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Subjective Vertical Conflict Theory and Space

Motion Sickness
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BACKGROUND: Space motion sickness (SMS) remains a troublesome problem during spaceflight. The subjective vertical (SV) conflict
theory postulates that all motion sickness provoking situations are characterized by a condition in which the SV sensed
from gravity and visual and idiotropic cues differs from the expected vertical. This theory has been successfully used to
predict motion sickness in different vehicles on Earth.

METHOD: We have summarized the most outstanding and recent studies on the illusions and characteristics associated with
spatial disorientation and SMS during weightlessness, such as cognitive map and mental rotation, the visual reorienta-
tion and inversion illusions, and orientation preferences between visual scenes and the internal z-axis of the body.

RESULTS: The relationships between the SV and the incidence of and susceptibility to SMS as well as spatial disorientation were

addressed.

CONCLUSION: A consistent framework was presented to understand and explain SMS characteristics in more detail on the basis of the
SV conflict theory, which is expected to be more advantageous in SMS prediction, prevention, and training.
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pace motion sickness (SMS) is usually referred to as a type
of motion sickness produced when humans are exposed to
microgravity during spaceflight. The physiological charac-
teristics of SMS parallel those of motion sickness on the Earth
in most symptoms, including stomach discomfort, vomiting,
headache, lack of concentration, and drowsiness.**° SMS is
experienced by 60-80% of astronauts during their first 2-3 d
in microgravity and by a similar proportion during their first
few days after returning to the Earth.?>*> SMS could induce
potential risks to a crew’s health, safety, and performance,
which is the main disadvantage during the first critical days
of spaceflight, particularly in unexpected situations such as
vomiting while wearing a space suit during extravehicular
activities. Spatial disorientation is likely to cause SMS during
spaceflight and it can become a dangerous problem, making
it difficult for the astronaut to move quickly through the vehi-
cle.”® These vestibular disturbances may also compromise the
ability of astronauts to safely land a spacecraft during emer-
gency reentry.'®
The sensory conflict theory is widely accepted as the most
reasonable explanation for SMS. However, it is still not univer-
sally accepted because it does not provide sufficient predictive

power regarding who will display symptoms under which types
of sensory conflict.**>> Other explanations such as the fluid
shift*’”*! and otolith asymmetry***¢ hypotheses have merit in
several aspects; however, they also have limitations, for exam-
ple, in accounting for asymptomatic individuals. In addition,
most validation attempts which involved prediction of SMS
incidence or severity as observed under normal mission opera-
tions have not produced prospectively positive correlations.*
This does not necessarily mean that the theory explanation is
incorrect. Because of the challenging tasks and limited working
hours, activities in orbit differ substantially between crew-
members; thus, comparable conditions for reliable prediction
on Earth may simply not be possible. However, a fundamental
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point is that the applicability of a theory should correspond
with provocative conditions and the tasks being performed.

A theory put forward by Bos and Bles postulates that only
one type of sensory conflict regarding the internal representa-
tion of the subjective vertical (SV) is necessary and sufficient to
explain most types of motion sickness.>” The SV conflict theory
has been successfully used to predict motion sickness in several
vehicles on Earth.** SV is a subjective perception of one’s own
position and orientation, which is mainly determined by the
sensory cues of gravity, vision, and the longitudinal axis of the
body (the idiotropic cue). It is thought to be the most common
probe used by our brains to judge spatial self-orientation' and
conflict appears when it is at variance with the expected vertical
from previous experiences. SV conflict occurs more often in
microgravity than on Earth, because gravity, the predominant
cue of verticality, is not present in microgravity and astronauts’
postures and movements are more labile when they perform
tasks and float in the spacecraft interior. Many astronauts main-
tain a local SV as shown by reports of inversion illusions and
visual reorientation illusions. Instability of the SV in micro-
gravity is thought to be a specific trigger for SMS.'? This conflict
is the essence of spatial disorientation, so an internal relation-
ship is constructed between the SV, spatial disorientation, and
SMS. Although the SV conflict theory is not perfect in many
respects, like the other theories, it may be meaningful to apply
it to SMS and investigate the possibility that it can explain and
predict SMS.

Here, various studies associated with spatial orientation and
SMS have been carefully summarized to develop a consistent
framework for understanding, explaining, and predicting SMS
characteristics in more detail than before. This article is orga-
nized as follows: in the first section, the SV model is expounded
and a theoretical framework involving vectors, cues, frames,
and organs for the SV is built. Following this, the SV conflict
theory is synthesized and its mathematical model is described.
Much effort was made to describe the illusions and characteris-
tics associated with SMS during weightlessness, which helped
to clarify the relationships between SV conflict and SMS inci-
dence and susceptibility.

Subjective Vertical

SV is generally regarded as a subjective judgment of the body
vertical and is the internal representation of gravity. A com-
prehensive SV theory was first outlined by Mittelstaedt.*>*
In most circumstances, verticality of self or objects seems
clear and unquestionable. However, when a roll-tilted subject is
asked to align a small luminous line with the direction of grav-
ity, a remarkable pattern of systematic errors arises, which is
known as the A-effect. The large deviations of the SV from
veridicality are attributed to a failure on the part of the gravity
systems to correctly perform the necessary coordinate trans-
formation on the visual system.***” Besides external visual and
vestibular cues determining our sense of verticality, Mittels-
taedt suggested that there is an internal cue, namely a tendency
to shift the SV toward the person's own longitudinal axis (“idio-
tropic vector”). The vector model is illustrated in Fig. 1 and
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Fig. 1. Avector model for the subjective vertical (SV).V, M, and G represent the
vectors of vision, idiotropic, and gravity, respectively. V is aligned with a visual
pole supplied by a visual scene, M depends on the body posture and is aligned
with the longitudinal axis of the body, and G includes the gravireceptor vector
and the gravireceptor bias vector. The G direction is the reverse of the physical
direction of gravity.

indicates that the SV is the nonlinear sum of three vectors,
including gravity, visual vertical, and an intrinsic “idiotropic”
tendency to perceive the vertical in a footward direction.

The gravity vector represents the resulting gravireceptor
cues and gravireceptor bias. Gravireceptor cues originate from
a gravitoinertial stimulus to the otoliths, whereas gravireceptor
bias is produced by the extravestibular system. Extravestibular
gravity information, which assists in the perception of orienta-
tion, was thought to originate from somatic and visceral recep-
tors; however, it was subsequently demonstrated that the effect
is mediated by mechanoreceptors in the kidneys and the large
blood vessels of the abdomen.*"***6> A notable characteristic of
gravity is that it is indistinguishable from forces caused by
inertial acceleration, so mechanoreceptors cannot discrimi-
nate between tilt and translation.*” Obviously this is not the
case, since the ambiguity can be resolved by combining otolith
signals with estimates of head rotation from semicircular canal,
visual, and/or proprioceptive cues.”

The visual vector contributes to the perceived visual vertical,
which is abstracted from stimulus signals from visual scene
(VS) frames and polarity cues, such as trees, buildings, people,
a box on a shelf, or an object hanging on a string, which pro-
vide a second source of information. Note that frame and
polarity cues are perceptual and depend on visual attention,
expectations, and prior experiences of the observer.>>

The idiotropic vector is usually considered a unitary vector,
to supplement the tendency of aligning the vertical with the
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z-axis of the body pointing to the headward direction, indepen-
dent of the rotation angle sensed by the vestibular system.*
This tendency can explain the A-effect, i.e., a general tendency
of subjects to underestimate the amount of self-tilt when sub-
jected to physical lateral tilt.'” In addition, it has been shown
that even in space, where there is no net force acting on the
body, subjects do still have a sense of verticality.®® Mittelstaedt®
suggested that the idiotropic vector is not part of a specific sen-
sory system, but rather a central nervous system (CNS) agent
that is recruited when the SV must be computed. It is also
important to note that this vector is not defined physically, but
is reckoned by the perceived direction of the z-axis of the body
and it is constant in a given individual.*® Interpretation of the
idiotropic vector remains unclear. Eggert proposed an inter-
esting reinterpretation that the brain partly relies on a prior
assumption that SV is related to the long body axis.®

SV Conflict Theory

Sensory conflict theory. The sensory conflict theory is the pri-
mary basis for understanding motion sickness and states that
motion sickness is a conflict between actual and anticipated
sensory signals,”” such as the eyes, the vestibular systems, and
the nonvestibular proprioceptors. It is widely accepted and can
be used to anticipate whether some combination of stimuli
is likely to induce motion sickness. It also predicts that SMS
should occur during weightlessness.>* Otolith organs do not
function normally during weightlessness, while cues from
other sensory organs remain unchanged during weightless-
ness; therefore, information used for orientation and motion
perception does not match previously stored neural models in
1 g, and sensory conflict may occur. In a recent review work
Thornton proposed an etiology of SMS and argued that the
primary sensory conflict in weightlessness occurs within a sin-
gle sensory modality (otolith organs) and is unique to SMS. He
also proposed a second component contributing to SMS: the
bimodal conflict between otolith sensors and angular motion
sensors that can occur during head movements that produce
symptoms consistent with motion sickness.**%

Oman extended Reason’s hypothesis by adding emetic link-
age output pathway dynamics and synthesized a mathematical
model based on the observer theory from control engineering.*®
His model states that motion sickness is related to the vector
difference between a vector representing all available afferent
sensory information and a vector representing expected sensory
information, and the chance of motion sickness and the sever-
ity of the motion sickness increase with the vector difference.

An underlying neural mechanism of sensory conflict theory
also postulated by Oman*>* is that the conflicting signals for
sickness originate in neurons in the central vestibular system
subserving spatial orientation, which respond to a variety of
cues, including proprioceptive and visual ones in addition to
direct inputs from the vestibular afferents; these neurons can
link to the “emetic brain” (the brainstem vomiting center),
eventually producing symptoms and signs of motion sickness.
Recently Cullen and coworkers have supplied some new evi-
dences from brainstem and cerebellar sensory processing.'>2**!

They identified a subclass of neurons in the vestibular nuclei
and deep cerebellar nuclei that respond preferentially to passive
head movements, whereas the inputs to these neurons during
active head movement are inhibited by the cerebellar reaffer-
ence cancelation mechanism (comparing the expected conse-
quences of self-generated movement with the actual sensory
feedback). This mechanism explains the distinct difference in
susceptibility of drivers and passengers, human immunity to
normal self-generated movement, and why the unexpected
change of body posture is relatively provocative.

SV conflict theory. Bos and Bles’ tried to recognize the special
role of gravity in motion sickness. Focusing on the observation
that people get sick when there is an apparent change of gravity
with respect to their head, they assumed that it is only the sen-
sory difference between gravity components that correlates
with motion sickness and redefined Oman’s theory on the basis
of an SV conflict model, which is referred to as the “subjective
vertical conflict theory” He stated that “all situations which pro-
voke motion sickness are characterized by a condition in which
the sensed vertical is at variance with the subjective vertical
as expected from previous experience” and “Subjects develop
motion sickness preferably when their subjective vertical is at
stake,” indicating that motion sickness arises when the conflict
concerns the internal representation of SV.

The SV conflict theory is not a replacement of the sensory
conflict theory, but a simplification and evolvement. Here, the
essential cause of motion sickness is still the multisensory con-
flict, but Bos and Bles propose that it originates not at the first
stage of vestibular processing but at subsequent levels of pro-
cessing as a result of competing internal estimates of orienta-
tion derived from different senses.”” The sensed SV acts at a
higher level constructed on the basis of multisensory informa-
tion, while the expected SV is constructed by an internal model
of the body state based on previous experience.”!> Thus, it has
an advantage in application in that there is no longer a need to
classify conflicts into different types and apply different weight
factors for various situations. Considering Oman’s orientation-
emetic linkage mechanisms, a heuristic neural conjecture might
be helpful. At the earliest stages of sensory processing, the infor-
mation from vestibular and extravestibular signals converge in
the vestibular cerebellum, which distinguishs between active
and passive motion,'? while the computation of orientation and
posture control is a subsequent higher-order vestibular func-
tion.?**! Thus, the pivotal issue is to determine the physiologi-
cal locus and operational phase of the sensory conflict neurons
or the internal model. However, this needs more evidence.

By adding an appropriate nonlinear transfer function to
quantify the relationship between the SV conflicts and motion
sickness incidence, an integrated SV conflict model (see Fig. 2)
based on Omans model*® is summarized.”'*!! A global over-
view of the model is shown in Fig. 2A. Inputs to the model were
passive head movements and the state of SV was obtained after
these inputs were passed through the spatial orientation model,
which is derived from the model of visual-vestibular interac-
tion'! (see Fig. 2B). The vector difference (c) between the sensed
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Fig. 2. An integrated model for the SV conflict theory.”'%!" A) Global overview
of the SV conflict model. K, internal feedback (or Kalman) gain; ¢, vector differ-
ence between u, the sensed and U’, the expected SV; MSI, motion sickness inci-
dence. B) Spatial orientation model derived from the extended model of
visual-vestibular interaction. Inputs are specific force fand angular velocity w. R,
transformation matrix; LP, low-pass filter; R™!, inverse matrix of R; g, gravity; g,
magnitude and £g, direction of gravity; Kg, Ky, and K;,, weights for the gravity,
visual, and idiotropic vectors, respectively. Functional signal flow from head-
referenced otoliths and canal signals were manipulated via earth-referenced
signals to the head-referenced sensed vertical. Kg, K, and Ky, are weights for
different cues.

(u) and the expected (u’) SV is the conflict vector for generat-
ing motion sickness. The relationship between motion sick-
ness incidence and the magnitude of the vector difference is
nonlinear, and its transfer function consists of logarithmic
functions and a leaking integrator, which model the trigger,
cumulation, and adaptation.” However, the model is still being
developed and how exactly the feedback is organized by sensed
SV still cannot be fully explained by this model.

The spatial orientation model shown in Fig. 2B produces the
SV vector by means of integrated vestibular and visual inputs,
together with the idiotropic vector. As stated previously, this
verticality is essentially the estimation of gravity, including the
magnitude (|g|) and direction (£g). In order to extract gravity
out of the gravitoinertial force (f, sensed by the otoliths in the
vestibular system), a mechanism which works like low-pass fil-
tering is used by our CNS.* However, gravity is constant in an
Earth-fixed frame of reference, whereas these neural signals
come from sensors in a head-fixed frame of reference (otoliths).
Hence, angular information (of vestibular and visual origin) is
required to transpose the acceleration information into Earth
coordinates (transformation matrix R) before low-pass filtering
can be applied. Then the estimation of magnitude can be
obtained. On the other hand, the direction of estimated gravity

SV CONFLICT THEORY & SMS—Chen et al.

is determined by Kg, Ky; and Kj;, which are weights, respec-
tively, for the gravity, visual, and idiotropic vectors. The magni-
tude is only sensed by the vestibular system and the visual and
idiotropic vectors can only indicate orientation. Consequently,
the estimated gravity was derived as the SV vector, which rep-
resents the sensed SV (u) in the path of actual head move-
ments and the expected SV (u’) of expected head movements.
Usually the expected SV is constructed under conditions of
natural body motion on Earth and the time constant of the
low-pass filter is optimized based on this condition. For unnat-
ural motions, a typical conflict may be caused by the various
delays of the filter in the sensed SV. The incidence of SMS in
microgravity can also be explained by this model.

Application and disputation. The SV contflict theory explains
the different contributions of head movement in provoking
motion sickness. Unambiguous observations have shown that
pitch and roll head movements for an upright sitting subject
are more provocative than those of yaw, regardless of physical
perceptions or visual inducement in a virtual reality environ-
ment.””% This is because these head movements change verti-
cal perception relative to the direction of gravity, whereas yaw
motion does not. Similarly, pitch and yaw head movements are
provocative with the subject in a supine position, whereas roll
motion is not. Based on this theory, a control model was devel-
oped and has been successfully used to take into account all
six degrees of freedom of vessel motion for the prediction of
motion sickness.>>®*

It can also be used to interpret the underlying conflict of
SMS simulation on Earth. It was thought that the susceptibility
to the sickness induced by centrifugation (i.e., after a 1-h cen-
trifuge run from 3 G to 1 G) shares the same underlying con-
flict with SMS induced from the transition from 1 to 0 G,
since they both result from the conflict between a sensed and
expected vertical.**> The supine position is often used to
simulate a weightless sensory context*”*® because gravity is
orientation-irrelevant when the supine subjects are observing
the visual scene in parallel with the frontal plane, and therefore
SV is determined as in microgravity.

Some findings could be better explained by the SV conflict
theory. Bles et al. referred to the findings of visually induced
motion sickness by several European research groups, using
optokinetic drum stimulation, in which the incidence of motion
sickness was estimated to be <1% despite the absence of
corresponding vestibular information.”® These findings do
not agree with the sensory conflict theory because optokinetic
stimuli create clear differences between sensed and expected
sensory information; however, the low incidence was in accor-
dance with their SV conflict model because the stimulus was
neutral with respect to gravity.

However, this explanation is controversial. Cheung and
Vaitkus noted that this European research showed a low motion
sickness incidence because the vestibular system responds to
acceleration only, and constant vection from optokinetic drum
stimulation does not create a visual-vestibular sensory mis-
match because this is the natural stimulus to constant velocity
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rotation.'® In contrast, the results obtained by Hu et al.** showed
that optokinetic drum stimulation leads to motion sickness in
approximately 60% of individuals. Bles et al. ascribed these dis-
crepancies to the use of nonrigid optokinetic drums (in fact
Hu’s drum is relatively rigid), which result in incorrect align-
ment of the drum and may introduce a wobble or sway, lead-
ing to discrepancies between the sensed and expected SV.°
Although no study has directly compared rigid and nonrigid
optokinetic drums, the finding that optokinetic drum tilt sig-
nificantly increases the level of motion sickness suggests that
the higher incidence of motion sickness may be caused, at least
in part, by misalignment.'?

There is other evidence about rigid optokinetic drums to
refute Bles’ claim that the SV conflict is not the sole causal fac-
tor responsible for motion sickness. According to SV conflict
theory, motion sickness should not occur in response to optoki-
netic stimuli when: 1) the drum rotates on an Earth-vertical
axis; 2) the subject’s head is immobilized and centered at the
rotation axis; and 3) vertical stripes are used in the drum’s inte-
rior. However, under these experimental conditions, Bonato
and Bubka have confirmed that intermittently changing rota-
tion direction or velocity>'* can hasten motion sickness onset;
while the sensed and expected gravitational verticals are in
agreement, an increase in visual and vestibular sensory conflict
does occur and is more predictive than SV conflict. Bos and
Bles responded to these facts and stated that it is possible in
Bonato and Bubka’s experiments that people perceive the center
of rotation erroneously (like the rod and frame effects) or may
‘think’ they are viewing lateral motion, and both effects may
result in tilts of the perceived vertical.'’ Further investigations
are needed to clarify whether these variables in Bonato and
Bubka’s experiments, including their recent result that blurring
the stripes with a frosted acetate filter can also hasten motion
sickness onset,’ possibly affect the perceived vertical. The ratio-
nale of SMS proposed by Thornton®® stated that the absence
of gravity is a singularity in the range of gravitational environ-
ments and produces a singular conflict in the otolith sensors,
and the etiologies of SMS and motion sickness are different in
this way. However, the SV conflict theory explains it in another
way: SMS can be attributed to a single cause as all other motion
sicknesses, the discrepancy between the altered otolith signals
and the expected signals by the brain, which change the prior
model of constructing SV and produce conflicts.

Explanation and Prediction for SMS Based on the SV

Conflict Theory

According to the SV conflict model illustrated in Fig. 2, there
exist two unique forms of conflicts when entering space. One is
the magnitude conflict due to the unloading of the otoliths.
Because gravity is absent, the estimated magnitude of the SV is
basically lost and then the conflicts of magnitude between
sensed SV and expected SV from experiences on Earth appear.
Another is the orientation conflict. Otolith sensors indicate
change in orientation of the SV everywhere on Earth, which is
detected by means of weight-loaded hair cells in the otolith
organ.” Its contribution is represented as K, in Fig. 2B. When

weight is removed, orientation signals from the otoliths are
absent, since all the cells stay in their neutral positions. Thus, in
weightlessness there are only visual and idiotropic cues left (K,
and Ky) to determine orientation. The two forms of conflicts
can be attributed to a single cause: the discrepancy between the
altered SV and the expected SV by the brain. On the other
hand, the effects of these conflicts are principally expressed in
two typical phenomena: spatial disorientation and orientation
preference. The first describes how SMS occurs and the second
explains why SMS occurs variously between individuals.

Spatial disorientation in microgravity can be described
using two illusions: visual reorientation illusions (VRIs) and
inversion illusions (IIs). Since the SV is not anchored by gravity,
its direction is unstable in microgravity. This instability of the
SV can trigger disorientation.”® Spatial disorientation usually
occurs first after SV conflicts and it is the main provoker of
SMS.*”® The typical situation that elicits SMS is when crew-
members are moving around in a spacecraft quickly. A reason-
able explanation is that the direction of the SV is labile during
transition from one spacecraft module to another, since these
modules (especially in the ISS) usually do not have a continu-
ous floor to ceiling relationship and are connected by a tunnel
with no well-defined floor, walls, or ceiling. Thus, crewmem-
bers’ SV may frequently shift when they move around in mod-
ules (VRIs), and SV conflicts occur because of the subconscious
assumption carried from life on the Earth that people are nor-
mally upright and the SV remains unchanged. Another exam-
ple is that many astronauts in spaceflight have experienced the
sudden feeling of being upside-down after the onset of micro-
gravity (IIs). These changes in perceived orientation are pro-
vocative, but without any concomitant vestibular cue.*

Orientation preference consists of rest frame preference and
bias preference. In order to compensate for the absence of ori-
entation signals from gravity, astronauts increase reliance on
visual or idiotropic cues when sensing SV during microgravity.
Harm and colleagues analyzed several Shuttle astronauts’
in-flight verbal reports and postflight debriefing to determine
microgravity orientation types based on the selection of rest
frames.’! Preference appears because astronauts use alternative
rest frames with respect to the VS cues and the body’s internal
z-axis (IZ), which correlates with susceptibility to SMS. Russian
researchers also investigated cosmonauts’ orientation illusions
and observed similar orientation preferences.*® Another prefer-
ence that was first proved by Mittelstaedt and Glasauer? is that
an individual’s gravireceptor bias has an alternative selection:
the headward bias or the footward bias. This bias preference
correlates with susceptibility to inversion illusions. The expla-
nation for orientation preference is given in the following sec-
tion. To clarify these theories, the above phenomena have been
disentangled and reconstructed with regard to specific illusions
and characteristics, which are discussed and explained using
the SV conflict theory.

The expected SV: cognitive map. The brain’s mechanism for
the maintenance of expected SV can be thought of as a cogni-
tive map, which originates from an internal model, including
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mental organization of spatial knowledge or awareness of a
familiar environment.®* The CNS spontaneously compares the
sensed SV and the cognitive map of the corresponding environ-
ment, and the map is continuously updated through visual cue
experiences or representations (e.g., written descriptions) of
them.? Thus, a cognitive map is a manifestation of a human
adapting and learning in an unusual environment. Its neural
mechanism may be explained by the place cells in the hippo-
campus that create an internal neural map representing a
particular environment and provide the brain with a spatial
reference map system.*’

A cognitive map is updated and maintained on the basis of
the allocentric coordinates of our environment.>!* An allocen-
tric reference frame is defined by gravity and visual scene polar-
ity, whereas the egocentric reference frame is defined by the eye,
head, or internal z-axis. A recognition task is performed in an
allocentric reference frame and perception is performed in an
egocentric reference frame, so a reference shift is usually needed
to build SV, which is called mental rotation.> Mental rotation
is the capacity to mentally rotate objects and visual scenes (as
opposed to oneself) and to make judgments or recognize them
as they are reoriented. The egocentric reference frame under
terrestrial conditions maintains the body’s vertical axis aligned
with the allocentric vertical axis.®® Therefore, shifting from an
egocentric to an allocentric frame of reference, on the basis of
yaw rotation along the vertical axis, would be advantageous."
In contrast, the variability of body orientation and the inconsis-
tency of the modules’ visual verticals during spaceflight in the
absence of gravity may involve more rotations, including pitch
and roll rotations that conflict with the SV experienced on land.
It may be assumed that a persisting conflict triggers our CNS to
reorganize its cognitive map (or recalculate its parameters) in
order to reduce this conflict before the symptoms of motion
sickness appear. Difficulties in acquiring and maintaining an
integrated cognitive map of the entire spacecraft are thought to
be a major disadvantage in orientation and navigation and may
induce SMS.!”>? Mental rotation ability may thus be important
for mitigating SMS and for effective performance in micrograv-
ity, particularly for visually dependent subjects."”

Spatial disorientation: inversion illusions and visual reorienta-
tion illusions. 11 was first reported by Cosmonaut Titov in
1961. It has been described as the sensation of “hanging upside
down,” which usually occurs immediately after the onset of
microgravity and persists for minutes to hours.”* The affected
individual feels continuously inverted with respect to an exter-
nal gravitational reference frame, the orientation of which is
then determined by body orientation (aligning with the idiot-
ropic vector).”* The majority of crewmembers do not experi-
ence inversion illusion; however, those who do describe it as
very provocative and would experience SMS and even vomit-
ing.>* Mittelstaedt and Glasauer®® proved that this illusion is
related to gravireceptor bias, which was tested by comparing
joint bias measurements of six astronauts in normal gravity
with those in spaceflight. The results showed that subjects who
suffered the longest from emesis also had the most headward
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bias and the longest lasting IIs, whereas subjects with the most
footward bias had strong illusions of uprightness, except for an
initially reduced appetite, which was free from space malaise.
Based on the SV conflict theory, this is easy to understand,
because the footward bias of gravireceptors aligns the direction
of SV with the idiotropic vector, while the headward bias would
weaken the idiotropic vector, which may make the judgment of
SV less convincing. It can be concluded that the body’s gravire-
ceptors are unweighted during microgravity, while an individu-
al's headward or footward bias presumably remains. Moreover,
the fluid shift may increase the bias toward the headward direc-
tion; therefore, astronauts with a headward bias on the Earth
should experience persistent IIs and be more susceptible to
SMS, 74330 although the effect may only last a few days. This
relationship suggests that gravireceptor bias is a predictor of
SMS susceptibility.

Another phenomenon that often occurs is VRI. VRI was
first described by Skylab and Spacelab crews and was named by
Oman.** Tt describes an astronauts’ illusion that the surface
nearest the feet seems like the “floor” and that the surface par-
allel to the body seems like the “wall” Susceptibility to VRI
can persist for months, or even throughout the entire flight.
Oman’! concluded that VRIs are caused by a sudden change
or uncertainty in perceived allocentric orientation and that
this occurs without concurrent movement commands or ves-
tibular and proprioceptive cues. Inconsistency in the visual
verticals of those intersecting modules is thought to be one of
the major causes.'””! Unlike the inversion illusion, a VRI is a
visual attention dependent change, resulting from an angular
reorientation of the mental allocentric reference frame used for
perception of orientation and place.”* A more complete expla-
nation is that VRI contributes to the mismatch between the
judgment of present self-orientation and previous visual orien-
tation experiences or how various objects and surfaces are
arranged with respect to each other; therefore, it can be con-
cluded that VRI occurs with the updating of cognitive maps or
a shift in SV.

VRIs are expected to be provocative, but only during their
onset."”*! Early Shuttle crews made an important observation
that VRI onset could trigger an immediate increase in nausea
and occasionally cause vomiting during the first several days of
weightlessness. VRIs are a more significant SMS stimulus than
IIs because they occur often, e.g., when the crewmembers leave
their seats and move about in all degrees of freedom, or some
EVA astronauts have experienced height vertigo, apparently
triggered by a VRI.'” However, the illusion episodes continue to
occur on long-duration flights after SMS symptoms eventually
subside, and crewmembers appear to be immune to the devel-
opment of further symptoms.!” This may be an adaptation
mechanism as the brain rebuilds a new cognitive map and can
sustain SV contflicts after being exposed to an unfamiliar envi-
ronment for a particular amount of time.

VRIs usually occur spontaneously. However, many crew-
members report that they can initiate VRI during microgravity
by cognitively altering the SV without any physical movement
or change in the visual scene content.” It is assumed that the
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brain increases the weight of the visual polarity vector and auto-
matically manipulates the direction of the SV.

Orientation preference: visual scene or internal Z-axis vectors.
The rest frame is defined as a particular reference frame that the
observer considers to be stationary and it was suggested that
people select an internal “rest frame” to create the subjective
sense of spatial orientation.*!"*® The selection of a rest frame can
be attributed to individual preference when people build SV
determined by the interaction among gravireceptor, visual,
and idiotropic cues. Gravity is dominant in most situations on
the Earth; therefore, preference for the other two cues may be
inconspicuous. However, tilting the head away from a gravita-
tionally erect position may enhance the effect of visual cues.*
Depending on relative weighting, SV points in an intermedi-
ate direction when there are minor directional differences
between these cues, as illustrated in Fig. 1. However, one sen-
sory modality or the other typically captures the SV if there
are large differences.” The body’s gravireceptors are unweighted
in microgravity and the SV is captured by the VS cues or the
body’s IZ (the idiotropic cue). In this case, preference would
appear to be due to variable weightings of the two cues between
individuals. Harm suggested that one astronaut’s rest frame
can always be located on a continuum determined by VS
and 17,°°°! and this may be because the CNS want to mini-
mize the calculations for spatial orientation.

Usually rest frame preference remains stable when entering
an unfamiliar environment. Oman et al. developed an experi-
ment to quantify how frame and visual polarity cues affect spa-
tial orientation during the STS-90 Neurolab mission.’! They
measured the SVs of four astronauts to test their orientation
preferences. The results showed that one astronaut, who was
strongly visually dependent prior to the flight, remained so in
orbit and two of the three who were idiotropic dependent pre-
flight also remained idiotropic dependent. The other became
more visually dependent during flight, but then returned to his
preflight characteristics after coming back to Earth. Although
the test population was small, the results indicate the apparently
consistent differences between individuals in relative weighting
assigned to visual and body cues regardless of gravitational con-
ditions. De Winkel’s experiment, which was conducted under
simulated lunar and Martian gravity conditions using partial
gravity parabolic flight, indicated that subjects determine their
orientation only by their body longitudinal axis when gravity is
below a certain threshold.”> However, this result did not agree
with observations made in orbit.

Rest frame preference was confirmed to be related to an
astronaut’s susceptibility to SMS and could be a potential pre-
dictive factor. Harm and colleagues compared several astro-
nauts’ questionnaires regarding SMS symptoms during and
postflight, and found that VS astronauts had greater symptoms
than IZ astronauts. Similar findings were reported by Clément
and Reschke!® that astronauts who are more “body oriented”
exhibit fewer visual reorientation illusions and spatial disorien-
tation than those depending predominantly on visual cues,
even in the absence of visual cues for vertical orientation. This

can be explained using the SV conflict theory. IZ astronauts in
orbit construct their SV in alignment with the body axis and
VS astronauts align their SV with one of the principal envi-
ronmental axes of symmetry, depending on the orientation
of polarized objects in the visual scene. Hence, SMS does not
occur if everyone remains upright with respect to the module.
However, if a VS astronaut floats though modules with incon-
sistent visual verticals or finds another astronaut upside down,
he will experience a sudden change in the SV direction and
these unanticipated perception changes may contribute to VRIs
and consequently SMS. However, it can be speculated that the
IZ astronauts should be less prone to SMS because they always
“take the world around with them” and develop a sense of well-
being in any orientation, and they even tend to attribute actual
self-motion to their surroundings or the spacecraft.'*>

Conclusion

SV represents a self-judgment indicating the direction of our
estimate of spatial orientation, which is not determined by any
single receptor or body location but is the sum of three vec-
tors: gravity, visual vertical, and idiotropic. Instability in the
SV direction can trigger spatial disorientation and then SMS.
SV direction is labile in the absence of gravity, and it may
change either with body rotation or simply by cognitively initi-
ating VRIs. Individual bias preference (headward or footward)
can result in different susceptibilities to inversion illusions.
Furthermore, this instability varies with an individual’s alter-
native selection of orientation rest frame (idiotropic cues or
visual vertical) and this preference is relative to SMS suscepti-
bility and could be a potential predictive factor. However, why
orientation preference differs between individuals remains an
open question.

Development of SMS relates to numerous factors and the
SV conflict theory is still incomplete. More experiments are
required to determine the parameters before the model is used
to predict SMS. Some mechanisms remain unclear, e.g., how
the idiotropic cue and gravireceptor bias interact when they
both act on the direction of the body’s longitudinal axis.
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