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Abstract

As humanity prepares for deep space exploration, understanding the impact of spaceflight on bodily physiology is
critical. While the effects of non-terrestrial gravity on the body are well established, little is known about its impact on
human behaviour and cognition. Astronauts often describe dramatic alterations in sensorimotor functioning, including
orientation, postural control, and balance. Changes in cognitive functioning as well as in socio-affective processing have
also been observed. Strikingly, no comprehensive theoretical model exists to outline the impact of non-terrestrial
gravity on behaviour. Here, we have reviewed the key literature across the last 10 years and explored the impact of
non-terrestrial gravity across three key functional domains: sensorimotor functioning, cognition, and socio-affective processing.
We have proposed and preliminary validated a neurocognitive model to account for the effects of non-terrestrial gravity
in these domains. Understanding the impact of non-terrestrial gravity on human behaviour has never been timelier and
it will help mitigate against risks in both commercial and non-commercial spaceflight.
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Introduction impact of spaceflight on the human brain and behaviour;
however, a clinical ageing population was used as a point of
comparison (Hupfeld et al., 2021). Here, we critically review
key findings across the last 10 years of space research to pro-
vide a framework of cognition in zero gravity exploring find-
ings in healthy individuals.

Since the beginning of time, all living organisms have
evolved under a terrestrial gravitational acceleration of
9.81m/s?, also called 1g. It is hard to imagine a more funda-
mental and ubiquitous aspect of life on Earth than gravity.
On Earth, sophisticated organs in the inner ear — the ves-
tibular otoliths — detect gravitational acceleration. When

Human missions to Mars and the Moon along with commer-
cial ventures for space travel are fast becoming a reality. As
humanity prepares for a new space exploration age, under-
standing the impact of spaceflight on the human body and
brain has never been timelier. Space is an extremely hostile
environment. Astronauts face both physical and mental chal-
lenges; ionising radiation, absence of circadian rhythms and
confinement and isolation, which are combined with pro-
longed exposure to non-terrestrial gravities. While the effects
of non-terrestrial gravities on human bodily physiology, such
as the musculoskeletal (Lang et al., 2017) and cardiovascular
(Aubert et al., 2016; Tanaka et al., 2017) systems, are well-
documented, relatively little is known about the impact of
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the head moves with respect to gravity, the vestibular oto-
liths shift with the direction of gravitational acceleration,
moving the hair cell receptors and signalling to the brain the
position of the head relative to the gravitational vector.
Vestibular signals are integrated with sensory inputs from
vision, proprioception, and viscera, as well as semantic
knowledge and past experiences, to form an /g Internal
Model of Gravity (Jorges & Lopez-Moliner, 2017; Lackner
& DiZio, 2005; Lacquaniti et al., 2015; Zago & Lacquaniti,
2005a, 2005b). The physical constraints of Earth’s gravity
are therefore internalised in the human brain, and the 1g
Internal Model of Gravity exploits them to form accurate
perceptions of the external environment (Gallagher et al.,
2021). Perhaps not surprisingly, we are exceptionally well-
adapted to the acceleration of terrestrial gravity (Barra et al.,
2010; Green et al., 2005; Indovina et al., 2005). Accordingly,
random accelerations are hardly perceived at all (Brenner
etal., 2016; Werkhoven et al., 1992), falling objects are
expected to accelerate even when their velocity is constant
(Zago et al., 2004), and observers generally misremember
the location of moving objects in space, displacing them as
if they were under the influence of terrestrial gravity (de Sa
Teixeira et al., 2013). People can also catch objects acceler-
ating downwards with little to no effort, even when parts of
the object’s trajectory are occluded and no cues about posi-
tion and velocity are given (Lacquaniti & Maioli, 1989;
Monache et al., 2019; Zago et al., 2005). Our lifelong expe-
rience with gravity makes the 1g Internal Model of Gravity
highly reliable and optimal for terrestrial environments.
Since the first space missions, however, it has been clear
that adjusting to non-terrestrial gravities takes time and
effort. The absence of gravity during spaceflight leads to
the unloading of vestibular otoliths such that they no longer
become stimulated as they would on Earth by changes in
the head’s spatial orientation. Animal models have sug-
gested that this unloading causes both structural and func-
tional changes in the vestibular organs. For instance, an
increase in the mass of otoconia (Boyle & Varelas, 2021)
and a reduction in the synapse densities of the hair cells
have been observed following microgravity exposure
(Sultemeier et al., 2017). These alterations in the otoliths
have been shown to lead to changes in vestibular central
processing, including an increase in the sensitivity of ves-
tibular pathways (Cullen, 2019). Consequently, sensory
conflicts may arise between the lg Internal Model of
Gravity and the unusual gravitational information signalled
by the vestibular otoliths. For example, when an astronaut
walks on the lunar surface, the 1g Internal Model of Gravity
is no longer optimal, and the brain must rely on online lunar
0.16g signals transmitted by the vestibular otoliths to suc-
cessfully guide behaviour. Accordingly, astronaut reports
have shown changes in the central nervous system during
and after spaceflight in the form of neurovestibular problems
(Van Ombergen, Laureys, et al., 2017a, 2019). Importantly,
astronauts are also subjected to several stressors including

workload, confinement and isolation, circadian rhythm
changes, dietary changes such as insufficient food and
nutrition, communication delays, distance from Earth, and
teamwork stressors (Kanas & Manzey, 2008) along with
physical challenges (Patel et al., 2020). Such stressors are
likely to impact human performance and cannot be seen as
separate from the influence of non-terrestrial gravity
(LaGoy et al., 2020).

Experiencing non-terrestrial gravities

Spaceflight is the ultimate zero gravity environment.
During spaceflight, astronauts undergo extreme changes in
gravitational exposure. The International Space Station
(ISS) is a unique platform for scientific research. The var-
ied length of space missions enables short- and long-term
effects of non-terrestrial gravity to be investigated.
However, only 600 human beings have been to space so
far. The cost associated with launching and the extreme
environmental challenges limit the number of individuals
that experience “true” zero gravity conditions.

Simulating non-terrestrial gravities on Earth is extremely
challenging, but not entirely impossible. Space science meth-
ods have allowed the investigation of the effects of non-terres-
trial gravity on the body and brain in terrestrial settings. These
methods include parabolic flight (Shelhamer & Shelhamer,
2016), centrifugation (Clément et al., 2015), and Head-Down
Bed Rest (HDBR; Hargens & Vico, 2016; Pandiarajan &
Hargens, 2020; Watenpaugh, 2016). Parabolic Flights enable
very brief periods of non-terrestrial gravity to be elicited. The
steep acceleration of an aircraft is used to create a 1.8g gravi-
tational environment (hypergravity) inside the aircraft. The
acceleration is then reduced to create a free fall in which the
gravity in the aircraft is near weightlessness (Og, micrograv-
ity). In the final phase, another period of acceleration is expe-
rienced to generate 1.8g hypergravity. This describes one
parabola in which around 20s of hypergravity and 22s of
microgravity are induced. The number of parabolas can vary
from around 20-30 per parabolic flight campaign. Although
non-terrestrial gravity can be experienced, the exposure time
is extremely short, limiting the experiments that can be real-
istically conducted. Human centrifugation enables the gen-
eration of short periods of hypergravity. The human
centrifuge has been largely used for training purposes and
the development of weightlessness countermeasures. For
instance, the use of intermittent or continuous centrifuga-
tion has been proposed to mitigate the physiological
(Clément et al., 2015; Martino et al., 2021) and cognitive
(Basner, Dinges, etal., 2021a) impairment triggered by
microgravity. Finally, HDBR involves passively tilting
participants in a horizontal position for prolonged periods
of time. The redistribution of fluids to the head during
HDBR is similar to that seen in spaceflight (Mulavara
etal., 2018; Ong et al., 2021), and therefore HDBR has
been accepted as an effective space analogue. Changes to
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musculoskeletal, sensorimotor, neurovestibular, and cardio-
vascular functioning as well as circadian rhythms during
HDBR have been noted to mirror spaceflight (Konda et al.,
2019; Solbiati et al., 2021; Watenpaugh, 2016). While HDBR
allows for a good control over variables, this method creates
an incongruency rather than a physical absence or alteration in
gravity; there are no changes in the gravitational environment
but rather fluid shifts inducing changes in head-foot pressure.
Other analogous methods, such as MARS500 and MARS150,
have also been utilised to mirror isolation and confinement
experienced in space. Here, individuals are subjected to pro-
longed periods of confinement, for example, 520days, in pur-
pose-built facilities to examine the impact of isolation,
communication delays, stress, sleep, and diet (Gemignani et al.,
2014; Solcova & Vinokhodova, 2015; Tafforin, 2013; Ushakov
etal., 2014). Potential countermeasures for psychological
impacts of spaceflight are largely explored using such simula-
tions (Botella et al., 2016; Feichtinger et al., 2012). However, a
limited number of crewmembers or highly trained individuals
take part in such simulations. and ultimately, they are still sub-
jected to the terrestrial gravitational vector.

So far space research methods have been mainly used
to address the physiological changes in cardiovascular,
head-foot pressure shifts, sleep cycle, sensorimotor, mus-
cular, and bone degradation experienced during space-
flight rather than creating physical non-terrestrial gravities
(Thornton et al., 1987). During spaceflight, astronauts
experience extreme atmospheric conditions including
altered carbon dioxide concentrations, radiation, inertial
load, and so on. These stressors—and their interaction—
are difficult to properly simulate on Earth. Recent methods
have attempted to simulate some atmospheric conditions,
for instance, the elevated carbon dioxide (CO,) levels.
HDBR was combined with hypoxia by dispensing carbon
dioxide in an isolated chamber to mimic the reduced oxy-
gen levels in space. An increasing number of studies are
beginning to utilise this innovative approach (Marshall-
Goebel etal., 2017) to investigate brain connectivity
(McGregor et al., 2021), human performance (Mahadevan
et al., 2021), cognitive and sensorimotor changes (Basner,
Stahn, et al., 2021b; Lee, Dios, et al., 2019a), alterations in
vestibular processing (Hupfeld, Lee, et al., 2020a), senso-
rimotor adaptation (Banker et al., 2021), visuomotor adap-
tation (Salazar et al., 2021), and working memory (Salazar
et al., 2020). With new advancements in space technology
and engineering, suborbital spaceflights may also become
a research method used to explore the effects of non-ter-
restrial gravities on the human body.

Non-terrestrial gravities impact
human brain and behaviour
Several brain regions are involved in building up the 1g

Internal Model of Gravity via successful integration of ves-
tibular signals and information from other sensory

modalities. Projections from the vestibular system travel to
the brainstem and cerebellum, and then reach a distributed
cortical and subcortical network of brain areas including the
somatosensory cortices, right posterior insula, and temporo-
parietal junction (Lopez, 2016; Raiser etal., 2020; zu
Eulenburg et al., 2012). Visual, proprioceptive, and sensori-
motor inputs converge in this widespread vestibular net-
work. The altered vestibular inputs in space may trigger
sensory conflicts, which might eventually lead to maladap-
tive neuroplasticity (Van Ombergen, Laureys, et al., 2017a).
Neuroimaging studies have demonstrated a deactivation
across somatosensory and visual cortices in astronauts. This
has been suggested to be a compensatory adaptation in
response to altered vestibular inputs during spaceflight
(Hupfeld et al., 2022) or a sensory reweighting (Pechenkova
etal., 2019). Similarly, increased white matter in the cere-
bellum has been reported following spaceflight, suggesting
some sort of sensorimotor neuroplasticity which persisted up
to seven months post-flight (Jillings et al., 2020). Whether
these changes are functional or maladaptive remains unclear
(Roy-O’Reilly et al., 2021).

Neuroimaging studies have highlighted structural changes
after microgravity exposure, including the narrowing of the
central sulcus (Roberts et al., 2017), an upward shift of the
brain (Lee, Koppelmans, et al., 2019b; Roberts et al., 2015,
2017), and changes in white matter (Doroshin et al., 2022;
Koppelmans, Pasternak, et al., 2017a). Thinning of occipital
arcas has also been reported in astronauts (Riascos et al.,
2019). Increased cerebrospinal fluid, changes in ventricular
volume, and changes in intracranial pressure have been
described after spaceflight (Hupfeld, McGregor, etal.,
2020b; Kramer et al., 2020). Ventricular volume changes
(Alperin et al., 2017; Lee et al., 2021; Roberts et al., 2019)
possibly due to a reduced reabsorption of cerebrospinal fluid
have also been described (Schneider etal., 2013; Smith
et al., 2013; Van Ombergen et al., 2019). Ventricular volume
changes persisted two years post-flight with astronauts
showing enlargement of the ventricles, three times the rate
expected from normal ageing (Roberts etal., 2021). The
clinical relevance of this change is yet to be determined.

Similar structural brain changes were also demonstrated
using HDBR (Lee etal., 2021). Brain regions particularly
involved in vestibular processing demonstrated white matter
microstructural change (Lee, Koppelmans, 2019 et al., 2019b),
while grey matter changes have been identified in the primary
somatosensory cortex, motor cortex (Koppelmans etal.,
2016), insula, parietal and occipital lobes (Li et al., 2015), and
frontal areas (Koppelmans, Bloomberg, et al., 2017b).

In addition to changes in brain structure, brain functional
connectivity is affected by exposure to non-terrestrial grav-
ity. Alterations in resting-state functional connectivity were
reported between the motor cortex, cerebellum, and default
mode network (Demertzi etal., 2016; Van Ombergen,
Ombergen, et al., 2017a, 2017b; Zeng, Liao, et al., 2016a).
Connectivity changes in the left anterior insular cortex,
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anterior part of middle cingulate cortex (Zhou et al., 2014),
and motor, somatosensory, and vestibular areas (Cassady
etal., 2016) along with changes in regional homogeneity
(Liao et al., 2013) and low-frequency brain activity (Liao
etal., 2012, 2015) were described. Notably, this reorganisa-
tion is likely to a direct consequence of reduced vestibular
and motor control abilities in microgravity (Zeng, Liao,
et al., 2016a, 2016b). Accordingly, changes in motor cortex
excitability were observed after prolonged simulation of
non-terrestrial gravity (Roberts etal., 2010), indicating
reduced neural efficiency (Yuan et al., 2018).

Not surprisingly, these structural and functional brain
changes may lead to neurocognitive alterations. Spatial
disorientation, perceptual illusions, balance disorders,
motion sickness, altered sensorimotor control, and poor
cognitive capability have often been reported by astro-
nauts during spaceflight (Clément et al., 2020). Based on
the anatomical and functional features of the brain areas
affected by non-terrestrial gravity, we hypothesised that
altered vestibular-gravitational signals might affect three
main domains of neurocognitive function: a Sensorimotor
Domain which includes pathways for the integration of
sensory signals for orientation, perception, and motor
control; a Cognitive Domain which includes pathways
for regulation of attention, executive functions, decision-
making, and other higher cognitive functions; finally, a
Socio-Affective Domain which includes pathways for
regulation of social behaviour and emotions.

Effects of non-terrestrial gravity on the
sensorimotor domain

Astronauts experience a range of sensorimotor disturbances,
during spaceflight and upon re-entry. About 70% of astro-
nauts suffer from confusion, disorientation, and motion
sickness symptoms—the so-called Space Motion Sickness—
during orbital flight (Davis et al., 1988; Lackner & DiZio,
2005; Lee etal., 2020; Macias etal., 2020; Russomano
et al., 2019). Space Motion Sickness symptoms include diz-
ziness, vertigo, headaches, cold sweating, fatigue, nausea,
and vomiting. Consequences range from discomfort to
severe sensorimotor and cognitive incapacitation, which
cause potential problems during re-entry and emergency
exits from a spacecraft. The most destabilising effects of
Space Motion Sickness last from the first to the fifth day of
weightlessness and reoccur within the first 10 days after
landing (Reschke et al., 2018; Thornton & Bonato, 2013).
In microgravity, the mismatch between visual, vestibu-
lar, and proprioceptive signals leads to deficits in balance,
motor abilities, motor coordination, posture, and head-eye
movements. The severity and magnitude of these sensori-
motor impairments vary greatly across individuals (Seidler
et al., 2015). While some functional abilities such as bal-
ance and locomotion remain impaired for up to 16days
post-flight (Mulavara et al., 2010; Reschke & Clément,

2018), other dynamic movements (i.e., jumping) remain
altered for much longer (Petersen etal, 2017).
Compensatory eye reflexes, such as the ocular counter-
rolling reflex, triggered by head movements are reduced
following spaceflight (Hallgren et al., 2016) possibly due
to decreased vestibular otolith functioning (Hallgren et al.,
2015). Alterations in gaze control, spontaneous eye move-
ment, and otolith suppression were found nine days after
spaceflight (Kornilova et al., 2012). Visual impairment
continues unresolved years after returning from space
(Mader etal., 2011, 2017; Nelson et al., 2014)—the so-
called Spaceflight Associated Neuro-ocular Syndrome
(SANS; Lee et al., 2018, 2020).

Hand, arm, and leg coordination is altered in zero grav-
ity. In non-terrestrial gravities, movement accuracy for
arm reaching tasks was found to be altered; an overshoot-
ing error emerged in hypergravity (1.8g), while under-
shooting appeared in microgravity (0g) (Bringoux et al.,
2012). Slower movements were also reported when transi-
tioning from hypergravity to microgravity along with
altered grip force (Crevecoeur et al., 2014), and signifi-
cantly less finely tuned movements have been seen in Og
(Crevecoeur et al., 2010).

Sensory processing and perception are also impaired in
non-terrestrial gravity. For instance, a bias towards the
body axis roll tilt in subjective visual vertical tasks has
been described in microgravity (Moore et al., 2010) and
after spaceflight (Clément & Wood, 2014). Interestingly,
the bias in verticality perception was related to the gravity
load experienced by participants, with a greater overesti-
mation at higher gravity levels (Clark et al., 2015). A reli-
ance on visual cues increased effective perceptual upright
judgements (Jenkin et al., 2011), indicating the reweight-
ing of visual information in perception. When visual cues
were absent, astronauts show larger variance in the sub-
jective visual vertical (Harris et al., 2017). In addition to
visual cues, at least 0.15g is needed to provide orientation
information and perceive the perceptual upright (Harris
et al., 2014). Deficits in visual distance perception have
also been shown in zero gravity. ISS astronauts underesti-
mated distance, perceived objects as taller and depth as
shallower (Clément et al., 2013). Perception of physical
distance (Clément et al., 2016) and depth-reversible fig-
ures was also impaired during parabolic flight (Clement &
Demel, 2012), reinforcing the importance of vestibular-
gravitational sensory cues for reliable perceptual
experiences.

Humans are well-adapted to Earth’s gravity. Therefore,
overcoming the strong terrestrial gravitational prior
appears to be difficult despite sensory channels signalling
non-terrestrial gravitational cues (Jorges & Lopez-Moliner,
2017). Recently, it has been suggested that this gravity
prior seems to have a perceptual nature, rather than being
the results of semantic knowledge based on our lifelong
experience with terrestrial gravity (Gallagher et al., 2020).
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Effects of non-terrestrial gravity on the cognitive
domain

The alteration in brain structure and connectivity, espe-
cially in the frontal areas, is likely to impact cognitive func-
tioning. Accordingly, alterations in high-level cognition
have been observed during and after spaceflight. This was
recently demonstrated by the trailblazing NASA’s Twins
Study (Garrett-Bakelman et al., 2019) in which the cogni-
tive performance of astronaut Scott Kelly, while he spent
340days aboard the ISS, was compared with the perfor-
mance of his identical twin brother, astronaut Mark Kelly,
who remained on Earth. Although Scott’s cognitive effi-
cacy was generally good, he exhibited poor learning and
decision-making, and slower performance in executive
functions and emotion recognition (Garrett-Bakelman
etal.,, 2019). Previous studies have highlighted learning
deficits (Messerotti Benvenuti et al., 2011), sub-optimal
decision-making, and impaired strategic decision-making
(de La Torre, 2014; de La Torre et al., 2012; Grabherr &
Mast, 2010; Strangman et al., 2014). It has been suggested
that the overall reduced cognitive efficiency may be due to
a competition for resources in demanding tasks (Steinberg
etal., 2015). The need for greater neurocognitive control
was highlighted in a dual finger-tapping task (Yuan et al.,
2016). In this task, participants were asked to respond when
a target letter appeared while counting the number of times
a target colour was shown (Yuan et al., 2016). An increased
reaction time between pre and post 70-day HDBR was
reported, suggesting reduced neural efficiency. The com-
petition for resources between brain motor and cognitive
areas could have led to this effect. Furthermore, pro-
longed HDBR induces fluid shifts and pressure changes
in the body; this is likely to increase demand on motor
cortices as well as recalibration of efferent muscles. The
ability to perform efficiently dual verbal memory and
prospective time task is also compromised in simulated
non-terrestrial gravity (Chen etal.,, 2013). Cognitively
demanding tasks require more neurocognitive resources,
which may explain the decline in these particular tasks
when exposed to non-terrestrial gravities. Importantly, in
actual spaceflight, additional factors such as stress pro-
voked by sleep deprivation and increased workload (Jones
et al., 2022), may also impact performance in high-load
cognitive tasks.

However, non-terrestrial gravity selectively affects
some cognitive functions and spares others. It seems plau-
sible that alterations in gravity influence cognitive func-
tions whose neural substrates are reached by vestibular
projections. Accordingly, language and working memory
seem to be unaffected by microgravity (Zhao et al., 2011).
No differences in performance were shown in a two-back
task where participants indicate whether the number was
larger than the previous and in visual spatial processing
for position (Zhao et al., 2011). However, overall slower

responses have been observed (Liu, Zhou, et al., 2015a).
Similarly, risky decision-making appears unaffected by
microgravity. In the Balloon Analogue Risk Taking
(BART), participants showed no effects of non-terrestrial
gravity simulation via HDBR procedure, despite a signifi-
cant decrease in ventromedial prefrontal cortex (VMPC)
activity (Rao et al., 2014). Critically, the lack of differ-
ence was attributed to the all-male sample and their will-
ingness to take risks. No changes were seen in the severity
rating of emergency in microgravity; instead, a recency
effect was found (Jiang et al., 2013).

Effects of non-terrestrial gravity on the socio-
dffective domain

During space missions, astronauts not only deal with non-
terrestrial gravity but also face high levels of confinement
and isolation. These factors combined with constant stressors
from daylight, noise mission workload, boredom, and com-
munication delays can create a stressful environment, poten-
tially affecting socio-affective processing. Neurocognitive,
biological, hormonal, and sleep pattern changes have been
reported following spaceflight conditions (Bartone etal.,
2018; Landon etal., 2019; Pagel & Choukér, 2016).
Confinement also impacts team dynamics and interaction
(Bell et al., 2019), which could have fatal consequences for
mission success.

In spaceflight analogue environments such as
MARSS500 and MARS150, in which individuals are con-
fined to an isolated training facility for weeks, changes in
perceived level of stress have been reported (Jacubowski
et al., 2015; Nicolas & Gushin, 2015; Rai et al., 2012; Rao
et al., 2014; Strollo et al., 2014). Mood changes from anxi-
ety, boredom, and excitement have also been frequently
observed (Liu et al., 2016) stress marked by cortisol have
been shown to be higher in isolation (Weber et al., 2019).
Critically, the aforementioned studies were performed in
analogue environments without any physical changes in
gravity.

Spaceflight seems to influence emotion recognition and
expression. Emotional flanker tasks showed increased
reaction time and decreased galvanic skin responses, indi-
cating slower processing to emotional stimuli after bed rest
(Liu etal.,, 2012). Increased negative emotion and
decreased positive emotions after just 10 days of simulated
non-terrestrial gravity through HDBR (Stavrou etal.,
2015; Liu, Zhou, et al., 2015a) were observed. Increased
feelings of fatigue and increased negative affective
responses were described followed hypoxic bed rest
(Stavrou et al., 2018a). Subjects have also shown reduced
cooperation (Wang et al., 2017) after HDBR.

It is important to note that there are a limited number of
studies exploring socio-affective processing in non-terres-
trial gravity environments using quantitative measures,
making it difficult to draw conclusions. The detrimental
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impact of alterations of gravity on stress, mood decline,
and increased fatigue is clear. However, the overreliance
on self-report measures for anxiety, depression, and moti-
vation in socio-affective research may be susceptible to
desirability biases. A more objective quantitative and
implicit approach would be desirable.

Cognition in zero gravity: diffuse
framework vs cascade framework?

Our review of the last 10years of space research showed
no comprehensive view of how gravity influences neuro-
cognitive function. Although evidence suggests gravity
contributes to sensorimotor, cognitive, and socio-affective
domains, findings remain scattered and inconsistent. No
consistent picture of the effects of non-terrestrial gravity
on human brain and behaviour emerges. In addition to a
lack of standardised approach and no replication of stud-
ies, there is a lack of a priori hypotheses and neurocogni-
tive models informing theory.

Here, we hypothesised two neurocognitive frame-
works to potentially explain the effects of altered gravity
on behaviour (Figure 1). First, a Diffuse Framework out-
lines an independent effect of zero gravity on the three
domains (Figure 1). That is, deficits in one domain are
independent of others. Independent interactions between
altered vestibular-gravitational input would occur with
each domain. Alternatively, a Cascade Framework takes
a stepped approach whereby vestibular-gravitational
alterations first impact sensorimotor functioning and then
cascade onto cognitive and socio-affective processing
(Figure 1). According to this model, deficits in sensori-
motor functioning, for instance, in arm reaching, may
lead to deficits in measures of cognitive processing, such
as increased reaction times and slower speeds. This
framework suggests a reliance of cognition and socio-
affective processing on sensorimotor functioning, and
potential bidirectional influences between cognition and
socio-affective processing. Thus, a competition for
resources may take place whereby the brain is dealing
with the unusual sensory information about gravity while
performing cognitive and affective tasks. Specifically,
the slowed movements in altered gravity environments
impact the speed and accuracy of responses to cognitive
tasks that often include a key response. A competition for
resources may explain this delay, whereby the brain is not
only processing unusual sensory information and chal-
lenging sensorimotor delays but also competing to pro-
cess cognitive and affective information.

Critically, both Diffuse and Cascade frameworks
highlight a central contribution of vestibular-gravita-
tional signals. On Earth, when the head moves with
respect to gravity, the vestibular otoliths shift with the
direction of gravitational acceleration, moving the hair
cell receptors and signalling to the brain the current

gravitational acceleration. Signals from the vestibular
organs are integrated with visual and proprioceptive cues,
as well as semantic knowledge and past experiences
(Lackner & DiZio, 2005; Lacquaniti etal., 2015).
Although this internal model is multimodal, vestibular
cues play a fundamental role. The vestibular otoliths pro-
vide information on gravitational acceleration and are
directly affected by the lack of gravity in the weightless-
ness environment. Thus, the vestibular disturbance is key
in our conceptualisation.

According with our conceptualisation, Non-terrestrial
gravity may affect three key functional domains: senso-
rimotor functioning (S), cognition (C), and socio-affec-
tive processing (SA) (Figure 1). The Diffuse Framework
suggests these three domains are implicated indepen-
dently. The Cascade Framework suggests that sensori-
motor functioning is mainly impacted by altered
vestibular-gravitational signals and in turn affects cogni-
tive and socio-affective skills. But, would it be possible to
differentiate between the Diffuse Framework and the
Cascade Framework? We have attempted to tackle this
challenge by estimating the effect size on a selection of
studies in the sensorimotor, cognitive, and socio-affective
domains to capture a representative, though clearly not
systematic sample. Effect sizes are quantitative measures
of the magnitude of an experimental effect. They are tied
to the magnitude of what has been measured in a study and
is used to estimate a specific population parameter, avoid-
ing the arbitrary logic of inferential statistics (i.e., signifi-
cance testing). Critically, effect sizes are standardised,
which makes them independent of a study’s scales and
instruments, making it possible to compare different
domains and approaches. Here, we reviewed the current
literature, and where possible (i.e., when data were avail-
able), we estimated the effect sizes of non-terrestrial grav-
ity-induced alterations in sensorimotor, cognitive, and
socio-affective functions. We focussed on papers that have
been peer-reviewed in the last 10 years, that are widely
cited, and that used established methods to simulate non-
terrestrial gravity environments. Focus was given to quan-
titative reports. Studies exploring social factors, culture,
group conflict, or team dynamics were not included. Our
preliminary search identified approximately 146 articles
relevant for sensorimotor domain, 91 articles for the cog-
nitive domain, and 63 for the socio-affective domain.
However, for most of these studies, it was not possible to
compute the effect size estimates based on the reported
statistical details. We have therefore further selected a rep-
resentative set of studies which are reported in Table 1. We
evaluated whether the effect size represents a weak,
medium, or strong effect.

Our exercise seems to support the Cascade Framework;
the effect sizes are much higher in the sensorimotor domain
compared with the cognitive and socio-affective domains
highlighting an interesting neurofunctional architecture
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Figure |. Effects of non-terrestrial gravity on sensorimotor functioning, cognition, and socio-affective processing.

for the contribution of gravity on behaviour. Importantly,
this is aligned with evidence suggesting that there is a
strong interaction between vestibular and sensorimotor
cues for controlling orientation, posture, and motor control
(Lackner & DiZio, 2005).

Here, we have considered studies using different
manipulations/simulations of gravity. Studies in the sen-
sorimotor domain adopt spaceflight and parabolic flight,
while studies in the cognitive and socio-affective domains
mainly use spaceflight, HDBR, and analogue environ-
ments. Although our effect size approach is independent
of a study’s instruments and sample size, we cannot
exclude the possibility that larger effect sizes in sensori-
motor studies might reflect a stronger manipulation of
gravity. Further research is warranted to quantify the
extent to which each domain is affected by different
manipulations of non-terrestrial gravity.

Importantly, our exercise has highlighted that the exist-
ing space literature is unsystematic in several ways. First,

there is a disappointing lack of reporting statistical param-
eters and effect size in this research field. In some cases,
we could identify a single measure which allowed the
effect size to be estimated, but in other cases we could not
derive a clear estimate of effect size, and therefore many
studies were not considered. Second, direct replications
are rare in this literature and there is little attempt to vali-
date measures. Although research from the sensorimotor
domain recruits a somewhat consistent use of measures,
cognitive and socio-affective processing research remains
extremely varied. Disappointingly, there is a lack of sys-
tematic research exploring changes in socio-affective pro-
cessing or changes to emotional recognition. The current
research relies heavily on self-reported measures that are
heavily influenced by desirability biases. Third, across
most studies, a lack of control is evident, limiting the con-
clusion that can be drawn. Without a valid, matched con-
trol group, it is difficult to determine whether the cognitive,
sensorimotor, or socio-affective changes are indeed due to
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Table I. A representative sample of spaceflight studies reporting effects of altered gravity on the sensorimotor, cognitive, and

socio-affective domains.

Reference Function Non-terrestrial Sample Estimated effect
gravity methods size size
Sensorimotor domain
de Witt et al. (2010) Locomotion Parabolic flight 5 d> I, Strong
Bringoux et al. (2012) Goal-directed movements  Parabolic flight 8 ns = .43, Strong
H. S. Cohen et al. (2012) Posture Spaceflight 15 d=1.6, Strong
Kornilova et al. (2012) Gaze control Spaceflight 26 d=2.8l, Strong
Lowrey et al. (2014) Somatosensation Spaceflight I d=1.03, Strong
Senot et al. (2012) Interceptive actions Parabolic flight 37 d> 1, Strong
Crevecoeur et al. (2014) Kinematic Parabolic flight 12 d=4.2, Strong
Ritzmann et al. (2016) Locomotion Parabolic flight 8 d=4.08, Strong
Cognitive domain
Messerotti Benvenuti Brain plasticity Head-down bed rest 22 d=0.266, Weak
etal. (2011)
Zhao et al. (2011) Working memory Head-down bed rest 44 No effects of gravity, Weak
Dalecki et al. (2013) Mental rotation? Parabolic flight 6 No effects of gravity, Weak
Dolenc & Petri¢ (2013) Verbal memory Head-down bed rest 15 d=0.62, Medium
Jiang et al. (2013) Cognitive judgements Head-down bed rest 16 No effects of gravity, Weak
Basner et al. (2015) Abstract reasoning Sleep deprivation 44 d=0.65, Medium
Liu, Zhou, et al. (2015a) Working memory Head-down bed rest 16 n%=.146, Medium
Steinberg et al. (2015) Control efficacy Parabolic flight 12 n%=.64, Strong
Socio-affective domain
Rai et al. (2012) Fatigue Mars analogue 30 n%=.17, Strong
Dern et al. (2014) Mood and emotion Altered gravity 16 d=.95, Strong
Stavrou et al. (2015) Mood and emotion Head-down bed rest I Ms = .583, Strong
I. Cohen et al. (2016) Work performance and Mars analogue 6 Weak (quadlitatively estimated)
cognitive and affective
variables
Stavrou et al. (2018a) Mood and emotion Head-down bed rest Il ns = .28, Strong
Stavrou et al. (2018b) Fatigue Head-down bed rest Il ns =.166 , Medium
Weber et al. (2019) Mood and cognition Isolation 16 No effects of gravity, Weak

exposure to an actual or simulated non-terrestrial gravity
environment or other confounding variables such as prac-
tice effects or stress. Finally, a vast majority of studies lack
diversity across their participants. Currently, samples are
dominated by young male participants, which is highly
problematic because sex and gender differences in neuro-
sensory systems have been largely reported (Reschke
et al., 2014). Previous studies have outlined sex and gen-
der differences in adaptation to space (Reschke et al.,
2014). Differences in brain activation have also been
observed in participants exposed to artificial gravity
induced by the centrifuge (Schneider et al., 2014); hyper-
gravity induced increased alpha activity in the frontal cor-
tex for males but not females (Schneider et al., 2014).
Similarly, the effectiveness of countermeasures differs
between males and females (Macaulay et al., 2016). More
generally, differences have also been reported in the anat-
omy of the peripheral vestibular organs, and women’s sus-
ceptibility to vestibular disorders suggests disparities
between males and females (Smith et al., 2019) and across

a range of physiological aspects including cardiovascular,
sensorimotor, and behavioural functions which could
impact spaceflight adaptation (Mark et al., 2014).

These considerations lead us to propose a more sys-
tematic approach to studying the effects of spaceflight
on human behaviour and cognition. A first step involves
adopting an interdisciplinary approach (de La Torre
etal., 2012; Koppelmans et al., 2013) to gain a more
comprehensive view, for instance, combining pre/post-
flight neuroimaging methods with in-flight recording of
psychophysics (e.g., detection, discrimination, or
matching) and quantitative behavioural tasks. Second,
testing the same participant across different well-
designed and validated tasks might help in understand-
ing the functional effects of non-terrestrial gravity on
brain and behaviour. Finally, an open science approach
is needed with the provision of experimental data and
pre-registration of hypotheses to increase transparency
and clarity, pushing the field towards better science
practice.
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Conclusion

Having a coherent and accurate perception of the external
environment is critical especially during space missions. We
have reviewed the effects of non-terrestrial gravity on the
human brain and behaviour across the sensorimotor, cogni-
tive, and socio-affective domains and have proposed a neu-
rocognitive model based on the effect size of gravity effects
on these key functions. The effect sizes are much higher in
the sensorimotor domain compared with the cognitive and
socio-affective domain, supporting a Cascade Framework.
Fundamentally, our exercise highlighted the limitations of
current human space research. Future studies should take a
more systematic approach with a priori hypotheses driven
by neurocognitive and neuroanatomical evidence and mod-
els. While the methodological challenges of creating physi-
cal zero gravity on Earth are inherently insurmountable,
generating theoretically driven approaches, recruiting
diverse large samples, using a range of tasks across domains,
and testing across multiple timepoints can help develop a
coherent understanding of the effect of non-terrestrial grav-
ity on the human body and brain. This quantified and sys-
tematic approach will not only allow us to identify how
gravity constitutes foundational and fundamental signals for
cognition, but also enable the development of effective
training and interventions for future exciting space explora-
tion, ultimately mitigating against risk.
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