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Abstract 

Within the motion sickness literature, it is well-established that symptoms are reported by 

women more often than men. Despite this, very little research has aimed to understand the cause 

of this sex-based difference. Sensory conflict theories posit that there is an evolutionary reason 

behind the phenomenon, such as protection of the fetus in pregnant women, but there is little 

evidence to substantiate this explanation. The postural instability theory claims that motion 

sickness is caused by destabilized or maladaptive control of the body in nauseogenic 

circumstances. Therefore, the reason behind the dimorphic reports of motion sickness may be that 

women utilize different strategies of postural control than men during these situations. I aimed to 

examine this possibility by using an epidemiological approach and gathering postural data on 114 

male and female students as they were exposed to nauseogenic optical flow in a moving room. In 

addition to collecting data on the movement of the center of pressure, I also gathered 

anthropometric information to both ensure sexual dimorphism and to compare and analyze how 

biomechanical structure may play a part in postural stability. All participants also completed a 

search/inspection paradigm prior to vexing stimuli to further explore differences in how men and 

women control their bodies according to task. Postural data was analyzed using positional 

variability, detrended fluctuation analysis, and the novel multifractal detrended fluctuation 

analysis. Results replicated previous findings that people who become motion sick move 

differently than those that do not. Additionally, men and women swayed differently during the 

search and inspection tasks, as well as during exposure to the moving room. These differences 

spread across all methods of data analysis and indicate that sexual differences in motion sickness 

are affected by how the sexes attempt to acclimate in motion sickness-causing environments.   
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Introduction 

Motivation 

Motion sickness is a well-known and widely experienced phenomenon that has 

been around for thousands of years. Despite this, etiology into its causes have been low-

priority, a problem that is becoming more and more pronounced with the advent of new 

technologies that can cause the condition. For example, virtual reality has seen an 

explosion in press and usage over the past decade and it is well-documented that the 

devices used to create VR situations often cause vexation.  

This study was motivated by a simple question: why do women get motion sick 

more than men? A well-known phenomenon, it has never been answered and is not often 

acknowledged within the literature. Sensory conflict theories have not provided grounded 

or testable hypotheses for a cause, while the postural instability theory had yet to address it. 

But this is a very pertinent question to answer. Not only does this sex difference discourage 

or disadvantage one-half of possible users of new devices, understanding what brings about 

the increased incidence in women may also lead to a more complete understanding of 

motion sickness. 

As mentioned, postural instability theory had not tackled this question, but in 

creating the design for the study, it was clear that from a theoretical standpoint, the theory 

could at least predict results that may explain the sex difference in motion sickness that 

were testable; men and women controlled their bodies differently and these characteristics 

may lend themselves to more or less adaptability or coupling in body control during vexing 

circumstances.  
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With this base hypothesis, much of the study then came together to answer other 

interesting questions. Do men and women sway differently when performing visual tasks? 

Do the anthropometrics of the individual explain why someone may sway more or less 

stably than someone else? Can I find a more adequate measure for stability than what has 

been used previously? Each question was novel, or was untested in relation to motion 

sickness and postural control, but more importantly, each was aimed at a possible 

explanation for why women get sick more often than men. The methodology then came 

together to answer these questions. 

Building upon the postural instability literature, I adopted the moving room 

paradigm used by Stoffregen and Smart (1998), added visual tasks to the pre-exposure 

motion, gathered data on body structure, studied and learned new methods of data 

analysis, and organized a team to help collect data from over 100 participants. Each chapter 

here represents a publication from this work. Chapter 1 reports on the incidence data and 

relates how anthropometrics related to motion sickness. It is in many ways the simplest of 

the three papers, but also the basis for what follows. The second chapter analyzed the pre-

nauseogenic postural control differences through visual tasks, and the third looked at body 

sway during the nauseogenic stimulation. Previous studies have incorporated these areas of 

analysis within a single article, but due to the size of this study, and the number of 

innovations to the design, it seemed pragmatic, if not downright necessary, to publish three 

separate articles; there was simply too much information to fit into a single journal article.   

Common Themes 

 As all of the chapters represent separate publications, albeit ones that were written 

from the same data set, there are a number of similarities that are found throughout them. 
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It is important to note that each one stands on its own as a complete article with significant 

and novel findings, but they are parts to a larger picture.  

 First and foremost, all three chapters focus on the sex difference in motion sickness 

and examine how men and women differ in their behaviors and symptoms. As the driving 

force behind the project, this is to be expected, but it is the most prevalent topic. All 

analyses, results, and discussions were focused on finding explanations that reveal the cause 

of sex-based variation in susceptibility. 

 Next, each study discusses stability or coupling within nauseogenic environments. 

They cover this in different ways: chapter 1 looks at the physical structure of the body as a 

factor of stability, chapter 2 examines how postural sway varies according to changes in task 

demands, and chapter 3 directly tests the changes in bodily control during perturbation in 

the illuminated environment. Stability is a critical component of the postural instability 

theory, and trying to better understand exactly what stability is and how it relates to postural 

control is integral to the advancement of the literature.  

 Lastly, all three chapters reflect on plausible theories for motion sickness and 

etiology. Given the results reported, they examine how the established conflict theories may 

explain the results, and why they are not equipped to do so adequately. While it highlights 

the explanatory power of the postural instability theory, this theme is important in that it 

also directly addresses the need for research to account for the findings in some other way, 

and to do so in a testable manner.  

Contained Within 

 As mentioned, this document contains three chapters that are each separate 

publications written from the same research project. To examine sex differences in motion 
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sickness, I gathered data from over 100 participants regarding their physical characteristics, 

as well as tracking changes in their posture during various trails. All of this was then 

analyzed using a variety of traditional linear and novel nonlinear analyses in an attempt to 

identify how women differed from men and how to relate these findings to their increased 

predilection towards becoming motion sick.   
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Chapter 1  

SEX DIFFERENCES IN THE INCIDENCE OF MOTION SICKNESS INDUCED 

BY LINEAR VISUAL OSCILLATION 

Introduction 

Generally, motion sickness is more common among women than among men. For 

example, Lawther and Griffin (1988) obtained reports of seasickness from more than 

20,000 passengers on ocean-going ferries. Ratings of symptom severity were greater among 

women than among men by a ratio of 5 to 3. In addition, vomiting was more common 

among women (8.55%) than among men (4.33%). Similar sex differences have been 

reported for other types of vehicular travel, including rail, aircraft, and automobiles 

(Golding, 2006; Park & Hu, 1999). 

In contrast to field studies, some laboratory studies have found small or non-

existent sex differences in motion sickness. Laboratory research on sex differences in 

motion sickness has suggested that men and women do not differ in motion sickness 

arising from inertial motion (Cheung & Hofer, 2002; Klosterhalfen et al., 2005) or optical 

motion (Klosterhalfen, et al., 2006; Park & Hu, 1999). As one example, Cheung and Hofer 

(2002) placed seated subjects at the center of a platform that rotated continuously around 

the vertical axis at 120 degrees/s for a maximum of 15 minutes. Head movements were 

performed during platform rotation, yielding coriolis cross-coupled stimulation. The 

dependent measures were ratings of symptom severity and the number of head movements 

that could be tolerated. No sex differences were found in either dependent variable. 

Klosterhalfen et al. (2006) exposed male and female subjects to optokinetic motion. The 

results did not reveal any differences between men and women. There have been 
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occasional exceptions (Flanagan, May, & Dobie, 2005) but most laboratory studies have 

reported much smaller sex differences than occur in field settings. Our study was designed, 

in part, to address this discrepancy between effects observed in the laboratory and in 

vehicular travel. 

One consistent feature of laboratory research on sex differences in motion sickness 

has been that stimuli have consisted of rotational motion, either rotation of inertial 

platforms (Cheung & Hofer, 2002; Klosterhalfen et al., 2005), or rotation of the visible 

surround (Flanagan, May, & Dobie, 2005; Klosterhalfen et al., 2006). Motion stimuli that 

rotate around the body’s vertical axis have limited ecological validity: The average person 

spends little time spinning around. The issue of ecological validity is important because 

motion sickness is associated with motion stimuli that are intimately related to ordinary 

behavior. Motion sickness is associated with oscillatory motions whose frequency 

characteristics resemble those of ordinary standing body sway (Stoffregen et al., 2008), 

which (unlike spinning) is ubiquitous. This is true for inertial motion but also for visual 

motion: Motion sickness is reliably generated by linear visual oscillation that mimics the 

frequency and amplitude characteristics of standing body sway (Bennet et al., 2006; Smart, 

Stoffregen, & Bardy, 2002; ,Stoffregen et al., 2010). In addition, Lawther and Griffin (1986) 

reported that the severity of seasickness was principally related to the magnitude of ship 

motion in heave, that is, to a linear component of the motion stimulus.  

A second consistent feature of existing laboratory research on sex differences in 

motion sickness has been that subjects have been tested while seated. The incidence and 

severity of motion sickness differ between seated and standing subjects (Stoffregen et al., 
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2008). In the present study we did not use rotational motion stimuli, and subjects were 

tested while standing.  

While there is uncertainty about the extent of sex differences in motion sickness 

there is also uncertainty about the causal factors that underlie such differences. Men and 

women differ in many ways, from anthropometrics to gender roles, and from hormones to 

cognitive abilities. In the motion sickness literature, scholars have suggested that sex 

differences may be related to a variety of hypothetical causes, including hormones 

(Golding, 2006), spatial information processing (Parsons et al., 2004), or a hypothetical 

evolutionary adaptation that protects a fetus from toxins (Golding, 2006). None of these 

hypothetical causes has proven entirely satisfactory. For example, sex differences in 

hormones can account for no more than one third of the observed sex difference in 

motion sickness (Golding, 2006).  

One factor that has received little attention is the fact that, on average, men and 

women differ in size and shape. The sexes differ in height, in the length of limbs, and the 

size of hands and feet. The sexes differ also in weight, and in mass distribution: The body’s 

center of mass tends to be higher in men than in women. These anthropometric 

differences may lead to differences between the sexes in the dynamics of movement. For 

example, Hue et al. (2007) reported that in men, bodyweight is a strong predictor of the 

spatial magnitude of postural sway. Given that men typically weigh more than women the 

findings of Hue et al. suggest that body sway may differ between men and women. Several 

studies have shown this to be the case (Era et al., 2006; Kim et al., 2010). These sex 

differences may be relevant to motion sickness given that sickness can be induced using 

visual simulations of standing body sway (Smart, Stoffregen, & Bardy, 2002; Stoffregen & 
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Riccio, 1991). In the present study, we asked whether visually induced motion sickness 

would be related to several anthropometric properties that are sexually dimorphic.  

 In studies that have examined sex differences in susceptibility to motion sickness 

researchers typically have not reported anthropometric data, or have not included 

anthropometric parameters as factors in data analysis for inertial motion stimuli (Cheung & 

Hofer, 2002; Klosterhalfen et al., 2005) or for visual motion stimuli (Flanagan, May, & 

Dobie, 2005; Klosterhalfen et al., 2006; Park & Hu, 1999). Beard and Griffin (2014) 

exposed subjects to horizontal inertial oscillation and found that height and weight were not 

significantly related to measures of motion sickness susceptibility. However, their study was 

limited to males, and subjects were seated during exposure to stimulus motion. 

 In the present study, we had three aims. First, we sought to determine the extent of 

any sex difference in susceptibility to motion sickness that might occur when standing 

subjects were exposed to linear visual oscillation. Second, we asked whether motion 

sickness incidence might be correlated with anthropometric properties that are sexually 

dimorphic. Our third aim was to examine relations between motion sickness incidence and 

symptom severity in the context of sex differences. In previous research examining sex 

differences, motion sickness has been operationally defined in terms of the severity of 

symptoms. For example, many studies have obtained ratings of symptom severity and have 

compared mean ratings between men and women (Beard & Griffin, 2014; Klosterhalfen et 

al., 2005; Klosterhalfen et al., 2006). This operational definition provides information 

about relations between men and women in the severity of motion sickness, but does not 

address the possibility that there may be sex differences in the overall incidence of motion 

sickness. Motion sickness can be treated as a continuous phenomenon (i.e., more vs. less, 
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as in the case of symptom severity ratings), but it can also be treated as a dichotomous 

phenomenon (i.e., none vs. any). Both perspectives occur in general parlance. In 

conversation (e.g., among sea passengers) it makes sense to ask, “how seasick did you get?” 

but it also makes sense to ask, “did you get seasick?” It can be argued that questions about 

the degree or severity of sickness imply an affirmative answer to the dichotomous question 

about incidence. In the present study, we separately assessed the incidence of motion 

sickness, using a dichotomous classification, and the severity of motion sickness, using 

ratings of symptom severity (Bonnet et al., 2006; Chang et al., 2012). The present study was 

part of a larger project in which we also investigated relations between motion sickness, sex, 

and the kinematics of body sway: These data will be published separately. 

Method 

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) and 69 women (mean age 21.78 

years, SD 2.23 years). The experimental protocol was approved in advance by the 

University of Minnesota IRB. For each subject, we measured the following anthropometric 

parameters: total standing height, weight, foot length, body mass index (BMI), and the 

vertical height of the body’s center of mass. We measured foot length from the midline of 

the heel to the tip of the great toe; where the feet differed we took the shorter of the two 

feet.  

Each of these anthropometric variables is sexually dimorphic. BMI differs due to 

male/female differences in body composition (Deurenberg, Weststrate, & Seidell, 1991). 

Female foot length is smaller than male foot length even after taking into account sex-based 

differences in height (i.e., foot length as a proportion of height; Fessler, Haley, & Lal, 
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2005). In early adulthood, the body’s center of mass tends to be higher in men, and lower 

in women, independent of differences in overall height (Wells, Treleaven, & Cole, 2007). 

Anthropometric data are presented in Table 1. 

  Men (n = 44) Women (n = 70) t p 

Weight 82.74 kg  (14.45) 65.23 kg (12.37) 6.91 p < .01 

Total height 1.82 m (0.07) 1.68 m (0.07) 10.23 p < .01 

Center of mass height 1.07 m (0.05) 0.97 m (0.06) 10.02 p < .01 

Center of mass 

height/height 

0.594 (0.015) 0.580 (0.023) 3.41 p < .01 

Shortest foot length 0.27 m (0.002) 0.24 m (0.001) 12.06 p < .01 

BMI 25.05 kg/m2 (3.74) 23.17 kg/m2 

(3.91) 

2.55 p = .01 

Table 1 Anthropometric data, indicating statistically significant differences between men and women. 

 

We measured the height of the center of mass using a purpose-built device known 

as a reaction board (Figure 1). Two sheets of plywood, each 2 m × 0.75 m × 1.9 cm, were 

screwed together to form a stiff platform. The platform was placed horizontally, with each 

end supported by a circular rod. One end of the rod rested on the sensitive plate of a 

digital scale. 
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Figure 1. The reaction board.  

 

Figure 2. The moving room. 

Visual stimulus motion was created using a moving room, which consisted of a 

cubical frame, 2.44 m on a side, mounted on wheels and moved along one axis on rails 

(Figure 2). The interior surfaces of the walls and ceiling were covered with blue and white 

marble-patterned adhesive paper. At the center of the front wall was a map of the 

continental United States (53 cm × 80 cm; 19° × 28°). Illumination 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.  
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Subjects stood on a force plate (AccuSway Plus; AMTI, Watertown, MA) with their 

heels on a line that was 1.37 m from the front wall of the room. The force plate rested on 

the concrete floor of the laboratory, such that motion stimuli were exclusively visual. Data 

collected using the force plate will be published separately. 

Following the informed consent procedure subjects removed their shoes and 

completed the Simulator Sickness Questionnaire, or SSQ (Kennedy et al., 1993), which 

allowed us to assess the initial level of symptoms (SSQ-1). The SSQ comprises 16 

symptoms, each of which is rated on a 4-point scale (not at all, mild, moderate, severe). We 

used the Total Severity Score (TSS), which we computed in the recommended manner. 

Subjects also responded to a forced-choice, yes/no question, Are you motion sick? Subjects 

were instructed (both verbally and on the consent form) to discontinue the experiment 

immediately if they experienced any motion sickness symptoms, however mild. 

We next measured each of the anthropometric variables. To determine the 

location of the body’s vertical center of mass the subject lay on their back on the reaction 

board (Figure 1), with their heels on a line that was scribed on the board. The weight that 

was registered on the scale was related to the height of the body’s center of mass using 

Equation 1,  

 

,      Eq. 1 
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where R1 was the baseline scale reading (i.e., the registered weight of the board), R2 was 

the scale reading when the subject was lying on the board, weight was the subject’s standing 

weight in kg, and 2 meters was the distance between the reaction board support rods. 

Following collection of anthropometric data subjects entered the moving room and 

stood on the force plate. Subjects placed their feet on lines that maintained a constant 

stance width (17 cm between the midline of the heels) and a constant stance angle (10
0

) 

between the feet. Prior to room motion, we conducted postural and visual performance 

testing lasting 2 minutes, which will be reported elsewhere. Room motion was a sum of ten 

sines in the range 0.1 – 0.4 Hz, with maximum displacement amplitude 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. A portion of the motion function is 

shown in Figure 3. Each trial with room motion was 10 minutes in duration, and subjects 

were exposed to a maximum of four trials.  

 

Figure 3. A sample of room motion. 
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Between trials the moving room was stationary and the subject was required to sit 

for 1 min. Before each trial subjects were reminded to discontinue participation 

immediately if they experienced any symptoms of motion sickness, however mild. Upon 

discontinuation or after the completion of the experimental protocol (whichever came first) 

subjects again answered the forced-choice, yes/no question, Are you motion sick? They 

then completed the SSQ a second time (SSQ-2). Subjects who stated that they were not 

sick after exposure to room motion were given a printed copy of the SSQ (SSQ-3) 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 hours (Miller & 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? 

Subjects who answered this question in the affirmative immediately 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. Ratings of symptom severity (SSQ 

scores) were analyzed separately. Scores on the SSQ are not normally distributed and, for 

this reason, we analyzed SSQ data using non-parametric statistics, as recommended by 

Kennedy et al. (1993). We also conducted a correlational analysis in which we examined 

relations between anthropometric measures and the classification of subjects into the Well 

and Sick groups. 

Results 

The anthropometric measures are reported in Table 1. Each of our 

anthropometric measures differed significantly between sexes. At pre-exposure each subject 
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stated that they were not motion sick. Pre-exposure TSS scores did not differ between men 

(mean = 7.73, SD = 10.44) and women (mean = 11.87, SD = 15.22) (Mann-Whitney U = 

1,275.50, p = .10). By contrast, at pre-exposure TSS scores were higher for subjects in the 

sick group (mean = 15.21, SD = 18.24) than for subjects in the well group (mean = 8.46, 

SD = 11.17) (Mann-Whitney U = 942.00, p = .04).  

Following exposure to visual motion in the moving room 30 subjects answered yes 

to the forced-choice question, Are you motion sick?, and were assigned to the Sick group. 

The remaining 84 subjects were assigned to the Well group. Thus, the overall incidence of 

motion sickness was 26.3% (30/114). Motion sickness incidence among women (38%, 

26/69) was greater than among men (9%, 4/45), (
2 

= 11.64, p < .001).  

There were 87 subjects who completed the full procedure. Of these, 80 answered 

‘no’ to the forced-choice question on both SSQ-2 and SSQ-3 and, accordingly, were 

assigned to the Well group. The remaining seven subjects who completed the full 

procedure (3 men, 4 women) answered yes to the forced-choice question on SSQ-2, and so 

were assigned to the Sick group.  

There were 27 subjects who discontinued before the end of moving room exposure 

(4 men, 23 women). The proportion of women who discontinued (0.33) was greater than 

the proportion of men who discontinued (0.09) (
2

 = 9.00, p = 0.003). For subjects who 

discontinued, the mean time of discontinuation was 22 minutes and 26 seconds, falling 

within the third 10-minute moving room trial. Of the subjects who discontinued, 21 

answered ‘yes’ to the forced-choice question, Are you motion sick? on SSQ-2 (i.e., at the 

time of discontinuation), while 2 answered yes to the forced-choice question on SSQ-3. 
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These 23 subjects were assigned to the Sick group. The remaining four subjects who 

discontinued (3 men, 1 women) stated that they were not motion sick on SSQ-2 and again 

on SSQ-3 and, accordingly, were assigned to the Well group. Of those four subjects, three 

gave fatigue as the reason for discontinuing, while the fourth cited time constraints.  

The difference between post-exposure TSS scores for the well group (that is, all 

subjects who were classified as being well; mean TSS = 15.21, SD = 18.24) and the sick 

group (that is, all subjects who mean were classified as being sick; mean TSS = 87.27, SD = 

34.67) was significant, Mann-Whitney U = 153.5, p < .001. At post-exposure, the difference 

between TSS scores for men (mean = 29.17, SD = 28.53) and women (mean = 48.30, SD = 

41.68) was significant, Mann-Whitney U = 1,123.0, p = .013. By contrast, as shown in Fig. 4 

post-exposure TSS scores did not differ between well men and well women, Mann-

Whitney U = 837.00, p = .69, or between sick men and sick women, Mann-Whitney U = 

45.50, p = .69. Post-exposure TSS scores for the sick group (mean TSS = 87.27, SD = 

34.67) were comparable to scores obtained in previous studies from subjects who stated 

that they were motion sick (Bonnet et al., 2006; Koslucher, Haaland, & Stoffregen, 2014; 

Smart, Stoffregen, & Bardy, 2002). 
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Figure 4. Ratings of symptom severity (total severity scores on the Simulator Sickness Questionnaire) after 

exposure to room motion (SSQ-2 or SSQ-3) for well men (N = 41), well women (N = 43), sick men (N = 

4), and sick women (N = 26). The error bars represent standard deviation of the mean. 

 
 Nausea 

Pre 

Nausea 

Post 

Z Oculomotor 

Pre 

Oculomotor 

Post 

Z Dis* 

Pre 

Dis 

Post 

Z 

All women  

(n = 69) 

8.16  

(12.81) 

38.99 

(34.03) 

6.34 12.96  

(15.87) 

38.23  

(31.93) 

6.49 7.87  

(13.60) 

52.25  

(58.25) 

5.72 

All men  

(n = 45) 

4.66  

(7.51) 

22.26 

(24.15) 

4.76 8.09  

(11.70) 

27.79  

(24.40) 

4.80  4.64  

(11.10) 

25.06  

(37.84) 

4.04 

Well women 

(n = 43) 

6.66  

(10.31) 

19.08 

(18.50) 

4.38 10.58  

(13.25) 

24.33  

(20.50) 

4.61 6.80  

(12.29) 

17.48  

(22.13) 

3.44 

Sick women 

(n = 26) 

10.64 

(16.04) 

71.92 

(27.68) 

4.47 16.91  

(19.09) 

61.22  

(34.43) 

4.47 9.64  

(15.63) 

109.75  

(53.74) 

4.46 

Well men  

(n = 41) 

4.65 

 (7.43) 

16.75 

(16.35) 

4.39 7.76  

(10.52) 

24.77  

(24.06 

4.56 3.73  

(8.25) 

17.32  

(28.66) 

3.62 

Sick men  

(n = 4) 

4.77  

(9.54) 

78.71 

(18.06) 

- 11.37  

(22.74) 

58.75  

(15.63) 

- 13.92  

(27.84) 

104.4  

(28.98) 

- 

Table 2. Mean (SD) and test statistics (z-score, Wilcoxon signed ranks test) for each sub-scale from the 

Simulator Sickness Questionnaire, comparing pre-exposure versus post-exposure. For each z-score, p<.001. 

Inferential tests were not conducted on sick men due to small sample size. 

 

The results for the SSQ sub-scale scores are summarized in Table 2. For each of 

the three sub-scales (Nausea, Oculomotor, and Disorientation), post-exposure scores were 

higher than pre-exposure scores. This was true for women, and it was true for men. 

Separately, it was true for well women, for sick women, and for well men. Due to the fact 

that only 4 men reported motion sickness we did not compute inferential tests on the sub-

scales for this group. 

We examined simple correlations between motion sickness incidence and each of 

the anthropometric measures. Only one of these simple correlations was significant: 
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Motion sickness incidence (well vs. sick) was negatively correlated with standing height, r = -

0.19, p = .048. When controlling for sex, the correlation was not significant (r = .05, p > 

.05).  

We examined several other partial correlations. When controlling for weight, 

motion sickness incidence was negatively correlated with overall height (r = -0.21, p = .029). 

When controlling for BMI, motion sickness incidence was negatively correlated with 

overall height (r = -0.20, p = .034), with the height of the center of mass (r = -0.20, p = 

.033), and with the shortest foot length (r = -0.19, p = .045). 

Discussion 

In a moving room, standing subjects were exposed to linear optic flow that 

oscillated along the line of sight. We separately evaluated the incidence and severity of 

motion sickness. The incidence of motion sickness was greater among women than men, 

replicating many previous studies. However, the magnitude of the sex difference was larger 

than has been reported in earlier work. In addition, we identified anthropometric 

properties that were significantly correlated with motion sickness incidence. We discuss 

these results in turn. 

At pre-exposure, incidence was 0, that is, each subject stated that they were not 

motion sick. Yet, symptoms were greater among people who (later) became sick. Similar 

effects have been found in previous studies (Chang et al., 2012), and may reflect the fact 

that some SSQ symptoms arise from things other than (in addition to) motion sickness 

(given that everyone stated they were not motion sick). It is important to note that at pre-

exposure SSQ scores did not differ between women and men. In a related effect, several 
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studies have reported elevated post-exposure scores (relative to pre-exposure) among 

subjects who explicitly deny being motion sick (Chang et al., 2012; Stanney et al., 1998).  

The moving room made people sick, and the overall incidence of sickness 

(collapsed across the sexes) was similar to previous studies using the same device and 

similar experimental protocols. For example, in Bonnet et al. (2006) motion sickness was 

reported by 44% of subjects, while in Smart et al. (2002) motion sickness was reported by 

23% of subjects. Koslucher et al. (2014) using only female subjects found an incidence of 

36.1%. Our results demonstrate a sex difference in susceptibility to motion sickness 

induced by linear oscillation of the visible environment. The sex difference was in the 

expected direction: Consistent with previous studies (Lawther & Griffin, 1988), women 

were more likely than men to report motion sickness.  

A novel feature of our results was the magnitude of the sex difference in incidence: 

Women were four times more likely than men to state that they were motion sick. This 

result is not directly comparable to previous research, which has reported data only on 

symptom severity. However, our results suggest that there may be very large sex differences 

in the incidence of motion sickness in other settings that are associated with visually 

induced motion sickness, such as interactive and virtual reality technologies. At post-

exposure, overall symptom severity was higher for women than for men. This finding is 

consistent with studies using inertial motion stimuli (Klosterhalfen et al., 2005; Lawther & 

Griffin, 1988), and with some studies that have used purely rotational motion stimuli 

(Flanagan, May, & Dobie, 2005), but differs from other rotation studies that have not found 

a sex difference in symptom severity (Chang et al., 2012; Klosterhalfen et al., 2006; Park & 

Hu, 1999).  
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In the present study, the large sex differences found in terms of symptom severity 

(as well as in terms of motion sickness incidence) suggest that sex differences may be 

related to the nature of stimulus motion. It appears that men and women may be 

differentially susceptible to motion sickness arising from linear motion, but not to motion 

sickness arising from rotational motion. In this context it is important to recall that Lawther 

and Griffin (1986) found that seasickness was preferentially related to ship motion in 

heave, that is, to the vertical linear component of ship motion, rather than to any of the 

angular components (roll, pitch, or yaw). One way to address this issue in future research 

would be to conduct a within-subjects comparison of responses to linear versus angular 

motion. 

Among subjects who stated that they were motion sick, the severity of symptoms 

did not differ between men and women (Figure 4). Our separate analyses of the incidence 

and severity of motion sickness revealed a novel finding: In the present study, there was a 

sex difference in the incidence of motion sickness, but not in the severity of motion 

sickness symptoms.  

In our study, men and women differed significantly in overall height, weight, BMI, 

center of mass height, the ratio of center of mass height to overall height, and foot length 

(Table I). Each of these differences was consistent with previous anthropometric reports 

(Deurenberg, Weststrate, & Seidell, 1991; Fessler, Haley, & Lal, 2005; Wells, Treleaven, & 

Cole, 2007). In this sense, our sample was representative.  

Our correlational analysis revealed that the incidence of motion sickness was 

related to anthropometric factors. When controlling for sex, incidence was not related to 

overall height. However, incidence was negatively related to overall height when controlling 
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for weight, and when controlling for BMI. Separately, incidence was negatively related to 

the height of the center of mass, when controlling for BMI. Finally, motion sickness 

incidence was negatively correlated with foot length (controlling for BMI): Motion sickness 

was more likely among subjects with shorter feet. As noted above, women have lower 

center of mass, and shorter feet even when controlling for sex differences in height (Fessler, 

Haley, & Lal, 2005).  

While these correlations were statistically significant, none was greater than 0.21, 

suggesting that motion sickness incidence is not strongly related to the anthropometric 

factors that we measured. Nevertheless, these statistically significant correlations suggest that 

anthropometric factors may play a role in susceptibility to motion sickness. It might be 

suggested that these results are trivial, because overall height, the height of the center of 

mass, and foot length are each strongly correlated with sex. However, we did not find 

significant correlations between motion sickness incidence and other anthropometric 

factors that are sexually dimorphic, such as weight, height of the center of mass as a 

proportion of overall height, and BMI. Taken together, the results of our correlational 

analysis suggest that susceptibility to motion sickness may be related to only some of the 

static anthropometric factors that are sexually dimorphic. 

Our results do not imply a relation between anthropometric parameters and 

incidence would obtain across the lifespan. In particular, our results are not relevant to the 

fact that children are much shorter than adults. On ships at sea children, as a group, appear 

to be more susceptible than adults (Lawther & Griffin, 1988), but no difference has been 

found in the context of video games (Chang et al., 2012). Our results could be used to 

motivate research examining relations between height and susceptibility in children. For 
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example, children typically exhibit a growth spurt relating to puberty that not only increases 

overall height but also changes mass distribution within the body. It would be interesting to 

examine trends in susceptibility in the years surrounding puberty, focusing on changing 

anthropometrics while controlling for the hormonal and neurophysiological changes that 

accompany puberty. Separately, new research is needed to investigate possible relations 

between motion sickness an anthropometric changes that characterize older adults. 

In adults, anthropometric factors tend to be stable over many years. However, they 

can have effects that are dynamic over short time scales. Of particular relevance to motion 

sickness is the fact that anthropometric parameters influence the way that people move. 

For example, postural sway differs between men and women (Era et al., 2006; Hue et al., 

2007; Kim et al., 2010). In principle, biomechanical and anthropometric variations that are 

related to sex might underlie observed sex differences in susceptibility to motion sickness. 

Note that sexually dimorphic parameters are not limited to stance. For example, sex 

differences exist for the head, the trunk, and the arms, any of which may be in motion 

when sitting (Park et al., 1999). This fact may be important given that motion sickness is 

common during sitting (Flanagan, May, & Dobie, 2005; Miller & Goodson, 1960; Park & 

Hu, 1999). However, some relations between sex and movement may not be related to 

motion sickness. For example, postural sway is strongly affected by body weight (Hue et al., 

2007), yet in the present study we found no evidence that weight was related to motion 

sickness susceptibility.  

In conclusion, in a moving room, standing subjects were exposed to optic flow that 

oscillated along the line of sight. We evaluated the incidence of motion sickness on the 

basis of subjects’ forced choice, yes/no statements. Thirty-eight percent of female subjects 
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reported motion sickness, as compared to only nine percent of male subjects. Our results 

suggest that sex differences in susceptibility may be greater in the context of linear 

oscillation than in the context of angular rotation.  

Sex differences in visually induced motion sickness have special relevance to 

emerging technologies. There has been an explosion in imaging and display technologies, 

with increases in the overall quality of motion graphics, and in the interactivity of display 

systems and technologies. Unfortunately, there has also been an increase in reports of 

motion sickness among people who interact with these imaging technologies. Visually 

induced motion sickness differs from transportation-related motion sickness in one 

qualitative respect: The presence versus absence of inertial displacement of the body. 

Thus, we cannot assume that the well-documented sex difference related to transportation 

will be the same in the context of non-inertial visual technologies. This is an important 

topic for future research.  
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Chapter 2  

SEX DIFFERENCES IN VISUAL PERFORMANCE AND POSTURAL SWAY 

PRECEDE SEX DIFFERENCES IN VISUALLY INDUCED MOTION SICKNESS 

Introduction 

Classically, motion sickness has been associated with physical displacement; usually, 

through travel in vehicles. Recent decades have seen a dramatic increase in reports of 

motion sickness outside the context of travel. Interactive visual technologies can induce 

motion sickness. In the context of entertainment (e.g., video games) such discontinuation 

may be inconsequential. However, interactive technologies increasingly are being used for 

purposes other than entertainment. Motion sickness has been reported among users of 

tablet computers, such as the iPad (Stoffregen, Chen, & Koslucher, 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, Flanagan, Albanese, & Stoffregen, 

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, Schneider, Carswell, 

& Knipe, 2015). The spreading of motion sickness across so many “platforms”, and the 

general increase in reports of motion sickness suggest that this malady is of general 

importance at a societal level. Accordingly, there is increased motivation for greater 
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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 (1988) studied 

seasickness among more than 20,000 passengers 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 vomiting, which was more common among women (8.8%) 

than among men (5.0%). Similar results have been obtained in land transportation 

(Golding, 2006; Park & Hu, 1999; Turner & Griffin, 1999), and in vehicle simulators (e.g., 

Kennedy, Lanham, Massey, Drexler, & Lilienthal, 1995). Women are more likely than 

men to experience motion sickness resulting from wind-induced motion of tall buildings 

(Lamb, Kwok, & Walton, 2013). 

Sex differences in susceptibility to motion sickness extend to visual motion stimuli 

in the absence of any inertial displacement. Koslucher, Haaland, Malsch, Webeler, and 

Stoffregen (2015) exposed standing participants to visual motion stimuli that oscillated 

along the line of sight. The stimulus motion was a sum of 10 sines in the range 0.1 – 0.4 

Hz, and the maximum amplitude (peak to peak) of room motion was 1.8 cm. Participants 

were exposed to this motion in up to four trials, each 10 minutes in duration. Participants 

were instructed to discontinue 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 
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assessed using a yes/no forced choice question, 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 Sickness 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-exposure 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 suggest that visual technologies may lead to large sex differences 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 participants, 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 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 subjective experiences. However, Golding (2006) rejected this 

argument. One reason is that the sex difference exists in relation to objective data: As noted 
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above, women vomit more than men (Lawther & Griffin, 1988). The sex difference 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 & Griffin, 2003), but the evidence does not 

support 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 variables. 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 etiology. 

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 & Griffin, 2003; Golding, 

2006). The sensory conflict theory claims that everyday interactions with the environment 

give rise to expectations about relations between inputs from different sensory systems (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 threshold (Oman, 
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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 theory of motion sickness (Riccio & 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 mandate 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 stabilize the body on 

land generally will be inefficient or even counter productive at sea. Individuals must learn 

new control 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 (that is, until the individual learns how to link 

particular patterns of perceptual stimulation to particular patterns of control outputs) 
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certain aspects of the animal-environment interaction may be uncontrolled, or controlled 

only intermittently. Uncontrolled or intermittently controlled movements tend to be 

unstable, and instability 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 subjective 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 subjective symptoms of motion sickness, and they argued that the 

subjective symptoms of motion sickness result from instabilities in the control of 

perceptually guided adjustments to posture. A central prediction of the postural instability 

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 measurable) 

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 sickness? In the present study, we asked whether sex differences in 

susceptibility to visually induced motion sickness might be preceded by patterns of postural 

activity in standing 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 differences in postural control exist before 

the onset of any of the subjective symptoms of motion sickness and, in fact, before 
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participants are exposed to experimental motion of any kind. This effect has been 

observed during stance in laboratory devices featuring linear (translational) oscillations 

(Koslucher et al., 2014; Stoffregen & Smart, 1998; Stoffregen et al., 2010), for seated 

subjects exposed to oscillations rotating around the line of sight (Stoffregen et al., 2000), 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 hours before the beginning 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 & Smart, 1998; Stoffregen et al., 2000; Villard et al., 2008), but also in the 

temporal dynamics of sway (Stoffregen et al., 2013; Stoffregen et al., 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 7,979 adults and found that the speed of center of 

pressure displacements 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 (Chiari, Rocchi, and Cappello, 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 parameters from center of pressure 

data. Men and women differed in several parameters of postural sway for sway in the AP 
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axis. They then compared the stabilometric parameters to several anthropometric 

parameters that differed significantly between women and men in their sample (height, 

weight, base of support, foot width, and the angle between the feet). The majority of 

stabiliometric parameters were significantly correlated with one or more of these 

anthropometric factors. They concluded that most of the effects of sex on standing body 

sway arose from biomechanical properties rather than neural control.  

Given the findings of Chiari et al. (2002), it seems reasonable 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 

sway and found that the incidence of motion sickness in women was greater than in men. 

In addition, for individuals the risk of motion sickness was significantly correlated with 

parameters of bodily anthropometrics that are sexually 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 correlated with foot length (controlling for BMI): 

Motion sickness 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 
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Body sway varies as a function of non-postural tasks that are carried out during 

stance (e.g., Woollacott & Shumway-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., 2000; Stoffregen 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, 

including 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 sickness susceptibility, on the other.  

Anecdotally, the risk of motion sickness can be affected by non-postural tasks: 

Survey evidence suggests that reading in a car is more provocative than simple looking out 

the window (Sivak & Schoettle, 2015; Turner, 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 horizon or at a nearby target. The temporal dynamics of 

sway revealed a statistically significant interaction between visual target distance and the 

severity of subsequent seasickness. Vehicle motion, such as occurs in automobiles and on 

ships at sea, pose challenges for overall stabilization of the body, which, in turn, will pose 

challenges for stabilization of the visual system.  
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In the present study, we asked whether the modulation of postural sway in response 

to this variation in visual 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 relation 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 standing 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 comprises 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 standing 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 sickness incidence as both a dependent variable and an independent variable is 

widespread in research on motion sickness (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 

prediction 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.  
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 Method 

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.  

Apparatus 

Participants stood on a force plate (AccuSway Plus; AMTI, Watertown, MA). We 

collected the center of pressure (COP) displacement in the anteriorposterior (AP) and 

mediolateral (ML) axes at 50 Hz.  

Visual stimulus motion was created using a moving room, which consisted of a 

cubical frame, 2.44 m on a side, mounted on wheels and moved along one axis on rails 

(Figure 5). The interior surfaces of the walls and ceiling were covered with blue and white 

marble-patterned adhesive paper. At the center of the front wall was a map of the 

continental United States (53 cm × 80 cm; 19
 o

 × 28
 o

). Illumination 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 
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by an electric motor under computer control. 

 

Figure 5. Moving room. 

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 discontinue the experiment 

immediately if they experienced any motion sickness symptoms, however mild. 

Anthropometric 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
o

 (Stoffregen et al., 2010). 

They were instructed to keep their arms by their sides, and to avoid deliberate movement 

or talking during trials. 
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Before being exposed to the visual motion stimulus each participant completed one 

trial in the Inspection task and one trial in the Search task. Visual targets were identical to 

those used by Stoffregen et al. (2000). Targets consisted of sheets of white paper 13.5 cm × 

17cm 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 participant 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-numbered 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 amplitude 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 minutes 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 subjects were reminded to discontinue participation 

immediately if they experienced any symptoms of motion sickness, however mild. Upon 

discontinuation or after the completion of the experimental protocol (whichever came first) 
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subjects again answered the forced-choice, yes/no question, 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 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 hours (Miller & 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? 

Subjects who answered this question in the affirmative immediately 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; Stoffregen & 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. 

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 

target 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, 
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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 fluctuations in postural motion and the 

time scale over which those fluctuations are measured (Chen, Ivanov, Hu, & Stanley, 

2002). DFA has been used in studies of the control of stance (Lin, Seol, Nussbaum, & 

Maidgan, 2008; Yu, Chung, Hemingway, & Stoffregen, 2013). We conducted inferential 

tests on , the scaling 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 time-scales. 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 performance and the speed of 

reading during the search task. For each, we conducted a 2 (sex) × 2 (sick) ANOVA. For 

search task performance (% correct), we found a significant effect of sex, F(1,110) = 9.64, p 

= .002, partial 
2

 = .08 (Figure 6A).  

For reading speed (number of words read), we found a significant main effect of 

sex, F(1,110) = 5.56, p = .02, partial 
2

 = 0.048 (Figure 6B). There were no other significant 

effects.  
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A) 

 

B) 

 

Figure 6. A) Mean performance (% of target letters counted) in the search task. B) mean number 

of words read in the search task. Error bars represent the 95% confidence interval of the mean 
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Postural Sway 

We conducted 2 (Inspection vs. Search) × 2 (body axis, AP vs. ML) × 2 (male vs. 

female) × 2 (Well vs. Sick) ANOVAs on the positional variability of the center of pressure, 

and on  of DFA.  

Detrended fluctuation analysis revealed two significant effects. The main effect of 

body axis was significant, F(1,110) = 97.05, p < .001, partial 
2

 = .47. The  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, F(1,110) = 8.43, 

p = .004, partial 
2

 = .07, which is illustrated in Figure 7.  

 

Figure 7. Temporal dynamics of the center of pressure (α of DFA), illustrating the statistically 

significant effect of visual tasks. Error bars represent the 95% confidence intervals. 
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For positional variability, we found a significant main effect of body axis, F(1,110) = 

82.66, p < .001, partial 
2

 = .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 3-way interaction between sex, sickness groups, and visual tasks, 

F(1,110) = 4.52, p = .036, partial 
2

 = .04, which is illustrated in Figure 7. Post-hoc tests 

revealed a significant difference between men in the Well group during performance of the 

Inspection task (95% CI = 0.218 – 0.275) and women in the Sick group during 

performance of the Search task (95% CI = 0.282 – 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, reading 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 

addition, 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 
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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 

suggest 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 reading, 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. (2006) 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 heavier, 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 differences in postural sway in the present study.  
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Postural Sway: Visual Tasks, and Body Axes 

The temporal dynamics of unperturbed body sway ( of DFA) differed during 

performance of the Search task, relative to sway during performance of the Inspection task. 

This effect directly replicates similar to effects on temporal dynamics in previous studies 

(e.g., Chen & 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 & 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-similarity of sway was greater in AP than in 

ML. This finding 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 sickness groups (Well vs. Sick), visual tasks (Inspection vs. 

Search) and sex (women vs. men) on the positional variability of unperturbed postural sway 

before participants were exposed to any motion stimuli. In this section, we discuss several 

implications of this complex interaction.  
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Figure 8. Positional variability of the center of pressure during performance of the inspection and search 

task, illustrating the statistically significant three-way interaction between visual tasks, motion sickness 

groups, and sex. Error bars represent the 95% confidence intervals. 

 

First, as predicted, the 3-way interaction comprises a difference in pre-exposure, 

unperturbed postural sway between Well and Sick groups (Figure 8). A statistically 
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significant effect involving differences in postural sway between Well and Sick groups 

(either a main effect of sickness 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; Stoffregen & 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., 2000), as well as when unperturbed standing body sway was measured 24 

hours before the beginning of a sea voyage (Stoffregen et al., 2013). In each of these 

studies, spatial and/or temporal aspects of the quantitative kinematics of unperturbed 

postural sway differed between participants in the Well and Sick groups, and those 

differences existed before participants were exposed to stimulus motion. The consistency 

of these effects across postures (standing vs. seated) and venues (virtual motion in 

laboratory devices vs. physical motion of a ship at sea) provides robust converging evidence 

that the effect is general and, accordingly, provides robust support for the postural 

instability theory of motion sickness (Riccio & Stoffregen, 1991). 

Second, as part of the 3-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 evidence 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, reading increases the risk of motion 



 

 46 

sickness (Sivak & Schoettle, 2015; Turner, 1999), which is a major concern for developers 

of autonomous vehicles (Davies, 2015).  

Finally, the 3-way interaction revealed that the relation 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., 2010). We did not find a simple, 

(i.e., main effect) difference in postural sway between the sexes. In this sense, we failed to 

replicate earlier 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 possible interactions between sex 

and visual conditions (Chiari et al.; Era et al.; Sullivan et al.). None of these previous 

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 3-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 confirmed this relation in terms of a specific 

contrast; the postural sway of Well men during performance of the Inspection 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 varies as a function of variations in visual tasks, and many 
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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 provide insight into sex differences in 

susceptibility to motion sickness, and into general relations between postural stability 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 factors, 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 sickness 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 & 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 
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studies relating postural activity to motion sickness (e.g., Bonnet et al., 2006; Stoffregen et 

al., 2013; Stoffregen et al., 2010; Villard et al., 2008) suggests that postural control may be a 

defining feature of susceptibility to motion sickness, and that sex differences in postural 

control may be related to sex differences in susceptibility.  
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Chapter 3 

 POSTURAL SWAY IN MEN AND WOMEN DURING NAUSEOGENIC MOTION 

OF THE ILLUMINATED ENVIRONMENT 

Introduction 

Susceptibility to motion sickness differs between the sexes. When asked to rate 

their generalized susceptibility to motion sickness, women give higher ratings than men 

(e.g., Flanagan et al., 2005; Paillard et al., 2013; Park & Hu, 1999). Sex differences also 

exist in studies that have evaluated actual motion sickness in specific situations, including 

seasickness (Lawther & Griffin, 1988), and motion sickness in terrestrial vehicles (Forstberg 

et al., 1999; Kennedy et al., 1995). Motion sickness is greater among women even in wind-

blown tall buildings (Lamb, Kwok, & Wilson, 2013). Typically, field research has indicated 

a sex difference in the range of 5/3; that is, for every five women who report motion 

sickness in a particular setting, only three men report motion sickness. A nearly identical 

ratio obtains with the more objective measure of vomiting, which is more common among 

women (8.8%) than among men (5.0%); (Lawther & Griffin).  

The most widely accepted theory of the etiology of motion sickness centers on the 

concept of intersensory conflict. In general terms, it is argued that ordinary interactions 

with the environment give rise to internalized expectations about patterns of multisensory 

stimulation. In novel motion environments, patterns of multisensory stimulation also are 

novel, such that incoming multisensory patterns could differ from hypothetical internal 

models. These hypothetical differences are interpreted as intersensory conflict, and are 

alleged to cause motion sickness (e.g., Reason, 1978), provided that the magnitude of the 

differences exceeds an hypothetical internal threshold (Oman, 1982). Given these ideas, we 
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might suppose that advocates of the sensory conflict theory might claim that women have 

greater sensory conflict than men, or that the hypothetical threshold for motion sickness is 

lower in women than in men. To the best of our knowledge, no proponent of the sensory 

conflict theory has made either prediction. Rather, proponents of the sensory conflict 

theory have offered explanations that are ad hoc, such as the idea that increased female 

susceptibility might help to protect the fetus from toxins (e.g., Golding, 2006).  

Postural Sway: Sex Differences 

Men and women differ in unperturbed standing body sway. Era et al. (2006) 

measured unperturbed stance in 7,979 adults and found that the speed of center of 

pressure displacements 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 (Chiari, Rocchi, and Cappello, 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.).  

Chiari et al. (2002) computed 55 stabilographic parameters from center of pressure 

data and found that men and women differed in several parameters of postural sway for 

sway in the AP axis. They then compared the stabilometric parameters to several 

anthropometric parameters that differed significantly between women and men in their 

sample (height, weight, base of support, foot width, and the angle between the feet). The 

majority of stabiliometric parameters were significantly correlated with one or more of 

these anthropometric factors. Chiari et al., concluded that most of the effects of sex on 

standing body sway arose from biomechanical properties rather than from “neural control”.  

Historically, the existence of sex differences in the kinematics of postural activity 

has not been seen as having relevance to the existence of sex differences in motion 
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sickness. In the next section, we describe recent research that motivates consideration of 

the hypothesis that sex differences in postural activity may be related to sex differences in 

motion sickness.  

Postural Sway and Motion Sickness 

It is not surprising if people who are suffering from motion sickness have degraded 

stance and locomotion, and degraded postural control that follows motion sickness has no 

implications for motion sickness etiology. More surprising is the finding that such 

differences in postural control exist before the onset of any of the subjective symptoms of 

motion sickness. This effect has been observed during stance in laboratory devices 

featuring linear (translational) oscillations (Koslucher et al., 2014; Stoffregen & Smart, 

1998; Stoffregen et al., 2010), for seated subjects exposed to oscillations rotating around the 

line of sight (Stoffregen et al., 2000), for virtual environments (Villard et al., 2008), during 

the playing of video games (e.g., Dong, Yoshida, & Stoffregen, 2011; Stoffregen, Chen, & 

Koslucher, 2014), and in relation to seasickness (Stoffregen, Chen, Varlet, Alcantara, & 

Bardy, 2013). Effects have been observed in the spatial magnitude of sway (e.g., Smart et 

al., 2002; Stoffregen & Smart, 1998; Stoffregen et al., 2000; Villard et al., 2008), but also in 

the temporal dynamics of sway (Stoffregen et al., 2010; Stoffregen et al., 2013; Villard et al., 

2008). These effects confirm a prediction of the postural instability theory of motion 

sickness (Riccio & Stoffregen, 1991). 

The existence of sex differences in motion sickness susceptibility (e.g., Lawther & 

Griffin, 1988), together with the existence of sex differences in postural sway (e.g., Chiari et 

al., 2002), and the finding that postural sway differs between persons who experience 

motion sickness and those who do not (e.g., Stoffregen et al., 2010) suggests that sex 
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differences in postural sway might precede sex differences in motion sickness. This 

prediction is not ad hoc; rather, it follows directly from the postural instability theory of 

motion sickness (Riccio & Stoffregen, 1991). Such an effect might occur in at least two 

ways.  

First, individual differences in postural sway that were related to both sex and 

motion sickness might exist in patterns of unperturbed body sway, before individuals were 

exposed to potentially nauseogenic motion stimuli. Such an effect would be an extension to 

the domain of sex differences of results from several previous studies (e.g., Koslucher et al., 

2014; Stoffregen et al., 2010; 2013; Stoffregen & Smart, 1998).  Koslucher, Haaland, and 

Stoffregen (2015) evaluated relations between sex and motion sickness in the context of 

postural sway measured before participants were exposed to potentially nauseogenic visual 

motion stimuli. Unperturbed standing body sway was measured while participants 

performed visual tasks that made differing demands on the precision of gaze (reading vs. 

looking at a blank target). The results revealed a complex interaction between sex, visual 

tasks, and participants’ reports of motion sickness when they were subsequently exposed to 

linear visual oscillation in a moving room. This interaction was consistent with the 

hypothesis that sex differences in unperturbed standing body sway might be related to sex 

differences in visually induced motion sickness.  

Separately, individual differences in postural sway that were related to both sex and 

motion sickness might exist during exposure to potentially nauseogenic motion stimuli, but 

before the onset of motion sickness. This would be an extension to the domain of sex 

differences of previous studies (e.g., Koslucher et al., 2014; Stoffregen et al., 2010; 

Stoffregen & Smart, 1998; Villard et al., 2008). In the present study, our focus was on 
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relations between sex and susceptibility in postural sway measured during exposure to 

potentially nauseogenic linear visual oscillation in a moving room.  

The present study was part of a larger project that included the studies of 

Koslucher, Haaland, Malsh, Webeler, and Stoffregen (2015) and Koslucher, Haaland, and 

Stoffregen (2015). Our overall goal was to evaluate relations between motion sickness and 

sex in the context of motion relative to the illuminated environment. In this larger project a 

single sample of participants was exposed to linear visual oscillation in a moving room. 

Koslucher, Haaland, Malsh, et al. (2015) reported data on sex differences in the incidence 

and severity of motion sickness, together with relations between motion sickness, sex, and 

anthropometric measures. In that study, motion sickness incidence was a dependent 

variable. Koslucher, Haaland, & Stoffregen (2015) reported data on the kinematics of 

standing body sway before participants were exposed to potentially nauseogenic visual 

motion. In that study, motion sickness incidence was an independent variable in analyses of 

the kinematics of standing body sway. The present study comprises the third segment of 

the overall study: We report data on postural sway during exposure to potentially 

nauseogenic visual motion. As in Koslucher, Haaland, and Stoffregen (2015), in this article 

the incidence of motion sickness was an independent variable. Because data on motion 

sickness incidence and severity were reported by Koslucher, Haaland, Malsh, et al. (2015), 

in the present study we report those data only to support our use of them as an 

independent variable in our analyses of postural activity. 

Postural Responses to Motion of the Illuminated Environment 

Many researchers study unperturbed postural sway. Another paradigm examines 

postural responses to imposed motion. Imposed motion can be inertial, as in moving 
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platform posturography (e.g., Nashner & McCollum, 1985). Imposed motion can also be 

optical, in what is known as the moving room paradigm (Dijkstra, Schoner, & Gielen, 

1994). People often sway when exposed to global optic flow, whether it is produced by 

physical displacement of the illuminated environment, as in a moving room (e.g., Lee & 

Lishman, 1975; Stoffregen, 1985) or by virtual displacement of a simulated environment 

(e.g., Dijkstra et al.; Stoffregen, Bardy, Merhi, & Oullier, 2004). We are not aware of any 

previous research that has evaluated the possible existence of sex differences in postural 

responses to motion of the illuminated environment. Given that unperturbed sway varies as 

a function of sex (Era et al., 2006; Kim et al., 2010; Sullivan et al., 2009), we might expect 

to find sex differences in postural responses to perturbation of the illuminated 

environment. In the present study, we predicted that there would be sex differences in 

postural responses to motion of the illuminated environment.  

Multifractality as a Measure of Postural Stability 

Traditionally, scientists have evaluated postural activity in terms of the spatial 

magnitude of movement. Typically, “more sway” has been interpreted to indicate “less 

stability” (e.g., Goldie, Bach, & Evans, 1989; Lin, Seol, Nussbaum, & Madigan, 2008). 

Recent decades have brought a surge of interest in the temporal structure of animate 

movement, that is, the ways in which patterns of movement vary in time. The temporal 

structure of movement differs qualitatively from its spatial structure, such that one type of 

measure cannot be substituted for the other. Put another way, spatial and temporal 

measures provide qualitatively different information about movement. Many scientists now 

examine the temporal structure of postural activity. One aspect of temporal structure is its 

fractality, the tendency of temporal patterns to be nested in time, that is, the tendency for 
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similar patterns to occur across different time scales. For example, a given movement 

pattern might occur rapidly (e.g., over a few milliseconds), and very slowly (e.g., over a few 

minutes), while simultaneously occurring over some intermediate time scale (e.g., over a 

few seconds). It might be assumed that the fractality of a system is fixed. However, research 

has revealed that the temporal nesting of movement patterns can change over time within a 

system. Changes in fractality fall under the rubric of multifractality (e.g., Ihlen & Vereijken, 

2013; Kelty-Stephen et al., 2013). Multifractality has been identified in standing body sway 

(e.g., Ihlenm, Skjaeret, & Vereijken, 2013; Thurner, Mittermaier, Hanel, & Ehrenberger, 

2000). 

Multifractality may have special relevance to relations between postural activity and 

motion sickness. Ihlen and Vereijken (2013) argued that individual differences in 

multifractality of movement can be used to distinguish health from disease. Shimizu, 

Thurner, and Ehrenberger (2002) evaluated unperturbed standing body sway in healthy 

adults and in patients suffering from cirrhosis of the liver, which can affect postural control. 

They found that these groups differed in the degree of multifractality of postural sway, 

consistent with Ihlen and Vereijken’s suggestion that multifractality might serve as an 

indicator of health disorders. If motion sickness is understood as a clinical condition (albeit 

temporary), then we might expect postural precursors of motion sickness to include 

atypical patterns of multifractality in postural sway. Riccio and Stoffregen (1991) explicitly 

predicted that postural instability relating to motion sickness would be observed in non-

linear metrics. Multifractal analysis did not exist in 1991; however, their prediction can be 

evaluated in this context. Stoffregen (2011) argued that motion sickness is a type of 

movement disorder, that is, that the subjective symptoms of motion sickness may arise 
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from a (transient) disorder in the control of posture. These arguments motivate a 

prediction that the multifractality of postural sway will differ between individuals who 

become motion sick and those who do not.  

The Present Study 

In the present study, standing participants were exposed to linear oscillation of the 

illuminated environment, and we recorded data on body sway during this exposure. The 

linear oscillation stimulus induced motion sickness in some participants but not in others, 

as reported by Koslucher, Haaland, Malsh, et al. (2015). In the present study, our principal 

aim was to evaluate postural activity during exposure to linear oscillation of the illuminated 

environment, and to compare these data between the sexes, and between participants who 

reported motion sickness and those who did not. Using a standardized methodology, we 

instructed participants to discontinue participation immediately if they experienced any 

symptoms of motion sickness, however mild. For this reason, the postural activity that we 

analyzed was measured before the onset of subjective symptoms and, therefore, the data 

are meaningfully related to the hypothesis that postural sway should differ between persons 

who experience motion sickness and those who do not, and that such differences should 

exist before the onset of subjective symptoms of motion sickness (Riccio & Stoffregen, 

1991). This study was quasi-experimental study in the sense that sex and motion sickness 

were not determined via random assignment. The dependent variables were data on body 

sway. 

Method 

Participants 
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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) and 69 women (mean age 21.78 

years, SD 2.23 years). The experimental protocol was approved in advance by the 

University of Minnesota IRB. Additional data on anthropometrics of the sample were 

reported by Koslucher, Haaland, Malsh, et al. (2015).  

Apparatus 

Participants stood on a force plate (AccuSway Plus; AMTI, Watertown, MA). We 

recorded the position of the center of pressure in the anteriorposterior (AP) and 

mediolateral (ML) axes at 50 Hz.  

Visual stimulus motion was created using a moving room, which consisted of a 

cubical frame, 2.44 m on a side, mounted on wheels and moved along one axis on rails 

(Figure 9). The interior surfaces of the walls and ceiling were covered with blue and white 

marble-patterned adhesive paper. At the center of the front wall was a map of the 

continental United States (53 cm × 80 cm; 19
 o

 × 28
 o

). Illumination 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.  
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Figure 9. Moving room. 

Procedure 

Following the informed consent procedure participants removed their shoes and 

responded to a forced-choice, yes/no question, Are you motion sick? They also completed 

the Simulator Sickness Questionnaire, or SSQ, which yields intensity ratings for 16 

different symptoms (Kennedy et al., 1993). Participants were instructed (both verbally and 

on the consent form) that they might experience motion, and that if they experienced any 

symptoms of motion sickness, however mild, then they should discontinue the experiment 

immediately. Participants stood with their feet on marked lines so that heels were 17 cm 

apart and the angle between the feet was 10
o

 (Stoffregen et al., 2010). They were instructed 

to keep their arms by their sides, and to avoid talking or deliberate movement during trials. 
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Before being exposed to the visual motion stimulus we measured unperturbed 

stance during performance of simple visual tasks. These data have been reported elsewhere 

(Koslucher, Haaland, & Stoffregen, 2015). After these trials, participants were exposed to 

visible motion of the moving room. There was not a single fixation point; participants were 

asked to keep their gaze on the map on the front wall.  

 Room motion was a sum of ten sines in the range 0.1 – 0.4 Hz, with maximum 

displacement amplitude of 2.5 cm (Figure 10). 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 minutes in duration, and subjects were 

exposed to a maximum of four trials. Data on postural activity were recorded continuously 

for each trial. 

 

Figure 10. Portion of the 600 s sum-of-sines motion function used to drive the moving room. 
 

Before each trial subjects were reminded to discontinue participation immediately 

if they experienced any symptoms of motion sickness, however mild. Between trials the 
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moving room was stationary and the subject was required to sit for 1 min. Upon 

discontinuation or after the completion of the experimental protocol (whichever came first) 

subjects again answered the forced-choice, yes/no question, Are you motion sick? Subjects 

who stated that they were not sick after exposure to room motion were given a printed copy 

of the SSQ and the forced choice, yes/no question 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 hours (Miller & 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? 

Participants who answered this question in the affirmative immediately after exposure to 

room motion or within 24 h of their participation in the experiment were assigned to the 

Sick group. All other participants were assigned to the Well group. Data on the severity of 

symptoms, as obtained using the SSQ, were used solely to compare symptom levels in the 

Well and Sick groups (for details, see Koslucher, Haaland, Malsh et al., 2015). 

The data on postural activity reported in this article were collected when the room 

was in motion. We also collected data on postural sway when the room was stationary; 

these data have been reported elsewhere (Koslucher, Haaland, & Stoffregen, 2015). 

Data Analysis 

We evaluated the evolution of sway over the course of exposure to the sum-of-sines 

stimulus. To evaluate the evolution of sway over time, we selected three 2-minute time 

windows from the data, using the method of Bonnet et al. (2006; Koslucher et al., 2014; 

Stoffregen et al., 2010). Due to discontinuation, participants in the Sick and Well groups 
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did not have the same duration of exposure to the sum-of-sines stimulus. We judged it to 

be important to ensure that the windows for the Sick and Well groups represented similar 

exposure durations. To ensure this we tied the selection of windows for the Well group to 

the mean exposure duration of the Sick group. For the sick group, we choose the first, the 

middle, and the final 2 minutes for each participant, with the restriction that no window 

included a boundary between two trials (that is, each window included only continuous data 

from within a single trial). For the well group, windows were selected based on the mean 

exposure of participants in the sick group. This selection ensured that the sway data for 

both groups corresponded to the same mean duration of exposure to the sum-of-sines 

stimulus. 

We evaluated four aspects of postural activity. We evaluated the spatial magnitude 

of postural activity using two different measures. We operationalized spatial magnitude in 

terms of the positional variability of the center of pressure (that is, the standard deviation of 

the position of the center of pressure). Separately, we operationalized spatial magnitude in 

terms of the mean velocity of the center of pressure.  

To examine the temporal dynamics of postural activity we evaluated the 

multifractality of postural activity, which we operationalized in two ways. Multifractality is 

not a dichotomous feature of a time series. It exists on a continuum: A given time series 

can exhibit more or less multifractality. To quantify the degree of multifractality in a time 

series we examined the width of the multifractal spectrum, using multifractal detrended 

fluctuation analysis (Ihlen et al., 2013; cf. Kantelhart, Koscielny-Bunde, Havlin, Bunde, & 

Stanley, 2002). The wider the multifractal spectrum, the more multifractal is the time series 

(Kelty-Stephen et al., 2013). To evaluate spectrum width, we used the singularity exponent, 
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h(q), which was calculated with the open source code MFDFA1 (Ihlen 2012), set to a 

minimum scale of q = 10, and a polynomial trend fit set to 3. We selected a minimum 

scaling range of 16 data points with 19 evenly spaced increasing segment sizes to a 

maximum of the length of the time series. This range was the same for each time series. 

We computed spectrum width for each time series, and conducted inferential statistics on 

these values. While spectrum width is a useful measure of the overall degree of 

multifractality, it is not sensitive to certain details of multifractal systems. One such detail is 

the degree to which the interaction among fractal dimensions is multiplicative, rather than 

additive. Multiplicativity can be evaluated using an iterated amplitude-adjusted Fourier 

transform (IAAFT) surrogate analysis (Ihlen et al., 2013). We used the IAAFT to 

differentiate multifractal processes that exhibited multiplicative interactions from those that 

did not. 

We evaluated positional variability, velocity, and the width of the multifractal 

spectrum using separate 3 (Time Windows) × 2 (Axis) × 2 (Sex) × 2 (Sickness Groups) 

ANOVAs, with repeated measures on the Time Windows factor. Time Windows and Axis 

were within-participants factors, while Sex and Sickness Groups were between-participants 

factors. Use of the range of h(q) to estimate spectrum width is susceptible to outliers (Ihlen 

2012; cf. Kelty-Stephen et al. 2013). For this reason, before conducting ANOVA on 

spectrum width we removed data from trials for which spectrum width was greater than 

three standard deviations from the overall mean (across trials and participants). For each 

ANOVA, we estimated effect sizes using the partial η
2

 statistic.  

We generated 30 surrogate time series using the IAAFT. We then compared the 

spectrum width of the original time series to the distribution of surrogate spectrum widths 
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(Palatinus et al. 2013). We evaluated the percentage of time series that differed significantly 

from the surrogates. Using t tests, we compared these percentages between axes (AP vs. 

ML), between Sexes (male vs. female, separately for AP and ML), and between Sickness 

Groups (well vs. sick, separately for AP and ML). 

Results 

As reported by Koslucher, Haaland, Malsh, et al. (2015), the incidence of motion 

sickness was significantly greater among women (38%; 26/69) than among men (9%; 4/45). 

Also as reported by Koslucher, Haaland, Malsh, et al., at post-exposure symptom severity 

was greater in the sick group than in the Well group. 

For positional variability, we found a significant effect of axis, F(1,109) = 75.00, p < 

0.001, partial 
2

 = 0.41. Positional variability was greater in the AP axis (mean = 0.61, SD = 

0.40) than in the ML axis (mean = 0.31, SD = 0.26). The main effect of time windows also 

was significant, F(2,167.56) = 6.589, p = 0.004, partial 
2

 = 0.06 (Figure 11A). 

For the mean velocity of the center of pressure, the main effect of axis was 

significant, F(1,178) = 233.05, p < .001, partial 
2

 = 0.72. The mean velocity of the center of 

pressure was greater in the AP axis (mean = 1.24, SD = 0.54) than in the ML axis (mean = 

0.647, SD = 0.30). In addition, we found a significant main effect of Time Windows, 

F(2,178) = 3.805, p = 0.024, partial 
2

 = 0.04, which is illustrated in Figure 11B. The 

interaction between axis and Sex was significant, F(1,178) = 6.76, p = .01, partial 
2

 = 0.07 

(Figure 12A), as was the interaction between Axis and Sickness Groups, F(1,178) = 8.27, p 

= .005, partial 
2

 = 0.09 (Figure 12B). There was a significant 3-way interaction between 

Time Windows, Sex, and Sickness Groups F(2,178) = 3.88, p = .022, partial 
2

 = 0.04, 
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which is illustrated in Figure 13. Finally, there was a significant 4-way interaction between 

Time Windows, Axis, Sex, and Sickness Groups, F(2,178) = 3.39, p = .036, partial 
2

 = 

0.04 (Figure 6).  

 

Figure 11. Main effects of Time Windows on postural sway (center of pressure) during exposure to room 

motion. (A) Positional variability. (B) Mean velocity. (C) Width of the multifractal spectrum. Error bars 

represent the 95% confidence interval of the mean. 
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Figure 12. Mean velocity of the center of pressure. (A) The statistically significant interaction between 

sway Axis and Sex. (B) The statistically significant interaction between sway Axis and Sickness Groups. 

Error bars represent the 95% confidence interval of the mean. 
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Figure 13. Mean velocity of the center of pressure, illustrating the statistically significant three-way 

interaction between Sex, Time Windows, and Sickness Groups. (A) Women. (B) Men. Error bars represent 

the 95% confidence interval of the mean. 
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Figure 14. Mean velocity of the center of pressure, illustrating the statistically significant interaction 

between Sex, Axis, Time Windows, and Sickness Groups. (A) ML Axis. (B) AP Axis. Error bars represent 

the 95% confidence interval of the mean. 

 

For the spectrum width of MF-DFA, the main effect of Time Windows was 

significant, F(1.96,213.76) = 5.81, p = .003, partial 
2

 = 0.052 (Figure 11C). The main effect 

of axis was significant, F(1,109) = 12.81, p < .001, partial 
2

 = 0.11. Spectrum width was 

greater in the AP axis (mean = 0.65, SE = 0.01) than in the ML axis (mean = 0.62, SE = 

0.01). The main effect of Sickness Groups was also significant, F(1,109) = 8.79, p = 0.004, 

partial 
2

 = 0.08. Spectrum width was greater for the Sick group (mean = 0.67, SD = 0.02) 

than for the Well group (mean = 0.61, SD = 0.01). The Time Windows × Axis interaction 

was significant, F(2,218) = 5.86, p = .003, partial 
2

 = 0.05 (Figure 7). Finally, there was a 
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significant Time Windows × Sickness Groups interaction, F(1.96,213.76) = 4.23, p = 0.02, 

partial 
2

 = 0.04 (Figure 15).  

 

Figure 15. Spectrum width of the MF-DFA, illustrating the statistically significant interaction between 

Time Windows and sway Axis. Error bars represent the 95% confidence interval of the mean. 

 

 
Figure 16. Spectrum width of MF-DFA, illustrating the statistically significant between Time Windows and 

Sickness Groups. Error bars represent the 95% confidence interval of the mean. 

 

For the IAAFT surrogate analysis, the percentage of trials that differed from 

surrogates was greater for postural activity in the AP axis (97.94%; 332 of 339) than in the 

ML axis (86.73%; 294 of 339), t = -5.504, p < 0.001, indicating that on the same trials the 
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degree of multifractality tended to be greater for movements in the AP axis than for 

movements in the ML axis. We found no differences between women and men, or 

between Well and Sick, each p > .05 

Discussion 

Standing participants were exposed to linear oscillation of the illuminated 

environment in a moving room. Participants were instructed to discontinue the protocol 

immediately if they experienced any symptoms of motion sickness, however mild. 

Accordingly, we evaluated the kinematics of body sway during room motion but before the 

experience of subjective symptoms of motion sickness. Replicating previously reported 

effects, we found that postural sway differed between body axes (Koslucher et al., 2014), 

that it changed over time (Bonnet et al., 2006; Koslucher et al.; Stoffregen et al., 2010), and 

that it differed between participants who later reported motion sickness and those who did 

not (Bonnet et al.; Koslucher et al.; Stoffregen et al). In a novel effect, we found that 

patterns of sway that preceded motion sickness differed between women and men.  

Axis Effects 

Postural activity differed between the body’s AP and ML axes. In our analyses of 

the spatial magnitude of sway, we found main effects of body axis for the positional 

variability and velocity of the center of pressure. These differences are consistent with 

previous studies in which standing participants were exposed to oscillatory motion of the 

illuminated environment in the body’s AP axis (e.g. Koslucher et al., 2014). In our analyses 

of the fractality of sway, we found main effects of body axis for the width of the multifractal 

spectrum, which was greater for postural activity in the AP axis. Separately, the degree of 
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multiplicativity was greater for postural activity in the AP axis than for postural activity in 

the ML axis.  

The most likely explanation for these axis effects relates to the motion stimulus that 

we used: The room oscillated along the line of sight, which in our study was aligned with 

the body’s AP axis. It makes sense that postural responses to stimulus motion would be 

greatest in the axis of stimulation. The relation between the line of sight and the body’s AP 

axis could be reversed, for example, by rotating the head (i.e., instructing participants to 

turn their heads to look at the side wall), or by rotating the body (i.e., turning the body to 

the side while the head continued to face the front wall; Stoffregen, 1985).  

Temporal Evolution of Postural Activity 

Postural activity changed over time during exposure to room motion. The main 

effect of time windows was statistically significant for the positional variability (Figure 3A) 

and velocity (Figure 3B) of the center of pressure. These effects are consistent with 

previous studies of postural responses to motion of the illuminated environment (e.g., 

Smart et al., 2002). In addition, the main effect of time windows was statistically significant 

for the width of the multifractal spectrum (Figure 11C). This effect is novel, and reveals that 

multifractality is plastic with respect to continuous changes in visual motion stimuli (cf. 

Palatinus, Dixon, & Kelty-Stephen, 2014). These main effects demonstrate the powerful 

influence of linear visual oscillations on postural activity, regardless of body axis, sex, or 

subsequent motion sickness.  

For the width of the multifractal spectrum, we also found a significant interaction 

between body axes and time windows (Figure 15). Interestingly, for postural activity in the 

AP axis spectrum width did not change over time. Rather, change over time was observed 
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solely in the ML axis. Thus, room motion, which oscillated along the body’s AP axis, was 

associated with gradual change of multifractality in the body’s ML axis. Over time, the 

spectrum width in the ML axis gradually became identical with the spectrum width in the 

AP axis. It may be that visual motion established a stable pattern of multifractality in the 

body’s AP axis and that this pattern served as an attractor for sway in the body’s ML axis. 

Effects Relating to Sex 

Ours may be the first study to investigate possible sex differences in body sway 

using the perturbation paradigm. For this reason, generalized sex differences are of interest. 

For the mean velocity of the center of pressure, women and men differed by sway axis, 

independent of the incidence of motion sickness (Figure 12A). This is a novel effect, and it 

suggests that sex differences in postural activity are not limited to the control of 

unperturbed stance, but exist also in postural responses to motion of the illuminated 

environment. Relative to men, women may be less likely to couple postural sway to motion 

of the illuminated environment. It may be that this sex difference is related to sex 

differences in field dependence/independence, such as those commonly reported in the 

rod and frame test (e.g., Voyer, Voyer, & Bryden, 1995) or other aspects of spatial 

processing (e.g., Giammarco et al., 2015; Kimura, 1997). However, the effect may also be 

related to sex differences in anthropometrics that correlate with sex differences in 

unperturbed postural sway (e.g., Chiari et al., 2002; Kim et al., 2010; Sullivan et al., 2009). 

In future research, it will be important to develop methods that make it possible to 

differentiate effects on postural activity of physical differences between the sexes (e.g., 

anthropometrics) from effects of cognitive or psychological differences between the sexes.  

Postural Precursors of Motion Sickness: Magnitude 
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Consistent with previous research (Faugloire, Bonnet, Riley, Bardy, & Stoffregen, 

2007; Smart et al., 2002; Stoffregen & Smart, 1998), during exposure to room motion the 

velocity of center of pressure displacements differed between participants who later 

reported motion sickness and those who did not. The main effect of motion sickness 

groups was not significant: Rather, sickness groups interacted with other factors.  

A statistically significant interaction between sickness groups and axis (Figure 12B) 

revealed that in the AP axis mean velocity was greater among participants who later became 

sick. Of greater relevance to the focus of the present study, postural sway preceding motion 

sickness differed between women and men. During exposure to room motion the velocity 

of the center of pressure varied as a function of sex and subsequent motion sickness. That 

is, postural responses to the moving room differed between participants who later became 

sick and those who did not, but these differences varied as a function of sex. The 

interaction between sickness groups and sex was embedded in a statistically significant 3-

way interaction that included time windows (Figure 13). That interaction, in turn was 

embedded within a statistically significant 4-way interaction involving time windows, sex, 

sickness groups, and sway axis (Figure 14). Using the same participants, Koslucher, 

Haaland, Malsh, et al. (2015) found that women and men were differentially susceptible to 

motion sickness arising from linear visual oscillation (with greater susceptibility among 

women). Koslucher, Haaland, and Stoffregen (2015) evaluated postural sway prior to room 

motion and found that the same men and women swayed differently in ways that were 

related to subsequent motion sickness. Taken together, the three studies demonstrate that 

sex differences in susceptibility to motion sickness induced by linear visual oscillation exist, 
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and that are related to sex differences in postural activity both before and during exposure 

to the visual motion stimulus. 

Postural Precursors of Motion Sickness: Multifractality 

In a main effect, the width of the multifractal spectrum was greater for participants 

who reported motion sickness than for those who did not. The main effect was embedded 

within a significant interaction between sickness groups and time windows. Figure 16 

suggests that for the well group spectrum width was stable over time, whereas spectrum 

gradually increased over time for the sick group. These effects are novel, and constitute the 

first demonstration that changes in the fractality of postural activity precede the subjective 

symptoms of motion sickness.  

The postural instability theory predicts that the postural sway of well and sick 

individuals will differ before the onset of subjective symptoms. Riccio and Stoffregen 

(1991) were explicit in stating that differences need not be confined to measures of the 

spatial magnitude of sway. Previous research using detrended fluctuation analysis has 

shown differences in the temporal dynamics of sway between participants in the well and 

sick groups (e.g., Stoffregen et al., 2010; Stoffregen et al., 2013; Villard et al., 2008). The 

results of the present study extend this finding to the multifractality of sway.  

The analysis of multifractality in human movement is relatively novel, and 

researchers have stated it is not entirely clear how variations in multifractality should be 

interpreted (Palatinus et al., 2013). The postural instability theory (Riccio & Stoffregen, 

1991) can help us to interpret multifractality in postural sway. Postural instability theory 

dictates that patterns of sway among participants who will become sick are less stable; 

hence, the larger value of spectrum width in the Sick group corresponds to lower stability. 
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This result can help us to interpret patterns of multifractality in other settings. For example, 

Munafo et al. (2015) found that spectrum width was greater among older adults than 

among younger adults. It is widely assumed that postural sway is less stable among older 

adults than among younger adults. Accordingly, results of the present study are consistent 

with the findings of Munafo et al. (2015). 

The IAAFT revealed no statistically significant differences relating to motion 

sickness. That is, we found no evidence that subsequent motion sickness was related to the 

degree of multiplicativity of postural sway.  

Linear versus Angular Motion 

Sex differences in motion sickness appear to be related to the axes in which motion 

stimuli are presented. When seated participants have been exposed to rotational motion 

stimuli sex differences have been small or absent, for both graviroinertial rotation 

(Klosterhalfen et al., 2005), and optical rotation (e.g., Klosterhalfen et al., 2006). Sex 

differences are stronger when imposed motion includes linear components. As reported by 

Koslucher, Haaland, Malsh, et al. (2015), the participants in the present study exhibited a 

sex difference of more than 4:1 when exposed standing participants to linear visual 

oscillation. Similarly, Lawther and Griffin (1986) found that seasickness was most strongly 

related to linear components of ship motion.  

The results of the present study, together with those of Koslucher, Haaland, Malsh 

et al. (2015) and Koslucher, Haaland, and Stoffregen (2015) are compatible with the idea 

that sex differences in motion sickness are related to the control of posture. During stance, 

postural activity comprises rotations primarily around the ankles and hips. It is in stance 

that sex differences in postural control have been identified. In standing posture, rotation 
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around the body’s vertical axis is exiguous (the same is true for seated posture). That is, 

physical (and, presumably, psychological) differences between the sexes do not appear to 

lead to sex differences in rotation around the body’s vertical axis. Differences between well 

and sick participants have been observed in seated postural sway (e.g., Chen, Dong, Chen, 

& Stoffregen, 2012; Dong, Yoshida, & Stoffregen, 2011; Merhi, Faugloire, Flanagan, & 

Stoffregen, 2007; Stoffregen, Chen, & Koslucher, 2014; Stoffregen, Faugloire, Yoshida, 

Flanagan, & Merhi, 2008; Stoffregen, Hettinger, Haas, Roe, & Smart, 2000), but in these 

studies sex was not a factor in data analysis. This is an important area for future research on 

seated posture.  

Implications for Theory 

The sensory conflict theory asserts that motion sickness arises from conflict 

between current patterns of intersensory stimulation and those expected on the basis of 

past experience, as modulated by an internal threshold (e.g., Oman, 1982). Within this 

theoretical framework, the existence of robust sex differences in motion sickness, across 

venues (e.g., visually induced motion sickness vs. seasickness), across response measures 

(e.g., self-reports of generalized susceptibility vs. motion sickness induced in laboratory 

settings), and across subjective and objective measures (e.g., symptom ratings vs. vomiting) 

would appear to imply the existence of reliable differences between the sexes in the 

generation of hypothetical intersensory conflict, in the threshold for the triggering of 

symptoms, or both. We are not aware of any published arguments to this effect; that is, the 

sensory conflict theory does not appear to offer a basis to understand or predict that 

susceptibility to motion sickness should be affected by sex. As noted in the Introduction, in 
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the literature on motion sickness explanations for the sex difference typically have been ad 

hoc (Golding, 2006). 

The postural instability theory of motion sickness (Riccio & Stoffregen, 1991) 

predicts that postural activity should differ between individuals who experience motion 

sickness and those who do not, and that such differences should exist (and be measurable) 

before the onset of any subjective symptoms of motion sickness. The theory implies that 

individual differences in postural activity may be related to individual differences in 

susceptibility to motion sickness. Women and men reliably differ in the quantitative 

kinematics of standing body sway. Chiari et al. argued that sex differences in standing body 

sway arise principally from sexual dimorphism, and not from sex differences in information 

processing or neural strategies. Accordingly, relations between sex differences in body sway 

and sex differences in motion sickness are meaningfully related to the postural instability 

theory of motion sickness, rather than being ad hoc. 

Conclusion 

The present study reports the final dataset from a larger investigation of sex 

differences in visually induced motion sickness. Koslucher, Haaland, Malsh et al. (2015) 

exposed women and men to oscillation of the illuminated environment in a moving room. 

They found that the incidence of motion sickness was greater among women (39%) than 

among men (9%). In addition, sex differences in motion sickness incidence were 

significantly correlated with sexual dimorphism, including sex differences in overall height, 

in the height of the body’s center of mass, and in foot length. Using the same participants, 

Koslucher, Haaland, and Stoffregen (2015) examined unperturbed postural sway before 

exposure to room motion. They found that sex differences in the incidence of visually 
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induced motion sickness were preceded by differences in the kinematics of unperturbed 

body sway, in a complex interaction comprising sex, sickness groups, and visual tasks 

performed during unperturbed stance. That is, motion sickness was related to Sex 

differences in body sway that existed before participants were exposed to any experimental 

motion stimuli. This effect was limited to the positional variability of the center of pressure, 

that is, to a measure of the spatial magnitude of postural activity. 

In the present study, we evaluated the kinematics of standing body sway as the same 

participants were exposed to linear oscillation of the illuminated environment in a moving 

room. Participants were instructed to discontinue participation immediately if they 

experienced subjective symptoms of motion sickness, however mild. Accordingly, we 

analyzed postural activity before the onset of subjective symptoms of motion sickness. The 

mean velocity of the center of pressure differed between participants who later became 

motion sick and those who did not, replicating previous findings (Smart et al., 2002; 

Stoffregen & Smart, 1998). Separately, men and women differed in their postural responses 

to the visual motion stimulus; a novel finding in research relating postural control to optic 

flow (cf. Lee & Lishman, 1975). In addition, statistically significant interactions revealed 

that patterns of mean velocity that preceded motion sickness differed by sex.  

Our analysis of movement dynamics revealed that the multifractality of postural 

activity differed between participants who later became motion sick and those who did not, 

and this difference evolved over time during exposure to visual motion stimuli. These were 

novel findings, for the first time revealing that individual differences in the multifractality of 

movement may be related to the subjective experience of motion sickness.  
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The results of the present study, together with those of Koslucher, Haaland, Malsh 

et al., and Koslucher, Haaland, and Stoffregen, are consistent with the following 

hypotheses: 1) sex differences exist in susceptibility to visually induced motion sickness, 2) 

sex differences in susceptibility are related to sex differences in anthropometric measures 

that are, themselves, related to the kinematics of body sway, and 3) sex differences in 

susceptibility to motion sickness have their basis in sex differences in the control of body 

posture, both before and during exposure to potentially nauseogenic visual motion stimuli. 

These results suggest that it may be possible to explain sex differences in susceptibility to 

motion sickness within the framework of the postural instability theory of motion sickness 

(Riccio & Stoffregen, 1991). 
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Conclusion 

This document contains three articles that present the findings from a study aimed 

at understanding why sex differences exist in motion sickness susceptibility. Each chapter 

dealt with a separate segment of that project, highlighting aspects that were unique and 

pertinent to the motion sickness literature.  

Chapter 1 discussed rates of susceptibility and relation to anthropometric 

characteristics of the participants, finding women were much more likely to experience 

vexation than men in the presence of visual perturbation of the illuminated environment, 

replicating previous field studies but at a comparatively larger rate. The analysis of 

relationships between the sexually dimorphic physical characteristics found weak, yet 

significant, connections between these traits and sickness incidence. 

Chapter 2 examined bodily control prior to nauseogenic stimulation during two 

visual tasks, highlighting unique patterns of sway between men and women depending on 

their task and their likelihood of becoming sick later. These results were both novel in their 

interactions, but also replicated important findings from the postural instability literature.  

Chapter 3 looked at the evolution of postural control during visual perturbation, 

finding several key replications. Additionally, men and women exhibited different fractal 

patterns of sway throughout the experimental protocol, and the speed of their center of 

pressure movements changed dramatically during the examined windows of time.  

Reflecting on Themes 

 The main motivating concern of this study was trying to understand why men and 

women get motion sick at differing rates. Each chapter placed priority on trying to explain 

this phenomenon, with the predictions that women and men would control their bodies 
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differently than men and that dimorphic biomechanical structures would play heavily into 

these differences.  Of particular note was the incidence rate, which followed previous field 

studies, but surpassed them in the ratio of women-to-men sickness. Just as pertinent to the 

motion sickness discussion is that symptom severity between the sexes did not differ if they 

were in the same group. Men and women that got motion sick had similar experiences, and 

those that did not get sick shared similar subjective rankings of their symptoms. By simply 

adding a dichotomous classification in with the continuous severity scores, the study 

highlights a possible methodological flaw in previous laboratory-based protocols, where 

women reported higher symptom severity due to more of them becoming ill. 

 The second theme of stability played differently into each chapter, but each 

reported interesting results. Chapter 1 found a small effect on sickness incidence was 

accounted for by physical traits, but that anthropometrics were relevant to sickness-causing 

situations. Chapter 2 then built on these findings by highlighting differences in postural 

control during simple alterations of visual task goals. How men swayed during one task 

differed from how women swayed during that same task, and this was further compounded 

that whether a person became sick or not also altered their sway parameters. In the second 

article, the measures that were used, mainly positional variability and detrended fluctuation 

analysis, again revealed sensitivity to major analytical factors such as sex, becoming sick in 

the future, task goal, and the axis of sway, but these are further replications of previous 

studies in many ways. This chapter did not strongly call for any single measure to be 

indicative of stability, as discussed in the original Riccio and Stoffregen (1991) paper. 

Chapter 3 found more significant results with the use of mean velocity and multifractal 

detrended fluctuation analysis, which again found different positional and temporal 
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patterns of sway between men and women, and sick and well. While mean velocity is a 

well-established variable, MF-DFA had never before been used in this context and with 

these results, adds itself to the list of analyses that may be indicative of differences in 

“stability.”  

 Lastly, the postural instability theory of motion sickness has theoretical reasons to 

explain these results. The analyses of postural control revealed sex and sickness 

differences, and the design answered questions about why sex differences disappeared in 

previous laboratory studies and how symptomology represented sickness in participants. 

Conflict theories have not proposed a theoretical explanation for these results, and have 

only used ad hoc reasons to explain them.  

Concluding Remarks 

 This study is a substantial first step in understanding motion sickness with the 

postural instability theory, but it did not find definitive answers. It revealed that there were 

sex differences in postural control, but they did not provide a clear or simple answer to 

what typifies stable or adaptive sway in perturbed situations. The use of novel and 

innovative experimental design helped confirm a method of testing motion sickness in a 

laboratory with ecological validity, but only future use of these techniques in further motion 

sickness studies will enable better understanding of this illness and how it might better be 

treated. 
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