not surprising if people who are suffering from

motion sickness have degraded stance and locomotion.
More surprising is the repeated finding that such differ-
ences in postural control exist before the onset of any of
the subjective symptoms of motion sickness and, in fact,
before participants are exposed to experimental motion of
any kind. This effect has been observed during stance in
laboratory devices featuring linear (translational) oscilla-
tions (Koslucher et al. 2014; Stoffregen and Smart 1998;
Stoffregen et al. 2010), for seated subjects exposed to oscil-
lations rotating around the line of sight (Stoffregen et al.
2000a), and for virtual environments (Villard et al. 2008).
It has also been observed in the context of inertial motion,
with measures of body sway taken 24 h before the begin-
ning of a sea voyage (Stoffregen et al. 2013).

Effects have been observed in the spatial magnitude of
sway (e.g., Smart et al. 2002; Stoffregen and Smart 1998;
Stoffregen et al. 2000a; Villard et al. 2008), but also in the
temporal dynamics of sway (Stoffregen et al. 2013, 2010;
Villard et al. 2008). Accordingly, in the present study, we
examined measures of both spatial magnitude and temporal
dynamics.

Sex differences in postural sway

Men and women differ in unperturbed standing body sway.
Era et al. (2006) measured unperturbed stance in 7979
adults and found that the speed of center of pressure dis-
placements differed between women and men for each of
five age groups. Several other studies have also found sex
differences in the spatial magnitude of postural sway (Chi-
ari et al. 2002; Kim et al. 2010; Sullivan et al. 2009). There
are also sex differences in the temporal dynamics of sway
(e.g., Kim et al.). Both spatial and temporal sex differences
persist even when data are normalized by subjects’ height
(Kim et al. 2010).

Chiari et al. (2002) computed 55 stabilographic param-
eters from center of pressure data. Men and women dif-
fered in several parameters of postural sway for sway in the
AP axis. They then compared the stabilometric parameters
to several anthropometric parameters that differed signifi-
cantly between women and men in their sample (height,
weight, base of support, foot width, and the angle between
the feet). The majority of stabilometric parameters were
significantly correlated with one or more of these anthro-
pometric factors. They concluded that most of the effects of
sex on standing body sway arose from biomechanical prop-
erties rather than neural control.

Given the findings of Chiari et al. (2002), it seems rea-
sonable to ask whether sex differences in postural sway
could be related to sex differences in motion sickness. As
noted above, Koslucher et al. (2015) exposed standing
participants to linear visual oscillation that mimicked the
amplitude and frequency characteristics of standing body
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sway and found that the incidence of motion sickness in
women was greater than in men. In addition, for individu-
als the risk of motion sickness was significantly correlated
with parameters of bodily anthropometrics that are sexu-
ally dimorphic. Motion sickness incidence was negatively
related to overall height when controlling for weight and
when controlling for body mass index or BMI. Separately,
motion sickness incidence was negatively related to the
height of the center of mass, when controlling for BMI.
Finally, motion sickness incidence was negatively corre-
lated with foot length (controlling for BMI): Motion sick-
ness was more likely among subjects with shorter feet.
Women have lower center of mass and shorter feet even
when controlling for sex differences in height (Fessler
et al. 2005). Taken together, these findings are consistent
with the hypothesis that sex differences in motion sickness
incidence may be preceded by distinctive patterns of body
sway that are themselves sex-specific.

Postural sway and visual performance

Body sway varies as a function of non-postural tasks that
are carried out during stance (e.g., Woollacott and Shum-
way-Cook 2002). A common finding is that postural sway
is reduced during performance of a demanding visual task
(searching through a block of text for designated target
letters) relative to sway in the absence of visual demand
(looking at a blank target); (Stoffregen et al. 2000b; Stof-
fregen et al. 2011; Yu et al. 2013). Reading places great
demands on the visual system: To read each word, the eyes
must be pointed with great precision, and to shift gaze
from word to work (and from line to line), the eyes must be
moved with great precision. The eyes are in the head and
the head is atop the torso, such that ocular stabilization will
be affected by the position and motion of the torso, includ-
ing movements that constitute body sway. Arguably, it is
for this reason that postural sway varies between different
visual tasks (Stoffregen et al. 1999, 2007). Accordingly, a
reduced ability to stabilize the body could be related both
to visual performance, on the one hand, and to motion sick-
ness susceptibility, on the other.

Anecdotally, the risk of motion sickness can be affected
by non-postural tasks: Survey evidence suggests that read-
ing in a car is more provocative than simple looking out
the window (Sivak and Schoettle 2015; Turner and Grif-
fin 1999). Some experimental evidence also is relevant. In
a study of seasickness, Stoffregen et al. (2013) measured
standing body sway while participants looked at the hori-
zon or at a nearby target. The temporal dynamics of sway
revealed a statistically significant interaction between vis-
ual target distance and the severity of subsequent seasick-
ness. Vehicle motion, such as occurs in automobiles and on
ships at sea, poses challenges for overall stabilization of the
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body, which, in turn, will pose challenges for stabilization
of the visual system.

In the present study, we asked whether the modula-
tion of postural sway in response to this variation in vis-
ual tasks might be related to postural sway, to subsequent
motion sickness, and to sex differences in motion sickness.
Our investigation of task effects on postural sway in rela-
tion to sex differences in motion sickness was primarily
exploratory.

The present study

Koslucher et al. (2015) reported data on the incidence of
motion sickness and the severity of symptoms when stand-
ing women and men were exposed to oscillating optic flow
in a moving room. In that study, the primary aim was to
evaluate possible sex differences in the incidence of visually
induced motion sickness; that is, the incidence of motion
sickness was a dependent variable. The present study com-
prises data on the kinematics of standing body sway that
were collected from the participants in Koslucher et al.
before they were exposed to visual motion stimuli. Before
participants entered the moving room, we measured stand-
ing body sway in during the performance of different visual
tasks. We evaluated postural sway and visual performance,
and we related these to the incidence of subsequent motion
sickness as a function of sex. That is, in the present study,
the incidence of motion sickness (as reported by Koslucher
et al.) was an independent variable. The use of motion sick-
ness incidence as both a dependent variable and an inde-
pendent variable is widespread in research on motion sick-
ness (e.g., Bonnet et al. 2006; Chang et al. 2012; Dong
et al. 2011; Koslucher et al. 2014; Smart et al. 2002). We
predicted that body sway would differ between visual tasks,
replicating commonly reported effects. Our central predic-
tion was that before exposure to any stimulus motion body
sway would differ between women and men and that these
differences would be related to the incidence of motion
sickness after exposure to experimental visual motion.

Methods
Participants

The subjects were 114 individuals who participated in
exchange for course credit. There were 45 men (mean age
22.81 years, SD 3.43 years; mean weight 82.74 kg, SD
14.45 kg; mean height 1.82 m, SD 0.07 m) and 69 women
(mean age 21.78 years, SD 2.23 years; mean weight
65.23 kg, SD 12.37 kb; mean height 1.68 m, SD 0.07 m).
The experimental protocol was approved in advance by the
University of Minnesota IRB.
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Motor

Fig.1 Moving room

Apparatus

Participants stood on a force plate (AccuSway Plus; AMTI,
Watertown, MA). We collected the center of pressure
(COP) displacement in the anteroposterior (AP) and medi-
olateral (ML) axes at 50 Hz.

Visual stimulus motion was created using a mov-
ing room, which consisted of a cubical frame, 2.44 m on
a side, mounted on wheels, and moved along one axis on
rails (Fig. 1). The interior surfaces of the walls and ceiling
were covered with blue and white marble-patterned adhe-
sive paper. At the center of the front wall was a map of the
continental USA (53 cm x 80 cm; 19° x 28°). Illumina-
tion was provided by floodlights mounted inside the room
and oriented so that shadows were minimized. Movement
of the room (oscillation along an axis parallel to the line
of sight) was powered by an electric motor under computer
control.

Procedure

Following the informed consent procedure participants
removed their shoes and responded to a forced choice,
yes/no question, Are you motion sick? Participants were
instructed (both verbally and on the consent form) to dis-
continue the experiment immediately if they experienced
any motion sickness symptoms, however mild. Anthro-
pometric data were collected, some of which have been
reported and analyzed by Koslucher et al. (2015). Next,
participants stood with their feet on marked lines so that
heels were 17 cm apart and the angle between the feet was
10° (Stoffregen et al. 2010). They were instructed to keep
their arms by their sides and to avoid deliberate movement
or talking during trials.

Before being exposed to the visual motion stimulus,
each participant completed one trial in an inspection task
and one in a search task. Visual targets were identical to
those used by Stoffregen et al. (2000b). Targets consisted

of sheets of white paper 13.5 cm x 17 cm and mounted
on rigid cardboard. In the inspection task, the target was
a blank sheet of white paper. In the search task, the target
was a block of English text, consisting of 14 lines of text
printed in a 12-point sans serif font, which was affixed
to an otherwise blank card. Before each trial, the partici-
pant was asked to count the number of times the letter, r,
appeared in the block of text. At the end of the search trial,
the participant reported the number of letters counted and
their position in the text at the end of the trial. Targets for
the inspection and search tasks were 1.0 m in front of the
heels, affixed to a stand and adjusted to each participant’s
eye height. Each trial was 60 s in duration. Odd-numbered
participants began with the search task, while even-num-
bered participants began with the inspection task.

After the search and inspection trials, targets were
removed and participants were exposed to visible motion of
the moving room. Room motion was a sum of ten sines in
the range 0.1-0.4 Hz, with maximum displacement ampli-
tude of 2.5 cm. Room motion was identical to that used by
Bonnet et al. (2006) and Stoffregen et al. (2010), as was the
protocol used during moving room trials. Each trial with
room motion was 10 min in duration, and subjects were
exposed to a maximum of four trials.

Between trials, the moving room was stationary and the
subject was required to sit for 1 min. Before each trial, sub-
jects were reminded to discontinue participation immedi-
ately if they experienced any symptoms of motion sickness,
however mild. Upon discontinuation or after the comple-
tion of the experimental protocol (whichever came first),
subjects again answered the forced choice, yes/no ques-
tion, Are you motion sick? Subjects who stated that they
were not sick after exposure to room motion were given a
printed copy of the forced choice, yes/no question and the
SSQ, and asked to fill it out at the time of symptom onset
or after 24 h if no symptoms developed. Several studies
have reported that the onset of motion sickness can follow
exposure by up to 12 h (Miller and Goodson 1960).

Motion sickness incidence was based on a dichotomous
classification that was derived solely from answers to the
forced choice, yes/no question, Are you motion sick? Sub-
jects who answered this question in the affirmative imme-
diately after exposure to room motion or within 24 h of
their participation in the experiment were placed in the sick
group. All other subjects were placed in the well group.
Following previous research (e.g., Bonnet et al. 2006; Stof-
fregen and Smart 1998; Stoffregen et al. 2010; Villard et al.
2008), classification into well and sick groups was based
solely on responses to the forced choice question.

The data on postural activity reported in this article were
collected when the room was stationary. We also collected
data on postural sway during room motion; these will be
reported elsewhere.
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Data analysis

We evaluated performance on the search task in terms of
the percent correct, which we defined operationally as the
number of letters counted divided by the number of tar-
get letters that were in the text. We also evaluated reading
speed, which we defined operationally as the number of
words read during the 60-s search trial.

We separately evaluated the spatial magnitude and the
temporal dynamics of postural activity. We operationalized
spatial magnitude in terms of positional variability, that
is, the standard deviation of the position of the center of
pressure. We evaluated the temporal dynamics of postural
activity using detrended fluctuation analysis or DFA. DFA
describes the relation between the magnitude of fluctua-
tions in postural motion and the timescale over which those
fluctuations are measured (Chen et al. 2002). DFA has been
used in studies of the control of stance (Lin et al. 2008; Yu
et al. 2013). We conducted inferential tests on «, the scal-
ing exponent of DFA, as derived from the COP data. The
scaling exponent is an index of long-range autocorrelation
in the data, that is, the extent to which COP positions were
self-similar over different timescales. Our DFA did not
include integration of the time series (Gao et al. 2006).

Results
Search task performance

We separately evaluated the accuracy of search task per-
formance and the speed of reading during the search task.
For each, we conducted a 2 (sex) x 2 (sick) ANOVA. For
search task performance (% correct), we found a significant
effect of sex, F(1,110) = 9.64, p = .002, partial n2 = 0.08
(Fig. 2a).

For reading speed (number of words read), we found a
significant main effect of sex, F(1,110) = 5.56, p = .02,
partial 7> = 0.048 (Fig. 2b). There were no other significant
effects.

Postural sway

We conducted 2 (inspection vs. search) x 2 (body axis, AP
vs. ML) x 2 (male vs. female) x 2 (well vs. sick) ANOVAs
on the positional variability of the center of pressure and on
o of DFA.

Detrended fluctuation analysis revealed two signifi-
cant effects. The main effect of body axis was signifi-
cant, F(1,110) = 97.05, p < .001, partial n2 = 47. The a
parameter was greater in the body’s AP axis (mean 1.34,
SD .01) than in the body’s ML axis (mean 1.18, SD = .02).
In addition, the main effect of visual tasks was significant,
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Fig.2 a Mean performance (% of target letters counted) in the
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Fig. 3 Temporal dynamics of the center of pressure (o« of DFA),
illustrating the statistically significant effect of visual tasks. Error
bars represent the 95 % confidence intervals

F(1,110) = 8.43, p = .004, partial 772 = .07, which is illus-
trated in Fig. 3.

For positional variability, we found a significant main
effect of body axis, F(1,110) = 82.66, p < .001, partial
n? = 43. Positional variability in the body’s AP axis (mean
0.388, SD 0.02) was greater than in the body’s ML axis
(mean 0.191, SD 0.01). In addition, there was a significant
three-way interaction between sex, sickness groups, and vis-
ual tasks, F(1,110) = 4.52, p = .036, partial r;2 = .04, which
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is illustrated in Fig. 3. Post hoc tests revealed a significant
difference between men in the well group during perfor-
mance of the inspection task (95 % CI 0.218-0.275) and
women in the sick group during performance of the search
task (95 % CI0.282-0.398), p < .05. At the 99 % level, this
comparison was not significant (men/well/inspection 99 %
CI 0.209-0.284 vs. women/sick/search 99 % CI 0.264—
0.417). There were no other significant effects.

Discussion

We measured unperturbed standing body sway in a large
sample of males and females. During postural assessments,
participants performed simple visual tasks: looking at a
blank target and counting target letters in a block of text.
Following postural assessment, participants were exposed to
oscillating visual motion that induced motion sickness in 9 %
of men and 38 % of women, as reported by Koslucher et al.
(2015). Before exposure to oscillating visual motion, read-
ing rate and performance on the search task differed between
men and women. The temporal dynamics of postural sway
differed during performance of the two visual tasks. Postural
sway differed between the body’s AP and ML axes. In addi-
tion, unperturbed body sway exhibited a complex interaction
between sex, visual tasks, and the subsequent incidence of
motion sickness. We discuss these results in turn.

Visual performance

Reading rate was greater among women than among men,
but search performance was better among men. Taken
together, the results on performance and reading rate sug-
gest that, on average, women may have focused more on
speed, while men may have focused more on accuracy. The
direction of the difference in search performance (males
better than females) is odd and may relate to past literature.
Several studies have found that females exceeded males in
speed, vocabulary, and comprehension (e.g., Gates 1961).
In our search task, performance did not depend upon read-
ing, as such, given that the task was to count letters rather
than to comprehend the text.

The interactions between sex and subsequent motion
sickness incidence were not significant for search accuracy
or for reading rate. Accordingly, we found no evidence that
sex differences in search task performance and reading rate
were related to sex differences in susceptibility to motion
sickness.

Postural sway: sex differences

Contrary to previous studies, we did not find simple (i.e.,
main effect) differences in postural sway between women

and men. Some studies that have reported sex differences
in standing body sway have focused exclusively on older
adults (e.g., Era et al. 2006; Sullivan et al. 2009). Chiari
et al. (2002) and Kim et al. (2010) included participants in
the same age range as the present study. However, those
studies differed from the present study in at least two ways.
First, participants in the present study were taller and heav-
ier and had greater BMI than participants in Chiari et al.
and Kim et al. Second, in those studies, participants were
invited to select their preferred foot positioning, whereas
in the present study we controlled foot positioning. These
differences might account for the absence of simple sex dif-
ferences in postural sway in the present study.

Postural sway: visual tasks and body axes

The temporal dynamics of unperturbed body sway (« of
DFA) differed during performance of the search task, rela-
tive to sway during performance of the inspection task.
This effect replicates similar effects on temporal dynam-
ics in previous studies (e.g., Chen and Stoffregen 2012;
Koslucher et al. 2012; Yu et al. 2013). More broadly, the
effect replicates the common finding that the kinematics
of body sway are influenced by variations in the nature of
visual tasks performed during stance (e.g., Stoffregen et al.
1999, 2007; Woollacott and Shumway-Cook 2002).

We also replicated the common finding that during
unperturbed stance on land the spatial magnitude of sway
is greater in AP than in ML (e.g., Balasubramaniam et al.
2000; Koslucher et al. 2014). We found that the self-sim-
ilarity of sway was greater in AP than in ML. This find-
ing replicated some studies (e.g., Lin et al. 2008); however,
in other studies the reverse pattern has been found (e.g.,
Koslucher et al. 2014).

Taken together, the effects of visual task and body axis
on postural sway confirm that postural sway in our sample
was representative of effects that have been widely reported
in the literature.

Postural sway: motion sickness, visual tasks, and sex

With respect to the goals of the study, the principal result
was the statistically significant interaction between sick-
ness groups (well vs. sick), visual tasks (inspection vs.
search), and sex (women vs. men) on the positional vari-
ability of unperturbed postural sway before participants
were exposed to any motion stimuli. In this section, we dis-
cuss several implications of this complex interaction.

First, as predicted, the three-way interaction comprises
a difference in pre-exposure, unperturbed postural sway
between well and sick groups (Fig. 4). A statistically signif-
icant effect involving differences in postural sway between
well and sick groups (either a main effect of sickness
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Fig. 4 Positional variability of the center of pressure during perfor-
mance of the inspection and search task, illustrating the statistically
significant three-way interaction between visual tasks, motion sick-
ness groups, and sex. Error bars represent the 95 % confidence inter-
vals

groups or an interaction comprising sickness groups) has
been found in studies using the same stimulus motion in
the same moving room (e.g., Bonnet et al. 2006; Koslucher
et al. 2014; Stoffregen et al. 2010), using similar stimulus
motions in other moving rooms (Smart et al. 2002; Stoffre-
gen and Smart 1998), using similar stimulus motions in a
virtual moving room (Villard et al. 2008), and when seated
participants were exposed to similar stimulus motions in an
fixed-base flight simulator (Stoffregen et al. 2000a, b), as
well as when unperturbed standing body sway was meas-
ured 24 h before the beginning of a sea voyage (Stoffregen
et al. 2013). In each of these studies, spatial and/or tem-
poral aspects of the quantitative kinematics of unperturbed
postural sway differed between participants in the well
and sick groups, and those differences existed before par-
ticipants were exposed to stimulus motion. The consistency
of these effects across postures (standing vs. seated) and
venues (virtual motion in laboratory devices vs. physical
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motion of a ship at sea) provides robust converging evi-
dence that the effect is general and, accordingly, provides
robust support for the postural instability theory of motion
sickness (Riccio and Stoffregen 1991).

Second, as part of the three-way interaction, the relation
between postural sway and motion sickness was modulated
by the visual tasks that participants performed. This is a
novel effect. In previous research relating postural activity
to motion sickness, researchers have not varied visual tasks
during unperturbed stance (e.g., Koslucher et al. 2014;
Stoffregen et al. 2010). There is abundant anecdotal evi-
dence that a person’s perceptual and/or cognitive activity
can modulate susceptibility to motion sickness. The classic
example is reading in an automobile. In automobiles, read-
ing increases the risk of motion sickness (Sivak and Schoe-
ttle 2015; Turner and Griffin 1999), which is a major con-
cern for developers of autonomous vehicles (Davies 2015).

Finally, the three-way interaction revealed that the rela-
tion between postural sway and motion sickness differed
between the sexes. Many studies have identified general
differences (i.e., main effects) in postural sway between
women and men (e.g., Chiari et al. 2002; Era et al. 2006;
Kim et al. 2010; Sullivan et al. 2009). We did not find a
simple, (i.e., main effect) difference in postural sway
between the sexes. In this sense, we failed to replicate ear-
lier research. In previous comparisons of male and female,
postural sway researchers have sometimes varied visual
activity, but typically only by evaluating posture with the
eyes open versus closed, and have not evaluated possi-
ble interactions between sex and visual conditions (Chi-
ari et al.; Era et al.; Sullivan et al.). None of these previ-
ous studies has addressed any aspect of motion sickness.
Accordingly, our finding of a complex interaction between
eyes-open visual tasks, sex, and motion sickness appears to
be novel.

The three-way interaction revealed that for men and
women there were qualitatively different relationships
between sway during different visual tasks and subsequent
reports of motion sickness. The post hoc analysis con-
firmed this relation in terms of a specific contrast; the pos-
tural sway of well men during performance of the inspec-
tion task differed from the postural sway of sick women
during performance of the search task.

Conclusion

We investigated influences on postural sway of sex, visual
tasks, and subsequent motion sickness. Taken separately,
each of these relations is uncontroversial, in the sense of
having been replicated in numerous empirical studies: Men
and women differ in postural sway, sway routinely var-
ies as a function of variations in visual tasks, and many



Exp Brain Res (2016) 234:313-322

321

studies have demonstrated that motion sickness is preceded
by distinctive patterns of postural sway. The results of the
present study suggest interrelations between these factors.
These interrelations are important because they may pro-
vide insight into sex differences in susceptibility to motion
sickness and into general relations between postural stabil-
ity and motion sickness. The existence of relations between
motion sickness, sex, and body sway is consistent with our
finding, using the same participants, that motion sickness
incidence was related to properties of anthropometrics that
differ between the sexes (Koslucher et al. 2015).

Previous attempts to explain sex differences in motion
sickness have focused on sensory and/or cognitive fac-
tors, such as sex differences in spatial processing (e.g.,
Parsons et al. 2004). In the present study, the inspection
and search tasks do not appear to have differed in terms
of spatial processing. Perhaps most important, the sensory
conflict theory does not predict that postural sway should
differ between persons who are susceptible to motion sick-
ness and those who are not. Accordingly, the present results
pose a challenge for theories of motion sickness etiology
that are based upon the concept of sensory conflict.

Our results are compatible with the postural instability
theory of motion sickness etiology (Riccio and Stoffregen
1991). The postural instability theory predicts that postural
activity will differ between persons who are susceptible
and those who are not and that these differences should
exist before the onset of subjective symptoms of motion
sickness. The present results are directly compatible with
this prediction and extend the theory to the realm of sex
differences in motion sickness.

The present findings suggest a novel focus for efforts to
assess sex differences in susceptibility to motion sickness.
The congruence of our results with those of many other
studies relating postural activity to motion sickness (e.g.,
Bonnet et al. 2006; Stoffregen et al. 2010, 2013; Villard
et al. 2008) suggests that postural control may be a defin-
ing feature of susceptibility to motion sickness and that sex
differences in postural control may be related to sex differ-
ences in susceptibility.
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