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ABSTRACT

Extended reality (XR), head-mounted displays (HMD), simulators, and advanced
vehicle/teleoperation display-control systems show promise for augmenting job
skills training or aiding mission decision-making among aviators, astronauts, ship
handlers, emergency responders, etc. Unfortunately, such systems require unnatural
sensorimotor integration which often induces motion-sickness and/or visually-induced
motion sickness (VIMS). NATO and other groups are studying who is most vulnerable,
which will inform system design and training protocols. A common assertion is that
most studies find women far more susceptible to motion sickness/VIMS, and a recent
article called one type of virtual reality (VR) “sexist in its effects.” We reviewed how
many studies support the notion that women are more susceptible. We amassed the
largest known sample of relevant literature involving direct empirical or survey studies
of potential sex difference among studies of motion sickness or VIMS. To date, 76
relevant studies have been identified, among which only 37 (48.7%) are consistent
with the assertion that women are more susceptible than men. Such findings require
researchers, developers, and trainers to refrain from concluding a sex difference
exists presently, especially since many studies are not tightly controlled. Premature
judgments could harm military/workforce readiness, career prospects of women, and
dissemination of useful technologies.
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INTRODUCTION

Extended reality (XR'), head-mounted displays (HMD), immersive
simulators, and advanced display-control systems (for manned or unmanned
vehicles) are growing in military importance and, after a lengthy delay, finally
disseminating widely into the general population. Relevant systems have

1Virtual reality (VR) or augmented reality (AR).
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been developed, are planned, or are already in use or readily adaptable from
existing systems to augment training for pilots, astronauts, ship/submarine
handlers, emergency medical responders, surgeons, and therapists (e.g., to
treat phobia or post-traumatic stress). XR, HMD, and other immersive
technologies are also in development to enhance decision-making during
interaction with complex transportation, teleoperation, or medical systems
within the military, aerospace, or industrial domains.

One of the key reasons vision-centric displays such as XR, HMD, and
immersive simulators did not disseminate more rapidly was because of
the noxious motion-sickness-like symptoms they elicited (Stanney et al.,
2020), e.g., stomach symptoms, dizziness, headache, and visual/eyestrain
symptoms collectively referred to as visually-induced motion sickness (VIMS)
(Cha et al., 2021). VIMS is considered a sub-type of motion sickness because:
a) the symptoms are similar, b) whole-field visual motion affects some of
the same vestibular brain centers as real motion, and ¢) the sensorimotor
challenges are comparable concerning the way simulated environments are
displayed to the senses versus normal visual-vestibular-tactile-kinesthetic
integration as it occurs in the natural world. (See Keshavarz et al., 2014;
Lawson, 2014a; Cha et al., 2021; Gavgani et al., 2018.)

VIMS-consistent symptoms have received widespread notice recently,
having halted a major military acquisition of AR “combat goggles” (designed
to support situation awareness and decision-making) (McAuliffe, 2023).
Recent and ongoing work by a NATO Human Factors in Medicine committee
(NATO Science & Technology Office, 2021) is studying the causes of these ill
effects and seeking to understand who is most vulnerable. The answer to these
questions is important to system design tailoring and targeted interventions
for military training and decision aids, as well as for long-term commercial
success and the avoidance of developer/trainer liability (which could arise
due to a flawed product making some users sick, contributing to accidents,
or harming career prospects).

A commonly published assertion concerning individual differences in
visual/motion sickness susceptibility concerns the contributing role of
biological sex, with some studies and several literature reviews claiming that
the preponderance of evidence indicates that women? are far more susceptible
than men to motion sickness or VIMS induced by real motion, simulators,
XR, HMD, or combinations of these stimuli. One article stated in its title
that one type of VR is “sexist® in its effects” (Munafo et al., 2017, p. 889).
Some debate arose after this article, as a subsequent study identified non-sex-
specific reasons for the difference which could be fixed readily by improving
display ergonomics, with its authors concluding that VR is “sexist but it does
not have to be” (Stanney et al., 2020, p. 1). Similarly, a review by Grassini and
Lauman (2020) questioned the basic premise of sex difference, asking: “Is

2«Women” refers to the common birth case of having no Y chromosome present among a complement of
46 chromosomes, and is not intended to generalize to other genetic birth cases, to sex reassignment, or to
gender identification.

3We quote the word “sexist” to help researchers link this paper to the debate among the other three
publications (wherein the term has been coopted by the cited authors), because we think the present paper
sheds new light on that debate.
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there sufficient evidence for a gender imbalance to define such technology as
‘sexist’s”

The present study expands upon this debate in the literature by evaluating
a larger sample of relevant literature than prior studies, and does so across
a wider range of stimuli, to determine the accuracy of the assertion that
most literature supports the hypothesis that women are more susceptible
to visual/motion sickness. This question is important to answer, as women
are the largest demographic subgroup for whom increased susceptibility has
been posited, they represent up to 50% of the potential pool of job or
military recruits, and they are traditionally a demographic group subjected
to discrimination. Therefore, we have evaluated the amassed literature.

The motivation for investigating the literature concerning this issue began
circa 2002, after a group of scientists met with an Office of Naval Research
representative and most of them opined that purported sex differences had
been verified by most studies of motion sickness/VIMS. To determine whether
such advice was fully justified, an internal literature review was initiated, and
it has been updated periodically since then. This paper represents our first
dedicated publication fully describing and updating the findings from these
reviews. The following sections briefly describe the approach taken to review
this question over the years, and the inferences drawn.

APPROACH

Literature searches were completed on four occasions: during the Summers
of 2003 and 2014, the Spring of 2021, and the Winter of 2022. The
searches exploited ~20 literature sources or search engines which varied
over the years as new tools became available.* Searches were made for
direct empirical/survey studies including such terms as: [“sex,” “women,”
“female,” or “gen-der™] + [“virtual,” “augmented,” “simulator,” or
“motion”] + [“sickness” or “cybersickness”].

Studies were included if they clearly provided quantitative findings from
direct empirical laboratory, field, or survey research, while reviews or anecdo-
tal observations were excluded. The inclusion criteria were otherwise liberal
(e.g., they included any non-redundant dissertations or government technical
reports obtained) because the intent was to be comprehensive and to mini-
mize “file drawer” bias caused by the fact that studies with negative findings
tend to be accepted less often by journals (Pautasso, 2010), or to be less
accessible/cited.

The objective of these reviews was to establish whether a compelling
majority of studies yield results that clearly support the hypothesis that
women or more susceptible to motion/visual sickness. Studies were not

4The original 2003 systematic review included sources such as Medline, PubMed, EBSCO, OVID, JAMA,
Lancet, NEJM, PsychLIT, Psych-Info, NTIS, DTIC, Google (Scholar was not released until Nov 2004),
Soulsearch, two annotated bibliographies, and three hardcopy archives. Recent updates relied more upon
Scholar, DTIC, and literature alert systems, e.g., Semantic Scholar.

5<“Gender” is not recommended by APA for referring to biological sex, but still appears in that usage. It
is not a critical search term for locating recent publications but was useful for finding older ones (and for
searching for findings inside old/new publications).
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limited to XR but included other sources of relevant visual and/or physical
motion also (e.g., optokinetic drums, flying or driving simulators, vehicle
transportation situations). This wide review scope was justified for several
reasons:

« Because VIMS is merely one aspect of the overall motion sickness
response;

« Because the majority of the relevant sex difference literature would be
ignored by limiting consideration solely to XR;

. Because some of the more recent XR studies have employed overly
weak stimuli, which could bias interpretation towards a negative finding
(Lawson & Stanney, 2022);

. Because there is often no pure distinction between visual and physical
motion stimuli (e.g., XR involves head/body movement, while vehicle
motion happens in the presence of dynamic visual motion and processing
of discordant visual stimuli);

« Because it can be important for military personnel deployed aboard
moving vessels to engage in vision-centric XR/simulation training (Muth
& Lawson, 2003; Cohn et al., 2003; Muth et al., 2006).

FINDINGS

This section summarizes the interim findings from three preliminary
literature searches that have been executed since the early 2000s, and the
latest cumulative findings of all reviews, as of November 2022:

. Regarding the first 2003 review: Lawson et al. (2004) presented findings
from the original systematic review at a conference, identifying 46
relevant studies from 1940-2001. They concluded that 26/46 (56.5%)
of the studies were consistent with the hypothesis that women are more
susceptible to motion sickness or VIMS.

« Three updates to the original review were completed since 2003: in 2014
(presented by Lawson et al., 2015),in 2021 (briefly summarized in a paper
not dedicated to women’s susceptibility [Lawson et al., 2021]), and on 19
Nov 2022, as part of this first dedicated publication of these cumulative
review findings-to-date. These partial literature updates identified another
30 relevant studies (above what was reported in 2004). Of these, 11/30
(36.7%) were consistent with women being more susceptible.

When the four reviews were joined into cumulative results, the authors
found that 37/76 or 48.7% of all studies obtained so far are consistent with
women being more susceptible. The implications of this finding are described
below, as well as several confounding trends in the literature.

CONCLUSION
Implications of This Study

After amassing what we believe is the largest known collection of studies
relevant to sex differences in visual/motion sickness susceptibility, this first
dedicated publication of our results-to-date found that only 48.7% of studies
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yielded findings consistent with the hypothesis that women are more
susceptible than men. This proportion falls short of a majority of the relevant
studies identified, and certainly falls far short of the large proportion that
would be necessary to support the conclusion that a clear and strong effect
has been widely replicated under various circumstances. It is, therefore,
presently required for scientists to doubt any assertion to the effect that most
literature studies have found women to be more susceptible.

Wider Implications

When we related our findings to other reviews, it was encouraging that
our estimate of proportion did not represent an extreme outlier. In fact,
our 48.7% estimate is bracketed by the conclusions drawn from recent
reviews by others who employed different review methods and scopes. For
example, Grassini & Laumann, 2020, concluded that 5/24 (21%) relevant
studies they individually identified were consistent with women being more
susceptible, while we infer from MacArthur et al.’s 2021 VR cybersickness-
focused study that 33/56 (58.9%) of the relevant studies they identified were
individually consistent with women being more susceptible.® None of the
three estimated proportions mentioned immediately above are sufficient to
view a potential sex difference as conclusively established. Nevertheless, we
continue to encounter the implication that studies generally agree expressed
women are more susceptible to motion sickness and/or VIMS (expressed
in group meetings, conference talks, review papers, and the introduction
sections of individual research studies).

Based on the overall findings to date, we remind researchers that it is
necessary to reserve their judgments on this issue until conclusive evidence
has been obtained. No scientist should feel justified in concluding that
a particular group is inherently more affected by a stimulus based upon
approximately half of the published studies individually concluding that this
is the case. This is especially true when most of the positive evidence of group
difference in the literature is based upon self-report surveys rather than direct
experimental comparisons which are tightly controlled for interpretation
confounds. In fact, at least 19 possible confounds to interpretation exist that
would need to be controlled before one can conclude any observed group
difference is due to biological sex, per se (Lawson et al., 2004; 2014a).

Study Strengths and Limitations

There are some strengths and limitations of the current study, which will be
described below. Two major strengths of the current research are as follows:

1) The findings are drawn from the largest known sample of relevant studies
in the literature.

6 Among 56 relevant papers involving studies and employing men and women, we inferred that 33 found
a difference (~7 where sex was a primary focus plus 26 where sex was not, albeit the authors point out
interpretation of primary studies varies widely).
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« This means that our findings are more resistant to selection bias (e.g.,
the “file drawer problem”) than many other reviews, due to our liberal
inclusion criteria.

« Also, our large sample benefits from the inclusion of more
studies where functionally significant levels of sickness were elicited,
compared to the tendency for too much of the VR-specific literature to
draw conclusions based on overly weak/basement stimuli sometimes
yielding statistical differences in motion sickness that are of limited
functional relevance (Lawson & Stanney, 2021).

. Finally, since this review is drawn from a wide array of both motion
sickness and VIMS studies spanning >80 years, it is likely to afford
more information for assessing potentially confounding chronological
trends than would be the case for more date-constricted collections
of studies. For example, Lawson et al. (2004) noticed a concerning
chronological trend wherein studies done from 1940-1979 were ~2X
more likely to conclude that women were more susceptible, compared
to studies done from 1980-2001. That trend continues, as shown in
the Findings above, i.e., the cumulative findings from 1940-2001
were ~1.5X more likely to conclude women were more susceptible
than the studies done after 2001. This trend would not be expected
if differences in male versus female susceptibility were entirely
determined by genetic sex differences. Non-sex-specific contributors
might include a chronological lessening of subject/experimenter biases
due to changing cultural norms, greater recent female experience with
challenging motion and visual motion situations (leading to beneficial
adaptation), or other causes. (We are not aware of any empirical lab
studies of motion sickness/VIMS that have directly manipulated sex
bias; however, we have found that the top Google Image searches
for “motion sickness” tend to depict women suffering from motion
sickn7ess/V IMS (or utilizing sickness cures) far more commonly than
men.”)

Our findings are based upon what the provided, quantitative results of
the obtained studies directly support, reducing the unfortunate tendency
of some past presentations, reviews, or publication Introduction sections
to merely report trends based upon the overall conclusions of the study
authors (e.g., as stated in their Abstract or Discussion sections). Our
method reduces bias in this literature review which could be caused
by studies inferring a sex difference in instances where a difference
was implied, but the findings failed to reach statistical significance,
no quantitative data were reported, or the study involved several
manipulations yielding mixed results, the minority of which supported a
sex difference.

7Images of women appeared 4.5X more often than images of men during a March 2014 Google Image
search for “motion sickness” (Lawson et al. 2004) and 2X more commonly during a Dec 2022 search,
based on the first two-pages visible at 100% screen size (~25-27 images). This 2-4.5X trend could not
be accounted for by a tendency for women to appear more in image searches for control words such as
“person” or “motion,” but there was a lesser (1.5-4X) tendency for women to appear more in “sickness.”
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There are also two limitations of this literature review, which we plan to
overcome in upcoming research:

1) While our review spans more than 80 years of studies, there is a five-
year gap in our review that must be filled, viz., for the literature during
2014-2018. It should be noted, however, that a study of Institute of
Electrical and Electronics Engineers (IEEE) VR conferences findings from
2015-2019 (Peck et al., 2020), which covered most of our gap period,
aligned with our study, concluding that women’s presumed susceptibility
to cybersickness may simply be due to biased study design/sampling
(e.g., the studies having a lower proportion of women participants
tending to observe a sex difference).

2) While assessing scientific consensus among the results of published
studies by different groups is central to the scientific process, the scientific
literature is not a democracy, wherein a simple tally of the studies in
favor of a hypothesis definitively decides an issue, because the scientific
quality of each study is also important. Therefore, a consideration of
the sex proportion obtained in the subset of studies of highest quality
will be obtained in future, for comparison. However, readers should
note that the last time study quality was checked (Lawson et al., 2014),
it was found that the controlled, empirical laboratory studies directly
comparing men and women while inducing motion sickness were only
~1/3 as likely to conclude there was a sex difference, compared to the
numerous self-report survey studies. We expect this trend to continue
when we update the study quality literature analysis.

Study quality can be incorporated into meta-analysis, but high-quality
information for meta-analysis is limited currently (MacArthur, 2021), as
there are numerous confounds to interpretation (Lawson, 2014a) and no
large body of tightly-controlled, direct empirical laboratory comparisons
employing comparable measures and designs. Therefore, the aim of
future research should be to conduct several tightly-controlled studies and
incorporate the resulting findings into further meta-analyses. Such controlled
lab studies are rare because they are very difficult to recruit for and execute.
Nevertheless, interest in, and support of such studies should increase because
increasing numbers of women are entering all types of military and industrial
jobs. Also, there is greater emphasis on evidence-based unbiased testing
and selection than in the past, and there is growing interest in individual
differences research. It is possible that when enough controlled findings are
obtained and pooled, women will be found to be more susceptible than men.
However, we doubt the effect will be large, given the trends so far in our
large review, in the aforementioned review of 24 relevant studies (Grassini
& Lauman, 2020), and in two meta-analyses of the limited-quality data
available so far.®

8Our paper, Grassini & Lauman, and MacArthur et al. all questioned the difference (and study quality).
Saredakis et al. (2020) did not observe a difference in indirect meta-analysis of 51 relevant studies. The only
interesting effect came from meta-analysis of 43 studies (Howard & van Zandt, 2021) -- a small-to-medium
effect, depending upon published criteria one adopts.
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Presently, researchers are required to reserve judgment, pending a sufficient
body of tightly controlled empirical studies yielding consistent findings. Firm
conclusions of positive sex difference are not scientifically warranted, and
premature conclusions that we have seen in publications and presentations
could needlessly reduce military/workforce readiness, career prospects of
women, and commercial dissemination of useful technologies. While sex
may ultimately be proven to account for enough variance in susceptibility
to be of interest to researchers, military/industrial training personnel seeking
practical and fair methods to identify and help the most susceptible trainees
in the near-term should concentrate primarily upon whether such trainees
have been directly observed as highly susceptible during past exposures to
the same stimulus, or failing such information, upon whether trainees and
their close relatives show extreme susceptibility to relevant stimuli (Lawson,
2014a,b; Lawson et al., 2021). Karl Popper rightly taught scientists that
it is necessary to doubt until doubt is no longer warranted. Such doubt is
especially required when incorrect conclusions could harm the world’s largest
demographic subgroup.
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