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Abstract

Emerging plans for travel to Mars and other deep space destinations make it critical for

us to understand how spaceflight affects the human brain and behavior. Research over

the past decade has demonstrated two co-occurring patterns of spaceflight effects on the

brain and behavior: dysfunction and adaptive plasticity. Evidence indicates the spaceflight
environment induces adverse effects on the brain, including intracranial fluid shifts, gray matter
changes, and white matter declines. Past work also suggests that the spaceflight environment
induces adaptive neural effects such as sensory reweighting and neural compensation. Here,

we introduce a new conceptual framework to synthesize spaceflight effects on the brain,
Spaceflight Perturbation Adaptation Coupled with Dysfunction (SPACeD). We review the
literature implicating neurobehavioral dysfunction and adaptation in response to spaceflight and
microgravity analogues, and we consider pre-, during-, and post-flight factors that may interact
with these processes. We draw several instructive parallels with the aging literature which

also suggests co-occurring neurobehavioral dysfunction and adaptive processes. We close with
recommendations for future spaceflight research, including: 1) increased efforts to distinguish
between dysfunctional versus adaptive effects by testing brain-behavioral correlations, and 2)
greater focus on tracking recovery time courses.
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1. Introduction

The rapid advances in spaceflight capability make it likely that human space travel will
increase in duration, recurrence, and accessibility. Beyond discussions of investigative
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missions to the Moon and Mars, is the public interest in recreational spaceflight, that

is, space tourism. Human curiosity and adventure towards outer space must be grounded

in a firm understanding of how spaceflight affects the central nervous system. Indeed,
important questions need to be addressed regarding the impact of prolonged body unloading
(weightlessness), stress, sleep disruption, radiation exposure, elevated CO», and other
hazards of the space environment on human neural systems and behavioral performance.

The accumulating evidence of brain and behavioral changes that accompany spaceflight
suggests two co-occurring patterns: dysfunction and adaptive plasticity. In this review we
summarize the literature documenting these two general patterns, consider their potential
interactions, and discuss analytic approaches to distinguish between them. We propose a
framework to help organize and understand these microgravity effects on the human brain:
Spaceflight Perturbation Adaptation Coupled with Dysfunction (SPACeD). We consider
instructive parallels between patterns of brain effects associated with spaceflight and
observations in human aging neuroscience. We close with recommendations for future
spaceflight neuroscience research.

To understand the effects of spaceflight on brain function, it is essential to examine

brain measures, behavioral measures, and their relationships. Several decades of human
neuroscience research have established that neural measures, such as brain activity,
functional and structural connectivity, and volumetric indices must be considered in the
context of associated behavioral and cognitive effects in order to understand their functional
impact. In other words, to understand whether a change or difference in a particular neural
measure is adverse or beneficial requires careful examination of the effects on human
performance. For example, musicians show /ess brain activity in motor regions while
performing bimanual tasks compared to non-musicians, a finding thought to be a marker
of neural efficiency associated with greater musical expertise (Haslinger et al., 2004). In
contrast, greater brain activity has been observed in older adults than younger adults, and
when coupled with similar performance for both groups the /ncreased activity in older
adults is interpreted as beneficial (cf. Reuter-Lorenz and Lustig, 2005). Thus, interpreting
whether a particular neural index is beneficial or not can be aided by evaluating aspects of
performance.

Theories and neurally-based hypotheses from the field of brain aging can provide helpful
guidance in disambiguating whether spaceflight-induced brain changes reflect dysfunction
or adaptive neuroplasticity. For example, numerous studies have documented that older
adults exhibit greater brain activity than young adults when performing a given task (cf.
Seidler et al., 2010). Debate continues as to whether and under what conditions these brain
activation differences reflect dedifferentiation or compensation processes. Dedifferentiation
refers to the hypothesis that brain structure-function relationships become less precise with
age which can manifest as older adults recruiting additional brain regions compared to
young adults (Li and Lindenberger, 1999; Park et al., 2004; Riecker et al., 2006; Langan
et al., 2010; Bernard and Seidler, 2012). In contrast, the compensation view posits that
recruitment of additional brain areas provides resources and computational support to
maintain performance in the face of age-related brain structural and biochemical declines
(Cabeza, 2001; Mattay et al., 2002; Ward and Frackowiak, 2003; Reuter-Lorenz and
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Lustig, 2005; Wu and Hallett, 2005; Naccarato et al., 2006; Heuninckx et al., 2008). The
latter interpretation is predicated upon better performance in older adults being associated
with higher levels of brain activity. The aging literature has extensively drawn upon
brain-behavior associations to interpret whether age-related brain changes are adaptive or
maladaptive (for review, see Zahodne and Reuter-Lorenz (2019)). Likewise, we suggest
that understanding whether spaceflight induces brain changes and under what conditions
brain changes reflect dysfunctional or adaptive responses can also be aided by examining
associated changes in behavioral performance.

2. SPACeD: A framework for the interactive effects of neural dysfunction

and adaptation with spaceflight

Here we provide an overview of research on brain changes with spaceflight and we examine
evidence for brain-behavior associations to show that spaceflight induces both adaptive
processes and dysfunction. We propose a conceptual framework, Spaceflight Perturbation
Adaptation Coupled with Dysfunction (SPACeD), for studying human brain changes with
spaceflight.

The SPACeD framework posits specific factors—both negative (stressors) and positive
(resilience)—that drive brain and behavioral changes, and in this respect resembles
frameworks from human aging neuroscience (Park and Reuter-Lorenz, 2009; Reuter-Lorenz
and Park, 2014). Furthermore, our framework outlines stressors and resilience factors at
three stages: pre-flight, in-flight, and post-flight. Each stage includes specific combinations
of stressors and resilience factors, which may be external / environmental or internal in
nature. Below we provide a brief overview of each stage along with examples of stressors
and resilience factors relevant to each. We posit that unique combinations of stressors and
resilience during each stage contribute to individual differences in brain changes with flight
and to post-flight recovery processes.

Our framework includes not only detrimental effects of spaceflight, but it also draws

upon both brain and behavioral evidence suggestive of adaptive plasticity associated with
spaceflight. The framework encompasses changes in brain function as well as several
measures of brain structure including gray and white matter changes, and intracranial
fluid shifts. Critically, the inclusion of behavioral measures aids in the interpretation of
whether brain functional or structural changes are adaptive or dysfunctional. The SPACeD
framework is summarized in Fig. 1. Tables 1-3 provide specific examples of stressors

and resilience factors associated with pre-flight, in-flight, and post-flight stages as well as
evidence of accompanying brain dysfunction, brain adaptation, and behavioral changes. This
framework is intended to provide a structure for organizing the evidence for concomitant
adaptive and dysfunctional brain changes with flight, and to clarify where future work is
needed to fully understand the causes and consequences of these changes.

In the subsequent sections, we describe the framework’s three stages: pre-flight, in-flight,
and post-flight. For each stage, we cite examples of characteristic stressors and resilience
factors, and we review relevant literature linking these factors to behavioral changes, brain
dysfunction, and brain adaptation. Currently, more is known about the influence of in-flight

Neurosci Biobehav Rev. Author manuscript; available in PMC 2022 November 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hupfeld et al.

Page 4

(Stage 2) stressors and resilience factors on neurophysiology and behavior compared to pre-
flight or post-flight effects. Therefore, the in-flight section provides a more comprehensive
analysis of spaceflight effects on the human brain and behavior compared to the other two
sections. Rather than providing a comprehensive and exhaustive review, we discuss key
behavioral and neuroimaging studies with astronaut participants. We refer to spaceflight
analog studies in several instances where their findings directly inform our interpretation of
prior work with astronauts. In particular, we draw on analog studies that have used identical
behavioral assessments or neuroimaging analysis methods as those applied to astronauts. For
further review of spaceflight analog effects on the brain, see Van Ombergen et al. (20174,
2017b).

3. Stage 1: pre-flight

During the pre-flight stage (see Table 1), stressors and resilience factors are shaped by

a combination of astronauts’ unique life course experiences, intensive pre-flight training
(e.g., novel skill learning), and previous spaceflight experience (e.g., number and length

of previous missions). Astronauts represent a unique population of healthy adults who

have been carefully screened and selected based on their education, physical and mental
health, and physical fitness. NASA’s current basic requirements for applying to the
astronaut candidate program include a science, engineering, or math bachelor’s degree plus
several years of “related” professional experience (e.g., science graduate work or piloting
experience). As lifetime intellectual engagement and education appears to positively affect
brain structure (Coffey et al., 1999) and slow onset of brain pathology (e.g., slow p-amyloid
plaque deposition; Wirth et al., 2014), astronauts may already benefit from certain life
course neuroprotections. Astronauts must also meet basic fitness and health requirements,
including corrected 20/20 vision, blood pressure < 140/90 mmHg, and aerobic / muscular
strength minimum standards. In general, astronauts are likely in better health than their
similarly aged peers; for instance, the 2009 European Space Agency entering astronaut
class (7= 45) had fitness levels (i.e., treadmill stress test performance) comparable to the
90th percentile of their age group (Kordi et al., 2013). As a large body of literature has
linked aerobic fitness to improved cognition and brain function (Hillman et al., 2008), many
astronauts likely also have a neuroprotective advantage due to their higher-than-average
fitness levels.

Those selected as astronaut candidates go through approximately two years of training
and evaluation which often includes SCUBA certification, military water survival training,
geological field work, and flight experience (Brown, 2020). For astronaut candidates who
are selected for a specific mission (e.g., travel to the ISS), further training is required

such as learning robotics skills, ISS systems, extravehicular activity protocols, as well as
completing Russian language training (Brown, 2020). Novel skill acquisition is associated
with structural and functional neural plasticity including increased localized gray matter
volume and enlarged functional cortical representations when performing the learned task
(Chang, 2014). Further, learning a second language is associated with cognitive benefits
(i.e., the “bilingual advantage”; Bright and Filippi, 2019). Thus, it is likely that years

of intensive astronaut pre-flight training induces positive brain plasticity, which could
contribute to resilience during spaceflight in the form of neuroprotection or neural reserve.
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On the other hand, pre-flight training is also likely stressful as astronauts are tasked

with learning many complex and highly technical new skills. Both acute (Weerda et

al., 2010) and long-term (Lupien et al., 2009) stress exposure affect brain structure and
function. For instance, healthy young adults show increased prefrontal and posterior parietal
cortex activity during working memory maintenance after psychosocial stress exposure; this
potentially indicates increased neural demand when performing cognitive tasks under stress
(Weerda et al., 2010). Thus, while pre-flight stress may be beneficial preparation for the
stress that will accompany in-flight experiences, acute stress could adversely affect the brain.

4. Stage 2: In-Flight

4.1. In-flight stressors and resilience factors

In-flight experience brings clear environmental stressors, including microgravity, radiation
exposure (Stalport et al., 2019), headward fluid shifts (Leach, 1979; Petersen et al., 2019),
and elevated CO» (Zuj et al., 2012; Hughson et al., 2016), as well as numerous internal
stressors, such as emotional stress (Prisniakova, 2004; Strewe and Chouker, 2012) and lack
of sleep (Stoilova et al., 2003; Petit et al., 2019) that will impact the central nervous system.
At the same time, resilience factors (including spaceflight euphoria and in-flight exercise
programs) could also exert buffering central nervous system effects (see Table 2). Moreover,
some factors may result in both positive and negative outcomes; for instance, although
there are multiple well established negative consequences of lack of sleep for astronauts
(Barger et al., 2014), there is also evidence that microgravity results in a 55% reduction in
disordered sleep (i.e., the apnea-hypoxia index) and virtual elimination of snoring (Elliott
et al., 2001), which would both be considered beneficial results of microgravity. Together,
these multifactorial influences on brain structure and function likely interact and vary over
the course of flight. Below we consider these factors in more detail.

Currently, human spaceflight involves travel on a Russian Soyuz spacecraft to the
International Space Station (ISS), where crewmembers participate in missions of
approximately six months duration, although some astronauts have stayed for up to one
year. While aboard the 1SS, which orbits at an altitude of 200-250 miles above Earth,
astronauts experience microgravity (i.e., 1 x 1078 g), rather than zero gravity. That is, even
though ISS astronauts appear as if they are in absence of gravity, there is a very small
amount of gravitational force acting on them, so this environment is more aptly described
as microgravity. In addition to the direct effects of microgravity during spaceflight, other
stressors that may impact brain structure and function include sleep disruption, isolation
and confinement, a heavy workload (i.e., work days lasting 8 h or more, plus 2.5 h of
exercise), space motion sickness, and increased radiation exposure, among other factors.
For instance, astronauts sleep fewer hours while aboard the ISS than they do on Earth
(Barger et al., 2014). This is potentially due to environmental factors (e.g., microgravity,
noise, motion sickness, and uncomfortable temperatures), as well as circadian misalignment
(Flynn-Evans et al., 2016). On Earth, light exposure synchronizes circadian rhythms to a
24-h day. However, on the ISS, the natural light-dark cycle lasts only 90 min (i.e., there are
16 sunrises and sunsets per 24-h period on the I1SS). Additionally, crewmembers frequently
undergo 6- to 12-h shifts in the timing of their sleep-wake cycles due to various mission
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demands. Although astronauts are usually scheduled for 8-h sleep periods, these factors
disrupt circadian rhythms and negatively affect sleep duration and quality. One study found
the mean sleep duration aboard the ISS to be 6.4 h during sleep that was aligned with the
biological clock, but 5.4 h during sleep misaligned with the biological clock (Flynn-Evans et
al., 2016). This work suggests that, even in optimal conditions, astronauts still sleep less than
the recommended amount for adults for months at a time aboard the ISS.

Exposure to microgravity induces fluid redistribution within the body, with fluid moving
from the lower extremities towards the head (Moore and Thornton, 1987). Crewmembers
are also exposed to elevated CO, levels onboard the ISS where levels are approximately

10 times higher than those on Earth (Moore and Thornton, 1987; Law et al., 2014).
Experiments conducted on Earth show that prolonged exposure to elevated CO levels, such
as that existing on the ISS, results in increased cerebral blood flow and mild performance
impairments (Hoffmann et al., 1998; Manzey and Lorenz, 1998; Sliwka et al., 1998). Space
Station crewmembers have exhibited symptoms of CO, exposure at lower concentrations
than are typical for their occurrence on Earth (Law et al., 2014), suggesting an interactive
effect of CO, with other factors such as headward fluid shifts. Chronic sleep deprivation also
alters dynamic brain activity (Basner et al., 2013).

Despite these reported stressors of spaceflight, astronauts frequently report “spaceflight
euphoria”, particularly when viewing Earth from the ISS cupola (Yaden et al., 2016).
Emotional exhilaration and euphoria could promote resilience that serves to partially offset
negative influences of spaceflight (Kok et al., 2013). Furthermore, astronauts receive various
services while on board the ISS to promote their psychological well-being (Beven et al.,
2008). Astronauts regularly complete private psychological counseling and receive care
packages from their family during resupply. There are several leisure time amenities on
board, such as a projector for watching movies as a group and a keyboard guitar. Astronauts
also have two “crew discretionary events” per mission, for which they can request to have

a private conversation with a person of their choosing, such as a celebrity, musician, or
political figure. Astronauts have access to exercise facilities (i.e., a stationary bike, treadmill,
and resistance training equipment), and they each exercise for about 2.5 h per day, 67 days
per week (Hackney et al., 2015). Together, these factors likely contribute to central nervous
system resilience during ISS missions. For instance this high-volume exercise likely serves
as a resilience factor for both physical and mental well-being, including beneficial effects
for cognition and brain health (Hillman et al., 2008). However, in the future, these factors
will likely vary during longer missions to more remote deep space locations, so their positive
effects may not be generalizable beyond ISS missions.

4.2. Effects of spaceflight on behavior

The negative effects of spaceflight on sensorimotor and cognitive function are well-
documented. These include post-flight impairments in posture control (Layne et al., 2001,
Cohen et al., 2012) and locomotion (Bloomberg and Mulavara, 2003; Miller et al., 2010;
Mulavara et al., 2010; Cohen et al., 2012), as well as increased manual tracking errors under
cognitive load (Manzey et al., 2000; Bock et al., 2010) and reduced mass discrimination
abilities (i.e., reduced ability to identify differences in the mass of two different objects;
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Ross et al., 1984). Additionally, negative effects of spaceflight on behavior include in-flight
spatial disorientation and dizziness (Young et al., 1984) and changes in gaze holding in
response to altered gravity (Clément et al., 1993; Kornilova et al., 1983). Astronauts in
microgravity also encounter changes in the perception of self-motion; for instance, one study
found immediate alterations in one’s perception of self-motion in the upwards/downwards
(pitch) but not left/right (yaw) directions through a virtual tunnel when free-floating in
weightlessness—suggesting that weightlessness may negatively affect the early processing
stages of self-motion perception (i.e., vestibular and optokinetic function; De Saedeleer et
al., 2013).

While negative behavioral changes have been the focus of much research, microgravity
exposure also induces adaptive brain processing of visual, vestibular, and proprioceptive
information (Paloski et al., 1992, 1994; Reschke et al., 1998). Evidence of this in-flight
adaptation is seen as measurable post-flight disturbances in perception, spatial orientation,
posture, gait, and eye-head coordination (Reschke et al., 1998). These behavioral changes
can provide insight into the underlying drivers of spaceflight’s impact on the brain. Below,
we provide a review of evidence for in-flight behavioral impairments followed by a
review of adaptive behavioral changes in-flight. Of note, some in-flight effects are inferred
based on measurements taken post-flight; however, here we distinguish between in-flight
effects (Section 4) and additional changes that occur post-flight when readapting to Earth’s
environment (Section 5).

4.2.1. In-flight behavioral impairments—The ability to perform multiple tasks
concurrently, referred to as “dual-tasking”, is used by psychological and motor scientists

to assess cognitive resource availability and executive function. Dual tasking of cognitive
and motor behaviors is significantly impaired during spaceflight (Manzey et al., 1995, 1998;
Bock et al., 2010), suggesting that cognitive resources may be reduced. Manzey et al. (1995,
1998) investigated motor skills in space under dual-task conditions. They found interference
between a compensatory tracking task and a concurrent memory search task to be greater

in space than on Earth. The elevated interference was greatest early in flight, but gradually
normalized, reaching the pre-flight baseline only after about three weeks in orbit. Manzey et
al. (1995) also found that task interference was independent of the difficulty of the memory
search task, suggesting that the critical resources affected were probably not those related to
memory, but rather those pertinent to motor programming (both tasks required an immediate
motor response). Bock et al. (2010) studied the cognitive demands of human sensorimotor
performance and dual tasking during long duration missions and concluded that both stress
and scarcity of resources required for sensorimotor adaptation may underlie these deficits
during spaceflight. Of note, while these experiments are all classified as “dual tasking”
because they require the concurrent performance of two tasks (e.g., a cognitive and motor
task), operating in an altered gravitational environment may itself constitute an additional
“task” (i.e., a task requiring increased self-perception of body position and orientation). This
extra processing demand likely contributes to the negative effects of spaceflight on dual

task abilities and may;, in part, explain the findings of Manzey et al. (1998) who noted that
dual task ability returned to baseline levels after about three weeks in flight. That is, the
extra cognitive load of functioning in microgravity eventually decreased (presumably due
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to adaptive responses), and performance returned to baseline levels after this adaptation to
weightlessness.

4.2.2. In-flight adaptive sensory changes—Evidence for sensorimotor adaptation
with spaceflight includes post-flight changes in tactile sensitivity of the feet. Post-flight,
there is a general reduction in the sensitivity of slow-adapting skin receptors (3 and 25 Hz),
which contribute to postural control on Earth by detecting load changes between the foot and
ground (Lowrey et al., 2014). It is hypothesized that body unloading (i.e., that one’s muscles
are not needed to support their body weight) during flight makes this signaling less vital and
it is thus down-weighted by the central nervous system. Approximately half of the astronauts
presented with increased sensitivity of fast-acting skin receptors (250 Hz) post-flight. This
hypersensitivity has been associated with poorer vestibularly-mediated balance on the first
day post-flight. It is hypothesized that this increase in post-flight tactile sensitivity represents
adaptive targeted sensory reweighting, in which the altered gravitational environment during
flight causes down-weighting of vestibular inputs and up-weighting of signals from fast-
acting tactile receptors for balance control. That is, while in microgravity, these tactile
receptors may play a larger role in orientation control as compensation for unreliable
vestibular inputs. These tactile sensitivity changes seem to represent adaptive, compensatory
central nervous system-mediated changes during flight; however, upon return to Earth’s
gravitational environment, any residual sensory reweighting becomes detrimental to balance
control.

4.3. Effects of spaceflight on the brain

Human and animal work has revealed both negative and positive effects of spaceflight

and spaceflight analogs on the central nervous system. Potential negative effects include
changes in cerebral blood flow and alterations to brain structure, including evidence for an
upward shift of the brain within the skull and disrupted white matter structural connectivity.
Potential positive effects include increased motor cortical excitability and structural and
functional plasticity, suggestive of sensory reweighting processes with spaceflight. Thus,
similar to the behavioral changes that occur, it appears that two broad categories of central
nervous system changes occur with spaceflight: 1) structural and functional central nervous
system dysfunctions, and 2) adaptive plasticity and sensory reweighting. Examination of
these central nervous system changes in conjunction with behavioral changes can help to
clarify whether these effects represent dysfunction versus adaptations.

4.3.1. In-flight brain dysfunction—In this section, the functional and structural brain
changes that are reviewed are largely interpreted as dysfunctional. In some cases, however,
this interpretation is speculative because the neural measures were not accompanied by
behavioral measures that could provide converging information about whether or not

the changes are detrimental. Future research should include well-chosen sensory and
performance measures to inform and constrain interpretations of neural and physiological
changes associated with spaceflight.

4.3.1.1. Brain function.: Given the very limited spaceflight functional neuroimaging work
to date, the effects of spaceflight on brain activity are largely unknown. A single-subject
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case study revealed some evidence for dysfunction after six months of flight, including
decreased motor and vestibular network connectivity, paired with vestibular ataxia and
motor coordination declines (Demertzi et al., 2016). Our past work has noted several
examples of neural dysfunction during head-down-tilt bed rest (HDBR; extended periods
of HDBR is a frequently-used model for spaceflight that simulates some of the effects

of spaceflight on the body). While undergoing HDBR, we have found increased brain
activity during vestibular stimulation (Yuan et al., 2018b) and during performance of a
cognitive-motor dual task (Yuan et al., 2016), compared to matched controls who did not
partake in HDBR!. These findings suggest that extended periods of microgravity simulation
might evoke the need for greater neural resources (i.e., reduced neural efficiency) while
processing cognitive and sensori-motor information. Future work is needed to determine
whether similar patterns emerge in association with spaceflight.

4.3.1.2. Brain structure.: Animal studies have shown that microgravity exposure results
in structural brain changes. For example, research with rats has demonstrated that
microgravity exposure, results in structural changes particularly in the somatosensory
cortex (Krasnov, 1994; Newberg, 1994; D’ Amelio et al., 1998; Holstein et al., 1999)

and cerebellum (Holstein et al., 1999). These effects include decreased synapses and
degeneration of axonal terminals. Hindlimb suspension has been used in animals as a
model for body unloading that occurs with spaceflight. One study reported that rodent
neural stem cells show reduced proliferation and incomplete differentiation and maturation
with hindlimb unloading (Adami et al., 2018). The authors reported no evidence of stress
responses but rather attributed the effects to reduced overall movement. Studies of radiation
exposure have also shown that radiation-induced neuronal loss seems to differentially affect
sensorimotor brain regions (Newberg, 1994; Holstein et al., 1999).

Long-duration HDBR results in similar fluid shifts towards the head and unloading of

the body in humans. In this context, we have observed apparent increased brain gray

matter volume in posterior parietal cortex and decreases in frontal areas (Koppelmans et al.,
2017a). Parallel findings have been reported by Roberts and colleagues (Roberts et al.,2015),
including crowding of the cerebrospinal fluid (CSF) around the vertex and an upward shift
of the brain within the skull. We have also applied a novel post-processing technique to
diffusion MRI scans obtained on HDBR subjects. This technique quantifies “free water,”
which is defined as water molecules that are not hindered or restricted by their surroundings
(Pasternak et al., 2009). Free water is found in the ventricles, around the brain parenchyma,
and in the extracellular space. Free water analysis is therefore an excellent tool to investigate
non-invasively cerebral fluid shifts that occur over the course of HDBR and spaceflight. We
found free water increases in frontal-temporal regions and decreases in posterior-parietal
areas as a result of long duration HDBR (Koppelmans et al., 2017b); these effects were
largely recovered two weeks following HDBR. Interestingly, after correcting for these free
water shifts, no white matter changes were evident.

Lin our HDBR work, subjects are supine in the MRI scanner at all time points pre-, during-, and post-HDBR. Subjects do not maintain
the —6 degrees head-down-tilt within the MRI head coil. Thus, findings of differing brain activation while subjects are in HDBR are
not due to the physical positioning of the head during scanning.
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Many of these HDBR effects are also evident following human spaceflight (Koppelmans et
al., 2016), supporting its status as an appropriate analog. These effects include an upward
shift of the brain within the skull, accompanied by reduced gray matter volume in inferior
and frontal brain regions, and increases in superior and posterior regions. These changes
were found to be larger in individuals who had spent six months on the ISS than in those
who spent just a few weeks on a space shuttle mission. With additional analyses on the
same dataset, Roberts and colleagues reported narrowing of the central sulcus, increases in
ventricular width and volume, and upward displacement of the cerebellar tonsils (Roberts et
al., 2017). In combination, these findings suggest compression of adjacent venous structures
and impedance of CSF outflow.

Our recent paper reports free water changes in the brain with spaceflight (Lee et al., 2019Db).
The findings generally recapitulate our earlier findings observed with HDBR (Koppelmans
et al., 2017b)—increased free water at the base of the cerebrum and decreases along the
posterior vertex. The correspondence between these two data sets suggests the effects are
due to mechanical displacements of fluid, due to microgravity in space and reorientation of
the head relative to the gravitational vector in HDBR.

After accounting for brain free water shifts with spaceflight, we observed numerous regions
of spaceflight-induced white matter changes (Lee et al., 2019b). Crewmembers showed
reduced fractional anisotropy, a measure of myelin integrity, in white matter structures
implicated in vestibular function, visuospatial processing, and sensorimotor control, namely
superior and inferior longitudinal fasciculi, inferior fronto-occipital fasciculus, corticospinal
tract, and the cerebellar peduncles. These changes indicate disrupted white matter structural
connectivity, which may negatively impact multi-sensory integration and motor behavior.
Consistent with this idea, Lee et al. (2019b) showed that crewmembers exhibiting greater
post-flight disruptions in white matter structural connectivity in the superior longitudinal
fasciculus showed greater declines in balance from pre- to post-flight.

It is not yet clear how these fluid and brain positional shifts resolve over time upon return to
Earth, how they affect health, or how they impact astronaut functional performance. These
shifts are likely related to spaceflight associated neuro-ocular syndrome, or SANS. This
syndrome describes ocular structural changes that have been reported in approximately one
third of long duration astronauts, including flattening of the back of the globe, optic disc
edema, optic nerve kinking and choroidal folding (Mader et al., 2013; Taibbi et al., 2013;
Lee et al., 2016). For example, Alperin and Bagci (2018) found that greater post-flight
globe deformation in astronauts was associated with increases in ventricular and orbital CSF
volumes (Alperin and Bagci, 2018). Similarly, Van Ombergen et al. (2019) recently reported
increases in CSF volume within the lateral and third ventricles following spaceflight, and
post-flight increases in lateral ventricular volume were associated with decreases in visual
acuity for the left eye (Van Ombergen et al., 2019). Kramer et al. (2020) found evidence

for altered CSF hydrodynamics, as well as increased total brain volume and increased

CSF volume, with long-duration spaceflight (Kramer et al., 2020). Zwart et al. (2014,

2017, 2018) have proposed a multiple factor model of SANS, in which brain fluid shifts
with spaceflight may be a contributing factor. Their work has demonstrated that astronauts
who experience signs of SANS have elevated 1-carbon metabolic pathway metabolites, not
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just post-flight but pre-flight as well (Zwart et al., 2012, 2014). In a subsequent study

these authors demonstrated that 1-carbon metabolism genetics and B vitamin status were
significant predictors of SANS (Zwart et al., 2016). However, not all astronauts at genetic
risk experience SANS, leading Zwart and Smith to propose their multiple hit model. This
model suggests that genetics and environmental factors such as elevated CO, and fluid shifts
predispose one to endothelial dysfunction (Zwart et al., 2017; Smith and Zwart, 2018).

Changes in cerebral blood flow as a result of microgravity exposure may also contribute to
the brain functional changes described in the preceding paragraph. Following space flight,
astronauts have reduced arterial pressure and cerebral blood flow velocity as measured with
transcranial Doppler (Bondar et al., 1993). Similarly, Gazenko et al. found that astronauts
show reduced cerebral blood flow pulsatility, as measured with impedance rheography,
when in a head-down tilt posture following spaceflight (Gazenko et al., 1981; Charles et
al., 1996; Watenpaugh and Smith, 1998). Other studies have demonstrated a microgravity
dose-dependent effect, with cerebral vasoconstriction following long-term flight remaining
unresolved after a period of five weeks (Gazenko et al., 1981; Charles et al., 1996). It is
thought that this increased vasoconstriction is an adaptive response to the increased cranial
pressures experienced while in the microgravity environment. Blood vessel remodeling can
occur relatively quickly. In as little as two weeks of HDBR on Earth, there are increases in
vessel wall thickness and vessel diameter in the brain vasculature and concomitant decreases
in the lower extremity vasculature (Folkow, 1987; Mao et al., 1999). Elevated CO, levels
have also been shown to increase brain blood flow (Zhou et al., 2008), at least initially.

4.3.2. In-flight adaptive neural changes—Thus far we have discussed the many
neural dysfunctions accompanying spaceflight, a topic that receives much attention and

has been widely investigated. This section considers a smaller, emerging line of work
documenting changes in brain function and structure during spaceflight that may constitute
adaptive responses, although, as described above, the limited availability of behavioral data
precludes definitive interpretations.

4.3.2.1. Brain function.: During missions, crewmembers experience prolonged periods

of reduced somatosensory input and altered vestibular inputs due to the lack of gravity.
Accumulating evidence suggests that in-flight sensory attenuation brings about adaptive
structural and functional organization of motor and sensory systems, which maintain their
capacity for experience-dependent plasticity even in adulthood (for review see Butz et al.,
2009). Boyle et al. (2001) have shown upregulation of vestibular inputs in toadfish following
shuttle orbital flights. On the first day post-flight, responses of vestibular nerve afferents to
lateral movements were three times greater than for control animals. This finding suggests
that sensitivity to vestibular input was enhanced in-flight (Boyle et al., 2001).

With body unloading in microgravity, crewmembers experience reductions in lower limb use
on the ISS. Similar to the post-flight upregulation observed in the sensory domain, work by
Roberts et al. (2007) suggests that motor cortex excitability increases following reductions
in lower limb mobility. Transcranial magnetic stimulation was used to assess changes in
motor cortex excitability in humans who wore a full leg cast (on Earth) for 10 days.
Measures of motor cortex excitability significantly increased following leg cast removal
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(Roberts et al., 2007). In further support of sensory reweighting, we noted an association
between greaterbrain activation during foot tapping at the end of 70 days of HDBR and
better post-HDBR balance and mobility (‘Yuan et al., 2018a). This suggests a compensatory
response in which, in order to sustain smaller reductions in balance and mobility, individuals
require greater neural resources for lower limb motor control to compensate for the down-
weighting of foot neural representations during HDBR. Further supporting this interpretation
of neural compensation during HDBR, in the same subjects, we found that those with the
leastimpairments in balance post-HDBR had the greatest functional connectivity changes
with HDBR in a motor network including left primary motor cortex, right postcentral

gyrus, and the superior parietal lobule. This brain-behavior relationship suggests that at
least some functional connectivity changes with HDBR are adaptive and associated with
reduced behavioral declines following HDBR. Similarly, in another study in which subjects
underwent 30 days of HDBR combined with elevated CO,, we found further support for
adaptive neural changes within the vestibular (Hupfeld et al., 2020a) and spatial working
memory (Salazar et al., 2020) systems. For instance, we identified multiple regions in which
greaterpre- to post-HDBR deactivation of certain vestibular brain regions associated with
Jess balance declines following HDBR (i.e., greater preservation of balance performance).
Despite these interesting HDBR findings, there have been few functional brain imaging
studies to date with astronauts; we therefore recommend that future studies be conducted to
determine if similar effects are seen with spaceflight.

One recent study of 11 cosmonauts tested task-based functional connectivity during plantar
stimulation after long-duration spaceflight. This group found connectivity changes within
sensorimotor, visual, proprioceptive, and vestibular networks (Pechenkova et al., 2019).
Without measures of pre- to post-flight behavioral changes, the functional significance

of these results is not fully clear. The authors suggest that such changes represent
reorganization of the sensory and vestibular systems and provide some evidence for
multisensory reweighting with flight (Pechenkova et al., 2019).

Efforts have been made to use portable neuroimaging methods to assess in-flight measures
of brain activity starting in the 1960s (Maulsby, 1966). In-orbit electroencephalography
(EEG) studies have suggested that the brain uses dynamic sensory reweighting based on
incoming sensory information during spaceflight. Cheron et al. (2006) used EEG to examine
alpha and mu brain oscillations in cosmonauts while in eyes-opened and eyes-closed states
before, during, and after spaceflight. Alpha EEG rhythm (8-12 Hz) is recorded over
occipital and parietal areas, and can also be recorded more anteriorly as the mu rhythm
over sensorimotor brain areas. Alpha rhythm is inhibited when the eyes are opened, and

is considered an indicator of sensory input inhibition (Pfurtscheller et al., 1996). During
in-flight EEG recording sessions, Cheron et al. (2006) found increases in alpha and mu
power during trials in which cosmonauts rested in an eyes-closed state. This finding
suggests an increase in sensory gain for inputs from other modalities (e.g., vestibular or
somatosensory) in the absence of visual input. Cebolla and colleagues (2016) recorded
EEG as astronauts performed a visual attention task before, during, and after spaceflight.
Astronauts performing the visual task while free-floating on the 1SS showed reductions

in alpha and mu power over occipital-parietal and central brain regions, respectively. This
finding suggests reduced inhibition of other sensory signals when visual input is available
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in microgravity. Moreover, alpha power within bilateral motor cortices was reduced during
the task, again suggesting a release of sensory inhibition during the in-flight task. Such
sensory reweighting may reflect increased reliance on somatosensory inputs for adjusting
or stabilizing body posture while free-floating (Cebolla et al., 2016). Cheron et al. (2014)
have also demonstrated that spaceflight affects early visual processing. EEG data were
acquired in-flight while astronauts viewed a two-dimensional checkerboard pattern and

a three-dimensional tunnel. During spaceflight, visual evoked potentials triggered by the
three-dimensional stimulus were suppressed, and occipital brain areas exhibited reduced
alpha band activity. The authors suggested that interactions with brain areas involved in
multisensory integration modulate early visual processing, reweighting sensory inputs in the
absence of gravitational cues (Cheron et al., 2014). However, these EEG studies were not
linked to in-flight behavioral measures so it is not clear whether these effects were adaptive
and beneficial for performance.

4.3.2.2. Brain structure.: Using structural brain imaging methods in a population of 27
astronauts who completed either approximately two-week shuttle missions (7= 13) or six-
month ISS missions (7= 14), we found increased gray matter volume within medial primary
sensorimotor cortex—the area of the brain that represents the lower limbs (Koppelmans
etal., 2016). We found similar gray matter volume increases within medial primary
sensorimotor cortex following 70 days of HDBR (Koppelmans et al., 2017a). Greater

gray matter volumetric increases within this region following HDBR were associated with
smaller decrements (and in some cases improvements) in standing balance performance
(Koppelmans et al., 2017a). Structural plasticity within lower limb somatosensation and
motor control brain areas may reflect a mechanism to increase the gain of somatosensory
inputs in microgravity. Interestingly, this finding of structural plasticity in the sensorimotor
cortex could relate to the increased alpha and mu oscillations recorded in astronauts (Cheron
et al., 2006), as each of the effects identified in this study were reported only in central and
parieto-occipital regions, and not in frontal cortex.

The exact mechanisms underlying these functional and structural alterations accompanying
spaceflight are unknown; however, studies of sensory loss and deprivation may provide
insights. Deprivation or loss of sensory input induces adaptive functional reorganization,
including changes in receptive fields or topography, within the somatosensory system (e.g.,
Pons et al., 1991). Animal models show that even transient deprivation of somatosensory
inputs can trigger functional somatosensory reorganization within minutes. Faggin et al.
(1997) temporarily deactivated rat somatosensory afferents by subcutaneous anesthetic
injection, and found that somatosensory neurons with receptive fields near the injection site
began to show large responses to mechanical stimulation—even though those same neurons
had not responded to stimulation prior to deafferentation. This suggests that temporary loss
of peripheral sensory input can trigger fast reorganization of the somatosensory system
(Faggin et al., 1997). Similarly, non-invasive brain stimulation studies involving humans
with lower limb amputations show that the motor cortex corresponding to the amputated leg
has a lower threshold for muscle activation as well as lower intracortical inhibition compared
to the intact side (Chen et al., 1998). Studies such as these suggest that sensory loss

may induce modulations of excitatory and inhibitory mechanisms within the sensorimotor
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system, perhaps through increases in synaptic efficiency via long-term potentiation (e.g.,
Hess et al., 1996) and/or structural plasticity via formation of new dendritic spines (e.g.,
Keck et al., 2008). While astronauts do not experience a total loss of afferent input from
any given sensory modality during spaceflight, these sensory loss studies suggest possible
adaptive mechanisms that may be engaged when astronauts are exposed to reductions in
sensory inputs during missions lasting weeks or months.

We and others have reported evidence of structural changes that appear to differ based on
flight duration. In particular, one study found pre- to post-flight increases in periventricular
white matter hyperintensities and ventricular volumes in astronauts who completed long-
duration missions, but not in astronauts who completed shuttle missions (Alperin et al.,
2017). We found that twelve months in space generally resulted in larger changes across
multiple brain areas involved in sensorimotor processing, compared to six-month missions
(Hupfeld et al., 2020b). This duration effect was more apparent for brain fluid shifts than
for other structural brain changes, suggesting that brain free water and ventricular volumes
may be especially affected by long-duration spaceflight. In another recent study, while

we found extensive white matter degeneration post-flight, we also reported that astronauts
returning from /fonger duration missions showed srmaller decreases in cerebellar white matter
structure in comparison to astronauts returning from shorter flights (Lee et al., 2019b).
While seemingly paradoxical, these findings may reflect an adaptive process whereby white
matter structural organization is initially disrupted and then becomes more robust over time
during spaceflight.

5. Stage 3, post-flight

During post-flight recovery, astronauts experience multiple stressors associated with
readapting to Earth’s gravity, readjusting to home, and reintegrating into their family/society.
Astronauts likely also experience resilience factors associated with the joy, comfort, and
relief of reuniting with family and friends, returning to their pre-flight schedule, and feeling
a sense of accomplishment. These factors may influence de-adaptation and recovery of brain
changes due to spaceflight (see Table 3).

The majority of studies assume, often implicitly, that measurements acquired within several
days of landing reflect brain changes due to spaceflight itself. However, the post-landing
delays in obtaining the measurements complicate efforts to disentangle the effects of
spaceflight from early readaptation to Earth’s gravitational environment.

Behavioral assessments offer valuable insight into spaceflight-induced brain and
performance changes, as these experiments can be performed at the landing site shortly after
crewmembers exit the spacecraft. Behavioral experiments have shown that astronauts exhibit
deficits in sensorimotor performance following spaceflight, particularly during balance
control (Young et al., 1984; Paloski et al., 1992, 1993, 1994; Reschke et al., 1998; Wood
etal., 2011, 2015; Cohen et al., 2012; Mulavara et al., 2018; Ozdemir et al., 2018) and
locomotion (Young et al., 1984; Paloski et al., 1992, 1993, 1994; Reschke et al., 1998;
Wood et al., 2011, 2015; Cohen et al., 2012; Mulavara et al., 2018; Ozdemir et al.,

2018). Behavioral impairments are most profound shortly after landing, before remaining
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in-flight sensory reweighting is resolved (Wood et al., 2011). All crewmembers exhibit
postural deficits early post-flight, but there is considerable individual variability in the
extent of impairment (Mulavara et al., 2010; Wood et al., 2011). Previous spaceflight
experience is currently the best predictor of post-flight behavioral impairments, with
experienced astronauts exhibiting less severe post-flight postural impairments compared
to novice astronauts. Paloski et al. (1999) performed postural assessments on novice
astronauts (/7= 17) and veteran astronauts (1 = 23) before and after spaceflight. Various
postural tests were performed, each one manipulating the availability of sensory inputs
(i.e., visual, somatosensory and vestibular inputs). Novice and veteran astronauts groups
exhibited comparable pre-flight performance. On landing day, experienced astronauts
showed a performance advantage over novices on balance assessments that required reliance
on vestibular cues to maintain upright stance. These results suggest that previous flight
experience aids astronauts in using vestibular cues for maintaining balance immediately
post-flight (Paloski et al., 1999).

Re-adaptation of locomotion and postural control to Earth’s gravity requires between days
and weeks (Mulavara et al., 2010; Wood et al., 2011), with recovery time increasing as

a function of mission duration (Wood et al., 2011, 2015). For example, Mulavara et al.
(2010) used the Functional Mobility Test (an obstacle course) to assess locomotor function
of 18 crewmembers upon their return from a 6-month 1SS mission. This test involves
navigating an obstacle course by executing whole-body movements similar to those required
to exit a spacecraft. The first half of the Functional Mobility Test is performed on a hard
surface while the second half is built on a compliant foam floor. Following spaceflight,
crewmembers showed a 48 % increase in the time required to complete the obstacle course.
While crewmembers showed fast, strategic learning across trials on the first post-flight

day, they required an average of 15 days for their performance to reach pre-flight levels
(Mulavara et al., 2010).

Few neuroimaging studies have assessed post-flight brain changes although—in contrast to
behavioral experiments—post-flight neuromaing assessments typically occur days to weeks
after the landing date. One such MRI study considered functional brain activity that was
collected on average 9.4 days post-flight to represent flight-related changes (Pechenkova et
al., 2019). As noted by the authors, this long delay between landing and the MRI scan makes
it difficult to interpret whether the results they report were due to the direct effects of flight,
neural readaptation to Earth’s gravity, or to a combination of these effects.

Few studies have acquired multiple post-flight measurements to track recovery trajectories
of flight-related changes. For instance, one study found ventricular volume increases from
pre- to post-flight; in a subset (7= 7) of the cosmonauts tested, these increases had
partially recovered, but were still evident at seven months post-flight (Van Ombergen et

al., 2019). Another recent study (Kramer et al., 2020) reported persistent elevation of total
brain volume and CSF one year after long-duration spaceflight, suggesting long-lasting
alterations to brain structure following multi-month missions on the ISS. Similarly, we
recently reported recovery of most brain structural changes back to baseline levels by
6-months post-flight for missions lasting from six to twelve months (Hupfeld et al., 2020b);
however, lateral ventricular volumes remained substantially elevated at six months post-
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flight. Interestingly, those with /esstime between subsequent flights had /arger pre-flight
ventricles and smallerventricular volume increases with flight, suggesting that spaceflight-
induced ventricular changes may persist for very long periods after flight and influence the
magnitude of fluid shifts with subsequent flights.

Across multiple measures in our HDBR work, we have identified recovery of brain changes
as rapidly as about two weeks days post-HDBR (Cassady et al., 2016; Yuan et al., 2016,
2018a, 2018b; Koppelmans et al., 2017a, 2017b; Lee et al., 2019a). For instance, we

found increased gray matter volume in somatosensory cortex at seven days post-HDBR
compared to pre-HDBR, but by 12 days post-HDBR, this difference was no longer
significant (Koppelmans et al., 2017a). Ideally, future work should include a post-flight
measure immediately after landing (or in-flight metrics, if possible), followed by a series of
post-flight measures to better track recovery and readaptation to Earth.

6. Parallels between design and interpretation of aging and spaceflight

research

Aging is associated with progressive declines in brain structure and function (Seidler et
al., 2010). Like spaceflight, however, there is evidence indicating that age-related declines
are partially offset by concomitant neuroplastic and neural compensatory processes. In this
section, we review several well-documented age-related effects on the brain and highlight
relevant parallels with the effects of spaceflight. Our intention is r70tto convey that
spaceflight has aging-like effects on the brain, but rather to illustrate that concomitant
declines and adaptive plasticity accompany both conditions. Thus, approaches used to
disentangle these co-constructive processes in aging may also be instructive for advancing
our understanding of spaceflight effects on the central nervous system.

Various frameworks have been proposed to conceptualize how dedifferentiation and
compensation co-occur and interact in aging, including the Scaffolding Theory of Aging
and Compensation (STAC) and STAC-r, which incorporates life course / longitudinal
influences on aging (Park and Reuter-Lorenz, 2009; Reuter-Lorenz and Park, 2014).
Relative to younger adults, older adults are impacted by “neural challenges” (e.g., structural
brain declines such as cortical thinning and atrophy), as well as functional deterioration
—maladaptive brain activity changes including dedifferentiation. Both STAC and STAC-r
propose that “compensatory scaffolding”, which includes neural mechanisms (e.g., adaptive
increased frontal recruitment and bilateral processing), as well as external factors such as
new learning, cognitive training, and exercise, can lessen the impacts of these age-related
brain changes and ultimately slow cognitive decline. Thus these models explain how the
interplay between age-related brain declines and internal, as well as external, enriching and
depleting factors contribute to cognitive function and rate of cognitive decline.

6.1. Evidence for central nervous system dysfunction with aging

Older adults often have more diffuse and more bilateral brain activity when performing
the same tasks as younger adults (Cabeza et al., 2002; Park et al., 2004). When
this overactivation is not related to performance or associated with poorer behavioral
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performance, it is termed “neural dedifferentiation”. This process, which is assumed to be
detrimental, has been demonstrated across multiple systems (Park et al., 2004; Dennis and
Cabeza, 2011; Bernard and Seidler, 2012; St-Laurent et al., 2014). We have identified motor
dedifferentiation with aging such that older adults show an association between /ncreased
motor representation size and s/ower reaction time (Bernard and Seidler, 2012), as well as

a relationship between greater ipsilateral motor cortex recruitment during a unimanual task
and poorertask performance (Langan et al., 2010; Bernard and Seidler, 2012). Thus, there is
clear evidence for declining neural efficiency with aging.

6.2. Evidence for central nervous system adaptive changes with aging

However, in addition to dedifferentiation, concurrent compensatory processes are

also evident in the aging brain. The Posterior-Anterior Shift in Aging (PASA) is

one hypothesized phenomenon that captures the interplay of neural dysfunction and
compensation with older age (Davis et al., 2008). Aging is associated with a reduction

in posterior brain activity paired with a concurrent /increase in frontal brain activity

(Davis et al., 2008). This decreased posterior activity may represent age-related declines

in sensorimotor processing, while the increased frontal activity appears to compensate for
these declines. As the magnitude of posterior decreases have been found to correlate with
anterior increases, this suggests a direct link between these two processes (Davis et al.,
2008). The PASA pattern holds for a variety of tasks, such as attention (Cabeza et al., 2004;
Ansado et al., 2012), memory (Rypma and D’Esposito, 2000; Davis et al., 2008), and visual
perception tasks (Grady et al., 1994; Davis et al., 2008), and does not seem to relate to task
difficulty (Davis et al., 2008).

Similarly, older adults show decreased lateralization of brain activity during cognitive
(Cabeza, 2002; Mattay et al., 2006; Cappell et al., 2010) and motor tasks (Mattay et al.,
2002; Ward and Frackowiak, 2003; Naccarato et al., 2006; Heuninckx et al., 2008). Several
studies have noted that betferold adult performers exhibit greaterbrain activation levels
than poorer performers (Heuninckx et al., 2008). The Hemispheric Asymmetry Reduction
in Older Adults (HAROLD; Cabeza, 2002) framework suggests that this increased bilateral
recruitment represents age-related neural compensation. That is, older adults may recruit
more neural resources as compensation, particularly at greater levels of task difficulty,
thereby allowing them to perform with similar proficiency as younger adults. Such

findings also fit within the Compensation-Related Utilization of Neural Circuits Hypothesis
(CRUNCH), which emphasizes that the level or extent of brain activity can vary based on
the task difficulty (Reuter-Lorenz and Cappell, 2008). As difficulty increases, brain activity
will increase to support task demands, until reaching capacity limits, at which point brain
activity either levels off or decreases and behavioral performance also declines (Reuter-
Lorenz and Cappell, 2008). Thus, while healthy older adults may be able to adequately
perform complex cognitive and motor tasks, this appears to require greater levels and extent
of brain activity, and may not be sustainable at the highest levels of task difficulty. Taken
together, the PASA, HAROLD, and CRUNCH models exemplify how the healthy aging
brain seems to employ functional neural compensatory mechanisms to directly counteract
some of the neurobehavioral dysfunction and inefficiency associated with aging.
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We suggest that the central neural effects of spaceflight can be conceptualized in a similar
manner. That is, we hypothesize that microgravity can have adverse effects on brain
structure and function, that are accompanied by adaptive neural responses. For example, as
noted in Section 4.3.2.2, we have found some evidence for adaptive structural plasticity post-
flight (Koppelmans et al., 2017a). However, the relative lack of functional neuroimaging
studies with astronauts to date makes it unclear how functional brain activity adapts during
and after spaceflight. Given that neuroplasticity is evident even in much older age (Vance
and Crowe, 2006), it is likely that adaptive plasticity processes are also possible in middle
age (i.e., the age range of most astronauts). The ability of the central nervous system to
adaptively reorganize is critical for responding to environmental perturbations (Sharma et
al., 2013); thus it is likely that compensatory neural processes are at work during and after
spaceflight. This proposal is further supported by evidence of neural compensation in our
HDBR work (Cassady et al., 2016; Yuan et al., 2018a). Further studies are needed to more
specifically understand the interplay of neural dysfunction and plasticity / compensation
with microgravity exposure and recovery.

7. Conclusions and future directions

Based on the evidence available to date, we propose that spaceflight effects on the

brain represent both adaptations as well as impairments. The altered sensory inputs of
microgravity provide a unique environment for inducing adaptive plasticity in the central
nervous system. These adaptations occur concomitantly with structural and functional neural
impairments, including those resulting from altered fluid distribution with flight. While
many pre-flight, in-flight, and post-flight factors likely influence the time course, extent, and
recovery of these structural and functional brain changes, we posit that these factors can be
better identified, measured, and potentially modeled to advance our understanding of human
spaceflight.

Going forward, a comprehensive understanding of brain adaptations and dysfunctions with
spaceflight and post-flight deadaptation / recovery, will require more thorough measurement
of spaceflight factors and more extensive examination of brain-behavior correlations. For
instance, future work should provide quantitative measures of radiation exposure to better
assess the relationship between radiation and the brain. Further, quantitative measures

of exercise (e.g., intensity, form, and schedule), stress (e.g., psychological scales and
cortisol measures), and emotion (e.g., quantification of spaceflight euphoria, worry, and
homesickness) should be obtained and examined for potential associations with brain
changes during spaceflight.

While it is feasible to study functional brain changes during spaceflight using EEG, the
results of such studies require careful interpretation in light of brain position shifts, fluid
redistribution (Koppelmans et al., 2017a; Roberts et al., 2017) and recording confounds in
the ISS environment (Niedermeyer and da Silva, 2005). Brain position shifts are particularly
problematic for spaceflight EEG studies using evoked potentials or source localization
whether recordings are conducted in-flight or post-flight (Cebolla et al., 2016). Another
promising technology for studying brain changes in-flight is functional near-infrared
spectroscopy (fNIRS); recent work has shown that collecting fNIRS data is possible in
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altered gravitational environments, although such technology is still under development
(Strangman et al., 2018). Both EEG and fNIRs are also limited in their spatial resolution;
thus, while each could provide useful information regarding in-flight brain changes, their
clear limitations also should be recognized. Despite these limitations, in-flight measures

are not confounded by readaptation processes that will rapidly occur upon return to Earth.
That is, even MRI measures collected within several hours of return will likely reflect
readaptation to Earth’s gravitational environment, which could complicate interpretations of
both functional and structural brain metrics.

It is worth noting that, as space tourism becomes more prevalent, the profile of space
travelers will change. Although astronaut classes are becoming more diverse, progress is
slow. For example, less than 15 percent of all space travelers as of December 2019 have
been female. This limits the range and generalizability of the neurobehavioral changes with
spaceflight we have identified. Further, the potential neuroprotective factors resulting from
typical astronaut life course experiences and training may not exist for many space tourists.
Thus, brain changes due to space tourism are likely to differ from brain changes seen with
astronauts and warrant consideration as the space tourism industry progresses.

Taken together, these considerations suggest the need for future research that includes a
combination of in-flight brain measures, MRI scans at multiple time points pre- and post-
flight, and comprehensive behavioral assessments (Roberts et al., 2020). These advances
will permit more accurate mapping of neural changes to the time course of spaceflight,
post-flight de-adaptation and recovery, along with a better understanding of how these neural
changes affect human performance.
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STAGE 1: STAGE 2: STAGE 3:
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Fig. 1. Overview of spaceflight effects on the brain.
Different stages (pre-flight, in-flight, and post-flight) associated with spaceflight are

depicted as a primary organizing principle of the framework. The gray bars represent
ongoing positive and negative factors hypothesized to play a causal role in brain
and behavioral changes corresponding with each stage. The gradients depicted in the

“Responses” represent magnitude of impact (e.g., structural brain changes increase during

flight and subsequently recover). Mission duration is shown in black during the in-flight
period. Effects of spaceflight durations spanning greater than one year are currently
unknown. Each stage corresponds to a section of Tables 1-3, which provides a detailed
summary of evidence to date associated with each of these effects. For example, studies

pertaining to the effects of stressors and resilience on the pre-flight state (first column in Fig.

1) are highlighted in Section 1 of Table 1.
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