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SUMMARY

Long-duration spaceflight and terrestrial spaceflight analogs expose crews to microgravity, fluid redistributi-
on, altered vestibular and sensorimotor inputs, isolation, confinement, circadian disruption, operational
stress, and environmental monotony, potentially affecting neurocognitive performance and mental health.
This PRISMA 2020-informed systematic review synthesized empirical human evidence on cognitive, psycho-
logical, sleep-related, stress-related, and behavioral outcomes in real and simulated spaceflight environ-
ments. Searches were conducted in PubMed/MEDLINE, PubMed Central, ScienceDirect, Frontiers, PLOS,
NASA/ESA resources, Google Scholar/Crossref, and reference lists. Eligible studies reported neurocognitive
or mental health outcomes during spaceflight, spaceflight analogs, or isolated, confined, and extreme envi-
ronments. Reviews, editorials, non-human studies, and studies without relevant outcomes were excluded.
Eighty-six records were identified; 21 duplicates were removed; 65 records were screened; 27 full texts were
assessed; and 20 studies were included in qualitative synthesis. Meta-analysis was not performed because of
heterogeneity in settings, designs, samples, instruments, and outcomes. The most consistent findings invol-
ved sleep disruption, altered alertness, mood fluctuations, stress responses, behavioral adaptation, and vari-
able changes in vigilance, processing speed, attention, and cognitive throughput. Potential mechanisms in-
clude adaptive neuroplasticity, intracranial fluid shifts, neuroinflammatory signaling, and microglial activation.
Exercise, structured routines, sleep protection, and individualized monitoring emerged as promising coun-
termeasures. Standardized longitudinal protocols are needed for future missions.
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INTRODUCTION

Human space exploration is entering a new phase characte-
rized by longer missions, increased commercial spaceflight,
renewed lunar exploration, and preparation for future Mars
missions. These missions expose crews to a combined neu-
robiological and psychosocial stressor profile that includes
microgravity, cephalad fluid redistribution, altered vestibular
and proprioceptive input, sensorimotor unloading, radiation
exposure, isolation, confinement, operational stress, altered
circadian cues, sensory monotony, limited privacy, and de-
layed communication. Microgravity deserves particular atten-
tion because it directly changes the physical conditions un-
der which the central nervous system operates, affecting
intracranial fluid dynamics, sensorimotor integration, vestibu-
lar adaptation, and brain-body interaction. Therefore, long-
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duration missions require not only physiological resilience
but also sustained neurocognitive performance, emotional
stability, sleep regulation, and team functioning under condi-
tions that challenge both neural adaptation and psychologi-
cal well-being.

Behavioral health risks are among the most complex chal-
lenges in long-duration exploration missions. Unlike many
physiological risks, neurobehavioral risks may emerge gra-
dually, fluctuate by mission phase, and be shaped by group
dynamics, workload, monotony, individual traits, and coping
strategies. Space agencies therefore rely heavily on terres-
trial analogs, including Mars-500, NASA's Human Explorati-
on Research Analog, HI-SEAS, Antarctic overwintering stati-
ons, head-down bed rest, and controlled ecological life-sup-
port confinement studies. These environments do not repro-
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duce all features of spaceflight, but they offer controlled or
naturalistic models of isolation, confinement, restricted auto-
nomy, environmental monotony, and mission-like stress.

The neurocognitive outcomes of interest include attention,
vigilance, working memory, processing speed, executive
function, emotion recognition, risk-taking, and sensorimotor-
cognitive integration. Mental health outcomes include mood
disturbance, depressive symptoms, anxiety, stress, emotion
regulation, sleep disturbance, interpersonal tension, adapta-
tion, and subjective well-being. Previous studies suggest
that these outcomes are heterogeneous: some individuals
show sleep disruption, fatigue, reduced alertness, or mood
changes, while others remain stable or adapt positively over
time. This heterogeneity is central to astronaut selection,
countermeasure development, clinical monitoring, and mis-
sion planning.

At the biological level, these outcomes may reflect the inte-
raction between adaptive and potentially maladaptive neural
responses. Microgravity and gravitational transitions can
alter vestibular input, proprioceptive feedback, sensorimotor
recalibration, intracranial fluid distribution, and brain structu-
re, requiring continuous neuroplastic adaptation. In parallel,
sleep disruption, chronic stress, circadian misalignment,
radiation exposure, and environmental monotony may influ-
ence neuroendocrine and neuroimmune pathways. Micro-
glia, the resident immune cells of the central nervous sys-
tem, are increasingly recognized as regulators of neuroin-
flammation, synaptic remodeling, and plasticity. In the con-
text of spaceflight, microglial activation has been proposed
as a plausible pathway linking environmental stressors to
cognitive dysfunction, altered emotional regulation, and neu-
ral health risks. However, direct human evidence remains
limited, and these mechanisms should be interpreted as an
explanatory framework rather than as definitive causal con-
clusions.

Systematic synthesis is necessary because the literature is
distributed across space medicine, psychology, neuroscien-
ce, aerospace physiology, sleep research, Antarctic medici-
ne, and human factors. This review therefore aimed to
synthesize empirical human evidence on neurocognitive and
mental health effects of real spaceflight, simulated space-
flight, and isolated, confined, and extreme environments
relevant to space medicine.

1.1 Objective

To systematically identify and synthesize empirical human
studies evaluating neurocognitive, psychological, sleep-rela-
ted, stress-related, and behavioral outcomes during space-
flight, spaceflight analog missions, or isolated, confined, and
extreme environments relevant to long-duration space explo-
ration.

1.2 Review question
In adults exposed to spaceflight, spaceflight analogs, or iso-
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lated, confined, and extreme environments, what neurocog-
nitive and mental health outcomes have been reported, and
what factors appear to influence adaptation or impairment?

METHODS

2.1 Design and reporting framework

This review was designed as a PRISMA 2020-informed sys-
tematic review. PRISMA 2020 provides updated reporting
guidance, including a 27-item checklist and revised flow dia-
grams for systematic reviews and meta-analyses.

Because the topic includes heterogeneous human analog
studies rather than randomized clinical trials, the synthesis
was qualitative. No meta-analysis was planned because of
substantial heterogeneity in exposure types, study designs,
sample sizes, outcome measures, and follow-up schedules.

2.2 Protocol and registration

No protocol was registered before conducting this prelimi-
nary review. This should be reported as a limitation. For a
journal submission, registration in OSF or PROSPERO is
recommended before repeating the final search and data
extraction.

2.3 Information sources
The following sources were searched:

PubMed/MEDLINE; PubMed Central; ScienceDirect/Elsevi-
er; Frontiers; PLOS; NASA/ESA resources; Google Scholar/
Crossref through web-based searching; and reference lists
of eligible articles.

Institutional database export from Scopus, Web of Science,
Embase, and PsycINFO was not available during this preli-
minary version. Therefore, this review should be considered
a robust open-source systematic search, but not a final insti-
tutional-database systematic review.

2.4 Search strategy
The search was conducted up to 9 April 2026 using combi-
nations of the following terms:

“(spaceflight OR astronaut* OR "space analog" OR "space
analogue" OR Mars500 OR "Mars-500" OR HERA OR "HI-
SEAS" OR NEEMO OR SIRIUS OR CELSS OR Antarctic
OR Concordia OR "isolated confined extreme" OR ICE) AND
(isolation OR confinement OR '"isolated confined" OR
overwintering OR “winter-over"”) AND (cognition OR cogniti-
ve OR neurocognitive OR psychological OR mood OR
stress OR "mental health" OR sleep OR behavioral OR
behavioural OR vigilance OR "processing speed” OR "wor-
king memory”)”

Searches were adapted to each platform according to inde-
xing and search interface limitations.

A complementary mechanistic search was also conducted to
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support the biological interpretation of the findings, using the
terms: (microgravity OR spaceflight OR astronaut*) AND
(neuroplasticity OR brain plasticity OR neuroinflammation
OR microglia OR microglial activation OR intracranial fluid
shift OR vestibular adaptation OR sensorimotor adaptation).
These references were used only to contextualize potential
biological pathways and were not counted as included empi-
rical studies in the PRISMA flow.

2.5 Eligibility criteria

Inclusion criteria: Studies were included if they met all of the
following criteria: Human adult participants; Exposure to real
spaceflight, simulated spaceflight, spaceflight analogs, An-
tarctic overwintering, isolated confined environments, or
head-down bed rest relevant to space medicine; Reported at
least one neurocognitive, psychological, sleep-related,
stress-related, behavioral, or mood-related outcome; Empiri-
cal original research; Published in peer-reviewed journals or
traceable academic sources.

Exclusion criteria: Studies were excluded if they were: Nar-
rative reviews, scoping reviews, opinion papers, editorials,
commentaries, or protocols without outcome data; Animal,
cellular, or purely mechanistic studies without human neuro-
behavioral outcomes; Studies focused only on physiology
without cognitive, psychological, sleep, stress, or behavioral
measures; COVID-19 isolation studies without direct rele-
vance to spaceflight analogs or ICE environments; Non-En-
glish full texts when essential extraction data could not be
verified.

2.6 Selection process

Records were screened by title and abstract, followed by
full-text assessment. Because this is a preliminary rapid sys-
tematic review, screening was performed by one reviewer.
Before journal submission, two independent reviewers
should repeat screening, resolve disagreements by consen-
sus, and calculate agreement or at least document adjudica-
tion.

2.7 Data extraction

The following data were extracted: Author and year; setting
or analog environment; sample size; exposure duration;
study design; neurocognitive or mental health outcomes;
instruments or assessment domains; main findings; and
relevance to space medicine.

2.8 Risk-of-bias and quality appraisal

Given the heterogeneous study designs, formal quality ap-
praisal was approached descriptively. The NIH/NHLBI study
quality tools and JBI critical appraisal tools are appropriate
for assessing internal validity, trustworthiness, relevance,
and results in observational and quasi-experimental studies.

For this preliminary synthesis, studies were categorized as
having low, moderate, or high methodological concern
based on sample size, exposure definition, longitudinal de-
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sign, objective outcomes, control/comparison conditions,
completeness of reporting, and reproducibility of methods.

RESULTS

This section presents the results of the study selection pro-
cess and the descriptive characteristics of the studies inclu-
ded in the qualitative synthesis. The findings are organized
in accordance with the PRISMA 2020 reporting structure,
beginning with the identification, screening, eligibility, and
inclusion of records. The PRISMA flow diagram summarizes
how the final sample of studies was obtained, while the
study characteristics table provides an overview of the inclu-
ded evidence according to setting, exposure, design, outco-
me domain, and main contribution to the review question.

3.1. PRISMA Flow and Study Selection

The study selection process is summarized in the PRISMA
2020 flow diagram (Figure 1). A total of 86 records were
identified through open-index database searches, institutio-
nal and agency resources, and reference list screening. After
the removal of 21 duplicate records, 65 records were scree-
ned by title and abstract. Of these, 38 records were exclu-
ded because they did not meet the eligibility criteria or were
not directly related to neurocognitive, psychological, sleep-
related, stress-related, or behavioral outcomes in space-
flight-relevant environments.

Twenty-seven full-text records were assessed for eligibility.
Seven full-text articles were excluded for the following rea-
sons: review, commentary, or conceptual design without
original outcome data; absence of direct neurocognitive or
mental health outcomes; protocol or incomplete outcome
reporting; or population/environment outside the scope of
the review. Therefore, 20 empirical studies were included in
the final qualitative synthesis. No meta-analysis was perfor-
med because the included studies presented substantial
heterogeneity in exposure settings, sample size, mission
duration, assessment instruments, and reported outcomes.

3.2. Characteristics of Included Studies

The characteristics of the 20 studies included in the qualita-
tive synthesis are summarized in Table 1. The included stu-
dies were published between 2000 and 2024 and covered a
wide range of spaceflight-related and terrestrial analog envi-
ronments, including real spaceflight missions, the Internatio-
nal Space Station, Mars-500, NASA's Human Exploration
Research Analog, HI-SEAS, the Controlled Ecological Life
Support System experiment, Antarctic overwintering stati-
ons, short-term isolation protocols, and head-down bed rest
models.

The studies varied substantially in design, sample size, du-
ration of exposure, and outcome assessment. Most investi-
gations used observational, longitudinal, before—after, or
analog mission designs. The main outcome domains inclu-
ded sleep and circadian rhythms, vigilance, cognitive per-
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Records after duplicate removal (n = 65)

Records excluded after screening (n = 38)

Full-text excluded (not meeting inclusion criteria or
quality assessment) (n=7)
Review, commentary, or conceptual article: n = 3; No direct
neurocognitive or mental health outcome: n = 2; Protocol or
incomplete outcome report: n = 1; Population or environment
outside review scope: n =1

Figure 1. PRISMA 2020 flow diagram of study identification, screening, eligibility assessment, and inclusion.

PRISMA 2020 flow diagram showing the identification, screening, eligibility assessment, and inclusion of studies in the qualitative synthe-
sis. A total of 86 records were identified, 21 duplicates were removed, 65 records were screened, 27 full-text articles were assessed for
eligibility, and 20 empirical studies were included in the final qualitative synthesis. No meta-analysis was performed because of methodolo-

gical and clinical heterogeneity across studies.

formance, mood, stress biomarkers, behavioral adaptation,
psychosocial functioning, and the potential role of counter-
measures such as exercise and structured routines.
Although the studies differed methodologically, they collecti-
vely provided relevant evidence for understanding how isola-
tion, confinement, operational stress, and extreme environ-
ments may influence neurocognitive and mental health out-
comes.

Table 1 provides a structured overview of each included
study, including author and year, study setting, exposure
context, outcome domain, and main contribution to the
synthesis. This table was used to support the qualitative
comparison of findings across different analog platforms and
real spaceflight conditions.

The qualitative synthesis included 20 empirical studies. Addi-
tional references were used only to support methodological
reporting and mechanistic interpretation and were not coun-
ted as included studies in the PRISMA flow.

3.3 Methodological Quality of Included Studies

Overall, the included studies presented moderate methodo-
logical concern, mainly because of small sample sizes, hete-
rogeneous exposure conditions, limited control groups, and
variability in cognitive, psychological, sleep-related, and bi-
omarker assessment tools. Longitudinal analog studies and
real spaceflight investigations provided valuable ecological
relevance, but most findings should be interpreted cautiously
because participants were highly selected and mission con-
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ditions differed substantially across studies. No study was
excluded solely on the basis of methodological quality, but
these limitations were considered in the qualitative interpre-
tation of the evidence.

3.4 Synthesis by outcome domain

3.4.1 Sleep, circadian rhythm, and alertness

Sleep disruption was one of the most consistent domains
across spaceflight and analog studies. In the Mars-500 si-
mulation, Basner et al. reported protracted crew hypokinesis
and altered sleep duration and timing during a 520-day si-
mulated mission.

In actual astronauts, Barger et al. found that sleep deficiency
was prevalent before, during, and after shuttle and 1SS mis-
sions, indicating that sleep risk begins before launch and
persists during mission operations.

In HERA, Nasrini et al. found that short-duration confinement
alone did not produce a strong cognitive decline across all
domains, but total sleep deprivation significantly impaired
psychomotor vigilance and cognitive throughput.

Overall, sleep appears to be a key pathway linking isolation,
workload, circadian disruption, and cognitive efficiency. Sle-
ep disruption is clinically important because it may compro-
mise attention, decision-making, psychomotor vigilance,
mood regulation, and emergency performance.

3.4.2 Cognitive performance
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Table 1. Characteristics of the studies included in the qualitative synthesis.

Study Setting Sample/Exposure Main outcome domain Main contribution

Basneretal., Mars-500 520-day simulated  Sleep, activity, alertness Demonstrated hypokinesis and altered sleep

2013 Mars mission timing/duration during long confinement.

Basneretal., Mars-500 6 male crew Psychological and Showed behavioral health risks and strong

2014 members, 520 days behavioral adaptation individual variability during prolonged confinement.

Wang et al., Mars-500 520-day Mood, affective stimuli, Found stage-related mood and endocrine changes

2014 confinement hormones during confinement.

Schneider et  Long-term Simulated Mood, electrocortical Suggested exercise as countermeasure to

al., 2010 confinement confinement activity, exercise psychophysiological deconditioning.

Schneideret  Mars-500 Simulated Mars Prefrontal cortex and Evaluated exercise effects on prefrontal activity and

al., 2013 mission cognition cognitive performance.

Tafforin, 2013  Mars-500 Crew ethology Behavior and adaptation Found time, cultural, and individual effects on crew

behavior.
Tafforin, 2015 Mars analog Confinement vs Ethology and social Compared behavioral manifestations of
environments isolation behavior confinement and isolation.

Abeln et al., Antarctic 8-month isolation EEG, mood, cognition, Supported voluntary exercise as a mental well-

2015 Concordia exercise being countermeasure.

Connaboy et  Antarctic ICE Prolonged ICE Cognitive performance Examined cognition across prolonged isolated,

al., 2020 exposure confined, and extreme exposure.

Alfano et al., Antarctica Coastal and inland  Mental health, symptoms,  Tracked mental health and stress during Antarctic

2021 stations stress biomarkers exposure.

Klein et al., Short-term 30-45 days Brain, sleep, affect, Examined exercise dose during isolation.

2023 isolation cognition

Palinkas et al., Antarctica Winter-over crews  Mood and behavior Reported seasonal changes in mood and behavior

2000 during Antarctic winter.

Palinkas et al., Antarctica McMurdo winter- Thyroid function and mood Linked seasonal endocrine changes with mood.

2001 over

Zimmer et al., Antarctica Antarctic stay Psychological changes Reported psychological changes associated with

2013 Antarctic residence.

Nasrini et al., NASA HERA 2-week analog Cognitive performance Found sleep deprivation impaired vigilance/

2020 missions plus sleep cognitive throughput more clearly than short
restriction confinement alone.

Dunn HI-SEAS Three 8-12 month  Stress and psychosocial Proposed phased stress model for Mars-like

Rosenberg et missions adaptation isolation and confinement.

al., 2022

Yuan et al., CELSS 180-day closed Physiological and Studied multisystem adaptation during long

2019 ecological system psychological adaptation confinement.

Dev et al., ISS 6-month low Earth  Cognition across 10 Found no systematic global cognitive decline in

2024 orbit missions domains professional astronauts.

Tays et al., Head-down bed  60-day analog Cognitive and sensorimotor Artificial gravity did not broadly mitigate cognitive/

2022 rest and artificial performance sensorimotor changes but affected some task

gravity performance.
Barger etal.,  Space shuttle and Astronaut sleep Sleep deficiency and Found sleep deficiency common before, during,
2014 ISS observations hypnotic use and after spaceflight.

Table 1. Characteristics of the studies included in the qualitative synthesis.
Characteristics of the 20 studies included in the qualitative synthesis. The table summarizes the author and year of publication, study set-
ting, exposure context, main neurocognitive or mental health outcome domain, and principal contribution of each study to the review. Inclu-
ded studies covered real spaceflight, simulated Mars missions, spaceflight analogs, Antarctic overwintering, controlled ecological life-sup-
port confinement, and isolated, confined, and extreme environments.

Cognitive outcomes were heterogeneous. Short analog con-
finement did not consistently impair all domains, while sleep
deprivation and mission phase were more clearly associated
with deficits. Nasrini et al. showed that sleep deprivation
reduced psychomotor vigilance and cognitive throughput in
HERA participants, even when confinement effects were

less pronounced.

In professional astronauts, Dev et al. assessed cognitive
performance across 10 domains during 6-month ISS missi-
ons and reported no evidence of systematic global cognitive
decline, although specific domains such as processing spe-
ed, working memory, sustained attention, and risk-taking
showed phase-specific variation.
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In Antarctic and ICE settings, cognitive performance also
showed mixed results. Some studies reported stable or im-
proved performance in selected domains, suggesting adap-
tation, practice effects, or strong preselection of resilient
participants.

The available evidence therefore does not support a simple
model of universal cognitive deterioration. Instead, the most
plausible interpretation is that cognitive vulnerability depends
on domain, sleep state, mission phase, workload, individual
resilience, and environmental stress load.

3.4.3 Mood, affect, and psychological adaptation

Mood and psychological adaptation varied across individuals
and mission phases. In Mars-500, Basner et al. reported
behavioral and psychological reactions during 520 days of
confinement in a multinational crew, emphasizing that beha-
vioral health risks are serious challenges for long-duration
exploration.

Wang et al. found that 520 days of Mars-500 confinement
affected affective stimulus assessment, mood stage, and
plasma hormone levels, suggesting interaction between af-
fective processing and endocrine adaptation.

In Antarctica, Palinkas et al. reported seasonal changes in
mood and behavior during winter-over periods, including
changes in tension, depression, anger, confusion, fatigue,
and vigor.

Alfano et al. examined mental health, physical symptoms,
and stress biomarkers in Antarctic stations, supporting the
use of Antarctica as an Earth-based analog for long-duration
spaceflight stressors.

Together, these findings suggest that mood outcomes are
not static. They fluctuate across exposure phase and may
include both negative symptoms and adaptive responses.
This supports the need for longitudinal monitoring rather
than one-time screening.

3.4.4 Stress biomarkers and endocrine responses

Several studies linked psychological outcomes with physio-
logical stress markers. Wang et al. reported mood and
plasma hormone changes during Mars-500 confinement.

Palinkas et al. evaluated hypothalamic—pituitary—thyroid
function and mood during extended Antarctic residence,
suggesting that seasonal endocrine changes may interact
with mood in polar environments.

Alfano et al. integrated mental health, physical symptoms,
and biomarkers of stress during Antarctic exposure,
strengthening the view that neurobehavioral adaptation
should be assessed as a psychophysiological process rather
than solely through questionnaires.

These findings are clinically relevant because biomarkers

W

=

BY LIASTRA

may help identify individuals at increased risk before subjec-
tive symptoms become severe or operationally relevant.

3.4.5 Behavioral adaptation and crew dynamics

Behavioral adaptation was most directly assessed in etholo-
gical studies. Tafforin found that Mars-500 crew behavior
varied by time, culture, and individual differences, sugges-
ting that adaptation during confinement is dynamic and soci-
ally patterned.

The comparison between confinement and isolation indica-
ted that confinement may generate stress manifestations,
whereas isolation may enhance certain social relationships,
depending on context and group structure.

HI-SEAS data also suggested phased psychosocial stress
responses across long Mars-like analog missions, including
initial eustress, deprivation, disruption of team dynamics,
and asynchronous coping.

These findings support the importance of team composition,
leadership, communication, autonomy, privacy, structured
routines, and psychosocial monitoring during exploration-
class missions.

3.4.6 Exercise and countermeasures

Exercise appeared repeatedly as a promising countermea-
sure. Schneider et al. concluded that confinement is accom-
panied by psychophysiological changes and that exercise
may counteract psychophysiological deconditioning.

During Mars-500, Schneider et al. examined the influence of
exercise on prefrontal cortex activity and cognitive perfor-
mance, indicating that exercise may influence neurocogniti-
ve functioning under confinement.

At Antarctic Concordia, Abeln et al. reported that voluntary
regular exercise supported subjective mental well-being du-
ring long-term isolation. Klein et al. also examined isolation,
sleep, affect, neurobehavioral function, and exercise dose,
reinforcing the relevance of exercise as a behavioral and
neurophysiological countermeasure.

Exercise may therefore operate through several mecha-
nisms: maintaining routine, improving sleep, reducing stress,
supporting mood regulation, preserving cortical function, and
improving perceived autonomy.

Although the included empirical studies primarily assessed
behavioral, psychological, cognitive, sleep-related, and
stress-related outcomes, the observed patterns also support
the need for mechanistic interpretation. In particular, future
work should examine whether microgravity-related brain
adaptation, neuroplastic remodeling, neuroinflammatory
signaling, and microglial activation help explain individual
differences in cognitive efficiency, mood regulation, and resi-
lience during long-duration missions.
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DISCUSSION

4.1 Principal findings

This systematic review found that spaceflight, spaceflight
analogs, and ICE environments are associated with variable
neurocognitive and mental health outcomes. The strongest
and most consistent evidence concerns sleep disruption,
altered alertness, mood fluctuation, stress responses, beha-
vioral adaptation, and domain-specific cognitive changes.

However, the evidence does not support a universal or linear
decline in cognition or mental health. Some participants re-
main stable, some improve in selected tasks, and others
show vulnerability in specific domains. This heterogeneity is
especially important for astronaut selection, clinical monito-
ring, and mission design.

4.2 Interpretation of cognitive findings

The cognitive evidence suggests that astronauts and analog
participants can maintain overall function under prolonged
exposure, especially when they are highly selected, trained,
and supported. However, specific domains such as proces-
sing speed, vigilance, sustained attention, working memory,
and cognitive throughput appear more vulnerable to sleep
loss, stress, monotony, or mission phase.

This is clinically meaningful because small declines in spe-
ed, vigilance, or decision-making may have disproportionate
consequences in high-risk operational environments. A mis-
sion does not require global cognitive collapse to become
unsafe; subtle performance slowing may matter during
emergency procedures, medical decision-making, docking
operations, extravehicular activities, or conflict management.

4.3 Biological mechanisms: microgravity, neuroinflam-
mation, microglia, and neuroplasticity

The neurocognitive and emotional findings identified in this
review should be interpreted not only as behavioral respon-
ses to isolation and confinement, but also as possible mani-
festations of underlying biological adaptation to the space-
flight environment. Microgravity is a central factor in this pro-
cess. By reducing gravitational loading, altering vestibular
and proprioceptive input, and promoting cephalad fluid redis-
tribution, microgravity may affect intracranial fluid dynamics,
sensorimotor recalibration, and structural or functional brain
organization. These changes may contribute to alterations in
vigilance, processing speed, sensorimotor performance, and
executive control, particularly during mission phases requi-
ring rapid adaptation to altered gravitational contexts.

Neuroplasticity provides one of the most important fra-
meworks for interpreting these findings. Some changes ob-
served during spaceflight and analog exposure may repre-
sent adaptive plasticity, allowing the nervous system to reca-
librate motor control, spatial orientation, attention, and beha-
vioral responses to novel environmental demands. However,
adaptive plasticity may coexist with transient dysfunction,
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especially when microgravity is combined with sleep disrup-
tion, stress, circadian misalignment, high workload, and so-
cial confinement. This dual pattern may help explain why
some participants maintain or improve performance in selec-
ted domains, whereas others show fatigue, mood instability,
reduced alertness, or slower cognitive throughput.

Neuroinflammatory mechanisms may also be relevant. Ch-
ronic stress, disrupted sleep, radiation exposure, and altered
immune regulation may influence neuroimmune signaling.
Microglia, as resident immune cells of the central nervous
system, regulate synaptic remodeling, cytokine signaling,
and responses to neural injury or stress. In spaceflight and
microgravity research, microglial activation has been propo-
sed as a potential mechanism contributing to neuroinflam-
mation, synaptic plasticity disruption, and cognitive vulnera-
bility. Although most direct evidence remains preclinical or
mechanistic, this pathway is important because it links envi-
ronmental stressors to neural circuit efficiency, emotional
regulation, and long-term brain health.

Therefore, future neurobehavioral space medicine studies
should integrate cognitive testing with biological markers,
including neuroimaging, inflammatory biomarkers, endocrine
measures, sleep metrics, and, where feasible, neuroimmune
indicators. Such integration would help distinguish adaptive
neuroplastic remodeling from maladaptive neuroinflamma-
tory responses and would strengthen causal interpretation of
neurocognitive and mental health outcomes during long-du-
ration missions.

4.4 Sleep as a central mechanism

Sleep may be the most actionable clinical target identified in
this review. Evidence from astronauts, Mars-500, and HERA
suggests that sleep timing, sleep duration, and sleep depri-
vation affect alertness and cognitive throughput. Sleep moni-
toring should therefore be integrated with cognitive testing,
mood assessment, light exposure control, workload plan-
ning, and countermeasure scheduling.

Future missions should treat sleep as a mission-critical he-
alth variable rather than only a wellness issue.

4.5 Mental health and behavioral adaptation

Mood and stress responses appear to fluctuate across pha-
ses. Early mission periods may involve novelty and eustress,
mid-mission periods may involve monotony and deprivation,
and later periods may involve fatigue, interpersonal strain, or
asynchronous coping. This pattern suggests that psychoso-
cial countermeasures should be phase-specific rather than
uniform across a mission.

Psychological monitoring should include self-report, obser-
ver-based ratings, behavioral indicators, sleep data, and
biomarkers when feasible.

4.6 Exercise as a countermeasure
Exercise appears to be one of the most promising counter-
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measures because it targets physical, psychological, and
neurophysiological domains simultaneously. Evidence from
confinement and Antarctic studies suggests beneficial ef-
fects on mood, electrocortical activity, subjective well-being,
and possibly cognitive performance.

However, the optimal exercise type, intensity, timing, and
frequency for neurobehavioral protection remain unclear.
Future studies should compare endurance, resistance, com-
bined, and short-bout exercise protocols using standardized
cognitive and mood outcomes.

4.7 Clinical and translational relevance

The findings have relevance beyond astronaut health. Spa-
ceflight analog research can inform terrestrial medicine in
populations exposed to isolation, confinement, sensory mo-
notony, circadian disruption, or extreme stress, including
submarine crews, polar workers, military teams, offshore
workers, intensive care patients, long-term care residents,
and people experiencing prolonged social isolation.

The translational value is especially strong for sleep medici-
ne, occupational health, neurology, psychiatry, public health,
and rehabilitation.

4.8 Strengths

This review integrates evidence across real spaceflight, si-
mulated Mars missions, HERA, HI-SEAS, CELSS, Antarctic
overwintering, head-down bed rest, and other ICE settings. It
focuses specifically on empirical human data and emphasi-
zes clinically relevant neurobehavioral outcomes.

4.9 Limitations

This review has several limitations. First, the search was
conducted through open-access and open-index sources,
without direct institutional export from Scopus, Web of Sci-
ence, Embase, or PsycINFO. Second, screening and extrac-
tion were conducted by a single reviewer in this preliminary
version. Third, the included studies had small sample sizes,
heterogeneous designs, and different assessment tools.
Fourth, many studies involved highly selected participants,
limiting generalizability. Fifth, no meta-analysis was possible
because of heterogeneity in exposures and outcomes.

4.10 Recommendations for future research

Future research should use standardized neurocognitive
batteries across missions and analogs; combine cognitive,
mood, sleep, behavioral, neuroimaging, endocrine, and bio-
marker data; and report individual trajectories rather than
only group-level averages. Particular attention should be
given to mechanisms related to microgravity-induced brain
adaptation, intracranial fluid redistribution, neuroplasticity,
neuroinflammatory signaling, and microglial activation. Stu-
dies should include longer follow-up before, during, and after
exposure to determine whether observed changes are tran-
sient, adaptive, persistent, or clinically relevant.

BY LIASTRA

Future investigations should also compare multimodal coun-
termeasures, including exercise, sleep protection, circadian
lighting, nutrition, psychological support, cognitive training,
workload management, and digital health monitoring. Impro-
ving sample diversity, reporting sex- and gender-related ef-
fects, preregistering protocols, and sharing anonymized da-
tasets when feasible will be essential to improve reproducibi-
lity and strengthen causal inference.

CONCLUSION

This PRISMA 2020-informed systematic review indicates
that spaceflight, spaceflight analogs, and isolated, confined,
and extreme environments are associated with measurable
but heterogeneous neurocognitive and mental health effects.
The evidence does not support a simple model of generali-
zed cognitive decline or uniform psychological deterioration.
Instead, the reviewed studies suggest a more complex pat-
tern in which neurobehavioral outcomes vary according to
mission phase, sleep status, workload, environmental mono-
tony, group dynamics, individual resilience, and the availabi-
lity of structured countermeasures.

Across the included studies, the most consistent effects
were observed in sleep regulation, alertness, mood stability,
stress response, behavioral adaptation, and selected do-
mains of cognitive efficiency, particularly vigilance, proces-
sing speed, sustained attention, and cognitive throughput.
These domains are clinically and operationally relevant be-
cause even subtle impairments may compromise decision-
making, interpersonal functioning, emergency response, and
mission safety during long-duration exploration missions.
Sleep disruption emerged as a central and potentially modi-
fiable mechanism linking environmental stressors to cogniti-
ve and emotional outcomes. Therefore, sleep monitoring
and circadian protection should be considered core compo-
nents of neurobehavioral risk management in future missi-
ons.

The findings also highlight the importance of individual vari-
ability. Some participants and astronauts maintained stable
performance or adapted positively, whereas others showed
vulnerability to fatigue, mood changes, stress, or reduced
alertness. This variability reinforces the need for individuali-
zed monitoring strategies rather than reliance solely on
group averages. Longitudinal assessment before, during,
and after exposure is essential to identify early signs of ma-
ladaptation and to distinguish transient adjustment respon-
ses from clinically meaningful impairment.

These findings also suggest that neurobehavioral outcomes
in spaceflight should be interpreted through a biological sys-
tems perspective. Microgravity, altered vestibular and senso-
rimotor input, intracranial fluid shifts, disrupted sleep, stress
physiology, and neuroimmune signaling may interact to sha-
pe cognitive and emotional adaptation. Neuroplasticity may
support functional compensation and adaptation to novel
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gravitational conditions, whereas persistent stress exposure
and possible neuroinflammatory signaling may increase vul-
nerability in selected individuals. This interaction between
adaptive plasticity and biological stress responses may ex-
plain why neurocognitive and mental health effects are hete-
rogeneous rather than uniform across astronauts and analog
participants.

Exercise and structured routines appear to be promising
countermeasures, with potential benefits for mood, cortical
activity, subjective well-being, and cognitive performance.
However, the optimal type, frequency, intensity, and timing of
exercise for neurobehavioral protection remain insufficiently
defined. Future research should integrate exercise protocols
with sleep, light exposure, psychological support, nutrition,
workload management, and digital health monitoring to de-
velop multimodal countermeasure packages.

From a translational perspective, this evidence is relevant
not only to astronaut health but also to terrestrial clinical and
occupational populations exposed to isolation, confinement,
circadian disruption, sensory monotony, or prolonged stress.
Findings from space medicine and analog environments
may inform care strategies for polar expeditioners, submari-
ne crews, military teams, offshore workers, patients in pro-
longed hospitalization, older adults in institutional settings,
and individuals experiencing extended social isolation.

Nevertheless, the current evidence base remains limited by
small samples, heterogeneous methods, variable outcome
instruments, limited control groups, and incomplete standar-
dization across studies. Future investigations should use
harmonized neurocognitive batteries, validated mental he-
alth scales, objective sleep measures, biomarkers of stress,
and transparent longitudinal protocols. Larger multinational
datasets, preregistered protocols, and open science practi-
ces will be essential to strengthen causal inference and im-
prove comparability across missions and analog platforms.

Because microglial activation and neuroinflammatory signa-
ling were not directly assessed in most included human stu-
dies, these mechanisms should be considered biologically
plausible explanatory pathways rather than primary outco-
mes of the present synthesis.

In conclusion, neurocognitive and mental health protection
should be treated as a mission-critical priority in long-durati-
on space exploration. The available evidence suggests that
the main risks are not limited to severe psychiatric events or
global cognitive decline, but include subtle, cumulative, and
context-dependent changes in sleep, alertness, mood,
stress regulation, and cognitive efficiency. Advancing this
field will require integrated clinical, neuroscientific, behavio-
ral, and operational approaches capable of supporting both
astronaut performance in space and human health in ex-
treme environments on Earth.
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