[bookmark: _Hlk123650831]Evidence Report:



Risk of Adverse Cognitive or Behavioral Changes and Psychiatric Disorders Leading to In-Mission Health and Performance and Long-Term Health Effects








Human Research Program 

Human Factors and Behavioral Performance Element

Approved for Public Release: February 10, 2025

National Aeronautics and Space Administration Lyndon B. Johnson Space Center
Houston, Texas

106

CURRENT CONTRIBUTING AUTHORS:


Sheena I. Dev, Ph.D.	KBR
Sara E. Whiting, Ph.D.	NASA Johnson Space Center
Gregory A. Nelson, Ph.D.	KBR
Vonetta Dotson, Ph.D. 	KBR 
Ajitkumar Mulavara, Ph.D.	KBR
Julia M. Schorn, M.S.	KBR
Thomas J. Williams, Ph.D.	KBR 

PREVIOUS CONTRIBUTING AUTHORS:

Alexandra M. Whitmire, Ph.D.	NASA Johnson Space Center
Thomas J. Williams, Ph.D.	NASA Johnson Space Center
James J. Picano, Ph.D.	Wyle Science Technology & Engineering 
Kelley J. Slack, Ph.D.	Wyle Science Technology & Engineering
Jason S. Schneiderman, Ph.D.	Wyle Science Technology & Engineering
Lauren B. Leveton, Ph.D.	NASA Johnson Space Center
Lacey L. Schmidt, Ph.D.	Wyle Science Technology & Engineering 
Camille Shea, Ph.D.	Wyle Science Technology & Engineering 

[bookmark: _Toc108009407]ACKNOWLEDGEMENTS
We thank Kerry George, ELS (KBR) for editing this report, and we acknowledge the important and thoughtful contributions that were made by our Human Factors and Behavioral Performance and Behavioral Health and Performance Operations communities, including flight surgeons and medical operations, our external investigators, and many others as noted below. These efforts, while time-consuming, are critical for understanding and communicating what is known and unknown regarding the risks that are associated with human spaceflight, particularly as we embark on exploration missions to the Moon and Mars. Such knowledge will enable us to meet these future challenges and succeed. We also want to express our deep appreciation to members of the 2017 Standing Review Panel. Who reviewed an earlier version of this Evidence Report—their insights and recommendations were invaluable in making this report more complete.

Gary Beven, M.D.					NASA Johnson Space Center, Houston, TX.
Jack W. Stuster, Ph.D. 				Anacapa Sciences, Inc., Santa Barbara, CA.
Devan Peterson, M.S.				NASA Johnson Space Center, Houston, TX.

Table of Contents
I.	ACRONYMS and ABBREVIATIONS	5
II.	STATUS	9
III.	RISK STATEMENT	9
IV.	EXECUTIVE SUMMARY	9
V.	EVIDENCE	11
INTRODUCTION	11
1.	Context	11
2.	Operational Relevance	12
3.	Behavioral Health Risk Overview	13
4.	Assessment of Adverse Cognitive or Behavioral Conditions and Psychiatric Disorders Leading to In-Mission Health and Performance and Long-Term Health Effects	17
HUMAN SPACEFLIGHT EVIDENCE	19
1.	Sources of Evidence	19
2.	Occurrences of Behavioral Health Signs and Symptoms	20
3.	Predictors and Contributing Factors	38
4.	Monitoring and Countermeasures to Prevent Adverse Cognitive or Behavioral Changes and Psychiatric Disorders Leading to In-Mission Health and Performance and Long-Term Effects	53
HUMAN TERRESTRIAL EVIDENCE	67
1.	Sources of Evidence	67
2.	Occurrences of Behavioral Health Signs and Symptoms	68
3.	Predictors and Contributing Factors to Behavioral Health	77
4.	Prevention and Treatment Countermeasures	84
SUMMARY	92
OTHER ORGANISMS EVIDENCE FOR RADIATION EFFECTS	93
ON THE CENTRAL NERVOUS SYSTEM	93
1.	Overview	93
2.	Radiation-Induced Behavioral Effects	98
3.	Multiple Stressors	111
COMPUTER-BASED MODELING AND SIMULATION	112
VI.	RISK IN CONTEXT OF EXPLORATION MISSION OPERATIONAL SCENARIOS	115
CONSTRAINTS FOR EXPLORATION MISSIONS	115
ADDITIONAL STRESSORS FOR EXPLORATION MISSIONS	115
LIKELIHOOD OF A BEHAVIORAL EMERGENCY OR PSYCHIATRIC CONDITION	116
VII.	DIRECTED ACYCLIC GRAPH (DAG)	119
DAG REVIEW	119
INTEGRATION WITH OTHER RISKS	121
VIII.	KNOWLEDGE BASE	121
GAPS IN KNOWLEDGE	121
STATE OF KNOWLEDGE/FUTURE WORK	122
IX.	CONCLUSION	123
X.	REFERENCES	126
XI.	APPENDIX A: RADIATION INDUCED PHYSIOLOGICAL CHANGES	202




I. [bookmark: _Toc172877386]ACRONYMS and ABBREVIATIONS

5-HT	5-hydroxytryptamine
6df	6 degrees-of-freedom
Aβ	amyloid-beta
AMPA	α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid. glutamate neurotransmitter analog 
ANSIBLE	a network of social interactions for bilateral life enhancement 
[bookmark: _Hlk109109317]APA	American Psychiatric Association
ApoE	apolipoprotein E gene
APP	amyloid precursor protein
APP/PS1	APPswe/PSEN1dE9, Swedish allele of APP protein and loss-of-function presenilin mutation
ASCAN	astronaut candidate
ASG	astronaut spouses group
ATM	ataxia-telangiectasia mutated 
ATSET	attentional set shifting cognitive test
BDNF	brain-derived neurotrophic factor
BEIR	biological effects of ionizing radiation expert committee
BHP	     behavioral health and performance
BHP Op Psy	behavioral health and performance operational psychology
BOLD	blood oxygenation level dependent
CA	cornu ammonis 
CAPCOM	capsule communicator (the individual in mission control who traditionally talks with the spacecraft)
CAVES	cooperative adventure for valuing and exercising human behaviour and performance skills
CBS 	combined behavioral stressors
CD	cluster of differentiation
CDR	compound discrimination reversal, a segment of ATSET test
CNS	central nervous system
CO2	carbon dioxide
C/P/Psy/N	cognitive, performance, psychological, and neurobiological 
CTA	conditioned taste aversion
DAG	directed acyclic graph
DG	dentate gyrus region of hippocampus
DNA	deoxyribonucleic acid
DRM 	design reference mission
DSM-IV-TR    Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision
DSM-5	Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition 
EPSP	excitatory postsynaptic potentials
EVA 	extra-vehicular activity 
FSO	Family Support Office
GABA	γ-aminobutyric acid neurotransmitter
GCR	galactic cosmic rays 
GCRsim	“full” 33-ion/energy GCR simulation fields
GFAP	glial fibrillary acidic protein, astrocyte marker 
HAEC	human aortic endothelial cell
HDBR	head-down tilt bedrest
HERA	human exploration research analog
HFBP	human factors and behavioral performance
HI-SEAS	Hawai’i space exploration analog and simulation 
HLU	hind limb unloading technique for microgravity simulation
HPA	hypothalamic-pituitary-adrenal
HRP	Human Research Program
HSRB	Human System Risk Board
HUVEC	human umbilical vein cord endothelial cells
HZE	high (H) atomic number (Z) and energy (E) 
ICE	isolated, confined, extreme
ICD-10	International Statistical Classification of Diseases and Related Health Problems—10th Revision
IGF-1	Insulin-like growth factor 1
[bookmark: _Hlk161303402]IMM	integrated medical model
IP	internet protocol
ISS	International Space Station
[bookmark: _Hlk108013916]JSC	Johnson Space Center
Ku-band	band directly under the K band (originally German: Kurz-unter) 
LED	light-emitting diode
LDSE	long-duration space exploration
LET	linear energy transfer, rate of energy deposition per unit track length (dE/dx)
LEO	low Earth orbit
LPS	lipopolysaccharide
LTD	long-term depression
LTP	long-term potentiation
LSAH	lifetime surveillance of astronaut health 
L×C	    likelihood by consequence
MAP-2 	    microtubule-associated protein 2
MAPK	mitogen-activated protein kinase
mEPSC	miniature excitatory postsynaptic current
mIPSC	miniature inhibitory post-synaptic currents
miRNA	microRNA
MRI	magnetic resonance imaging
NASA	National Aeronautics and Space Administration 
NCAM	neural cell adhesion molecule
[bookmark: _Hlk189736031]NCRP	National Council on Radiation Protection and Measurements
NEEMO	NASA extreme environment mission operations 
NF-κB	nuclear factor kappa B
NIMH	National Institute of Mental Health
NOLS	National Outdoor Leadership School 
NOR	novel object recognition, recognition memory test
NPCs		          neural precursor cells
NRC	National Research Council
OCR	optical computer recognition
Op Psy	operational psychology group that supports crew on the International Space Station
NEK	Russian Ground-Based Experiment Complex
PMC	private medical conference
PPC	private psychological conference
PSA-NCAM	polysialated neural cell adhesion molecule 
PSD	postsynaptic density protein complex, PSD95 protein component often used as marker
PVT	psychomotor vigilance test
[bookmark: _Hlk110495617]RDoC	research domain criteria
RNA	ribonucleic acid
ROBoT-r	robotic on-board trainer
rPVT	psychomotor vigilance test (rodent version) 
SANS	spaceflight associated neuro-ocular syndrome
SD	standard deviation
simGCRsim	“simplified” 6-ion/energy GCR simulation 
SIRIUS	scientific international research in a unique terrestrial station
SMART-OP	stress management and resilience training for optimal performance
SPE	solar particle event, short term eruption of material from Sun’s surface, includes solar flares and coronal mass ejections
SSLA	solid state lighting arrays
SSRI	selective serotonin re-uptake inhibitors
STS	space transportation system
[bookmark: _Hlk110857047]TMS	transcranial magnetic stimulation
TNF	tumor necrosis factor, proinflammatory cytokine, usually TNF-α form
TREAT Act	NASA Transition Authorization Act
VR	virtual reality
VSS	Virtual Space Station
WCS	waste collection system
WinSCAT	spaceflight cognitive assessment tool for Windows
II. [bookmark: _Toc172877387]STATUS
Active—work/research is underway to address this risk.

III. [bookmark: _Toc172877388]RISK STATEMENT
Taken verbatim from the Human Research Program (HRP) Roadmap, the risk statement for Adverse Cognitive or Behavioral Changes and Psychiatric Disorders Leading to In-Mission Health and Performance and Long-Term Health Effects (Behavioral Health Risk, 2024) states:
Given that crews of future exploration missions will be exposed to extended duration of isolation and confinement, greater distance from Earth, as well as increased exposures to radiation and altered gravity, there is a possibility that these singular or combined hazards could lead to (a) adverse cognitive or behavioral changes affecting crew health and performance during the mission; (b) development of psychiatric disorders if adverse behavioral health changes are undetected or inadequately mitigated; and (c) long term health consequences, including late-emerging cognitive and behavioral changes. 

IV. [bookmark: _TOC_250067][bookmark: _Toc172877389]EXECUTIVE SUMMARY
The exploration spaceflight environment poses unique stressors to human health and performance. These challenges pose a significant and still unknown risk to astronauts’ behavioral health and performance (BHP). Even with excellent astronaut selection methods, a possibility remains that crewmembers could sustain behavioral health problems that may threaten mission success. The Risk of Adverse Cognitive or Behavioral Changes and Psychiatric Disorders Leading to In-Mission Health and Performance and Long-Term Health Effects (Behavioral Health) emphasizes the need to characterize cognitive and behavioral outcomes, develop tools to monitor behavioral health, and ultimately implement countermeasures to prevent, mitigate, or treat adverse cognitive and behavioral changes that may lead to significant adverse in-mission BHP or long-term health effects. Since the last publication of this evidence book, the Behavioral Health risk knowledge base characterizing cognitive and psychological outcomes in both spaceflight and ground analog environments has significantly increased, and initiated interdisciplinary collaboration to integrate research topics across 3 high-impact spaceflight hazard exposures—space radiation, isolation, and altered gravity—has been implemented, and integrated animal studies reviewing radiation induced behavioral effects have been conducted.  
Evidence from spaceflight and from studies in environments analogous to spaceflight suggest that the average incidence rate of an adverse behavioral health event occurring during a space mission is relatively low for current missions of up to 6 months in low Earth orbit (LEO). Although subclinical mood and anxiety disturbances have occurred, no behavioral emergencies have been reported to date during spaceflight. However, anecdotal evidence, subject matter expert consensus and empirical evidence all indicate that the likelihood of an adverse cognitive or behavioral change or a psychiatric disorder occurring rises with increases with mission duration, distance from Earth, and greater exposure to spaceflight hazards. Three high-impact spaceflight hazards—radiation exposure outside of LEO, isolation and confinement, and altered gravity—are expected to exert combined effects on the central nervous system (CNS), and subsequently crew cognition, behavior, and performance. Thus, interdisciplinary research efforts are underway to fully characterize multiple pathways by which behavioral health may be impacted and thus mitigated. This includes efforts to develop animal and cell models to elucidate radiation induced behavioral and pathophysiological effects and to establish approaches to extrapolate risk to humans. Taken together these studies have documented increases in anxiety and depression-like behaviors and decrements on specific tasks of cognitive functions in rodents after exposure to mission relevant doses, such as those of near-term long-duration lunar missions. 
Countermeasures for preventing, mitigating, and treating behavioral disorders and psychiatric conditions are more effective when predictors and other factors that contribute to the risk are characterized and quantified throughout a mission.. These predictors and contributing factors are broadly dichotomized into internal or external domains. Internally focused predictors and contributing factors are individual traits, including personality (and its relationship to adjustment), resiliency (psychological hardiness), emotion regulation, and individual differences in physiological adaptation to spaceflight. External factors include those that are environmental, which are largely outside an individual’s control and may be universally experienced by crewmembers, such as gravitational transitions, space radiation exposure, habitability and environmental design, job design (autonomy and meaningful work), monotony and boredom, daily hassles, major life events, cultural factors, limited ground support/mission support, lack of family and social support, change in lighting and sleep shifting (with the resulting disruptions to circadian rhythms), diet acceptability, and physical ailments related to spaceflight. The evidence outlined in this report suggests varying degrees of influence from these factors on behavioral health outcomes. Not all have negative effects on BHP. Positive or salutogenic aspects of spaceflight (such as the “overview effect” of viewing the Earth) also contribute to behavioral health outcomes and warrant further research and integration into countermeasures. Other factors, such as teamwork, workload, and meaningfulness of work, giving and receiving social support, and leadership responsibilities can have both detrimental and salutogenic impacts.
The early detection of signs and symptoms of adverse behavioral health is critical for early deployment of relevant countermeasures to prevent cognitive or psychiatric conditions. Investigations are currently underway to identify less obtrusive ways of monitoring the crew that can identify changes in BHP earlier and without requiring verbalization by crewmembers. These approaches are less dependent on ground-based support and are thereby more feasible for autonomous operations during exploration missions. 
The current approaches to prevent adverse cognitive or behavioral changes and psychiatric disorders begin during astronaut selection and continue through the post-flight period. The goal of the behavioral health component of astronaut selection is to identify individuals who, at the time of application, have diagnoses that are incompatible with the demands of spaceflight and to select those who are believed to be best suited to be astronauts. Research efforts involving biomarkers may enable a personalized approach to flight medicine. Specifically, ongoing NASA-funded research is assessing the value of specific biomarkers as predictors of behavioral decrements, social adaptation, and emotional resilience to spaceflight stressors. These include, but are not limited to, cognitive, lipidomic, and genetic/epigenetic (e.g., period 3) biomarkers of sleep loss and circadian dysregulation, as well as metabolomic biomarkers to characterize stress response.
The Behavioral Health and Performance Operational Psychology (BHP Op Psy) group also focuses on mitigating cognitive or behavioral changes before, during, or after flight using a system of countermeasures as a second line of defense (after selection). Many countermeasures, such as the International Space Station (ISS) crewmember’s care packages and private psychological conferences (PPCs), promote and monitor crewmember well-being to prevent adverse behavioral health symptoms. The PPC can also be used to treat behavioral or psychiatric conditions. The psychiatrists and clinical psychologists of the BHP Op Psy group have deemed current measures to protect behavioral health as adequate for 6-month missions on the ISS. However, the NASA Office of Inspector General Report released in October 2015 noted that “as of August 2015, NASA does not have a validated mitigation strategy for any of the behavioral risks for a Mars mission” (NASA, 2015). Thus, current research efforts focus on developing hybrid-autonomous capabilities for deploying in-flight countermeasures. 
In anticipation of human exploration and habitation beyond LEO, the Human Factors and Behavioral Performance (HFBP) Element continues to work with research groups, the BHP Op Psy group, and other subject matter experts to characterize risk beyond LEO, develop unobtrusive early detection methods, and improve countermeasures. The combined efforts support current and future spaceflight operations. 

V. [bookmark: _TOC_250066][bookmark: _Toc172877390]EVIDENCE
[bookmark: _Toc172877391]INTRODUCTION
[bookmark: _Toc172877392]Context
NASA’s HRP is organized into 4 topical research groups called Elements[footnoteRef:2]. The HFBP Element manages 5 risks relating to behavioral health (i.e., behavioral medicine, sleep, and team dynamics) and human factors engineering (i.e., human systems integration architecture and injury from dynamic loads). Although each of these risks is addressed in a separate evidence report, they should not be interpreted as existing independently of one another but, rather, should be evaluated concurrently (see Figure 1). Furthermore, the HFBP risks overlap with risks in other Elements (e.g., radiation, immunology, sensorimotor, nutrition) and, as such, must also be considered concurrently with one another. The HFBP Element leads the combined behavioral stressors (CBS) research project in collaboration with the Human Health Countermeasures and Space Radiation Elements. The CBS project integrates research topics across 3 high-impact spaceflight hazard exposures—space radiation, isolation, and altered gravity—that may collectively affect the CNS, and subsequently, crew cognition, behavior, and/or performance, as well as long-term well-being.  [2: 1 See https://humanresearchroadmap.nasa.gov/Documents/IRP_Rev-Current.pdf] 

The risk to behavioral health can be conceptualized as a continuum. On one end is the possibility of adverse cognitive and behavioral changes arising directly related to factors associated with human space exploration; on the other end, a mental disorder can develop if adverse cognitive or behavioral changes are not detected or mitigated. Acute risks to the CNS from exposure to spaceflight stressors may include altered cognitive function, reduced motor function, and behavioral changes, all of which may affect performance and human health. Late-emerging risks to the CNS may include neurological disorders, neurodegenerative conditions, or premature aging. NASA’s BHP Op Psy group defines an adverse behavioral change as any decrement in mood, cognition, morale, or interpersonal interaction that adversely affects operational readiness or performance. If an astronaut experiences an adverse cognitive or behavioral change, whether acute or chronic, during spaceflight, they might be at an increased risk of developing a mental disorder, defined in the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) as “a syndrome characterized by clinically significant disturbance in an individual’s cognition, emotion regulation, or behavior that reflects a dysfunction in the psychological, biological, or developmental processes underlying mental functioning” (American Psychiatric Association [APA], 2013, pp. 20).
[image: ]

Figure 1. Example of how a single hazard could require collaboration within and between Elements to address behavioral health and performance risks. Legend: HFBP; human factors and behavioral performance: HHC; human health countermeasures: SR; space radiation. 
Figure 1 depicts one simplified example of how exposure to space radiation can lead to a cascade of physiological and behavioral changes that involve multiple risks and HRP Elements. Research is designed to address identified gaps, and the HFBP evidence reports and the integrated research plan are updated and revised as existing Element gaps are closed and new gaps emerge.
[bookmark: _Toc172877393]Operational Relevance
The HFBP Element follows the HRP’s operationally driven framework “from evidence to products.” This ensures the HFBP Element develops and maintains an “operationally driven” applied research program consistent with the human health and performance standards that are aligned with major Exploration Program objectives and milestones. The BHP Op Psy group supports current crews and missions in LEO. The needs of the BHP Op Psy group help guide the HFBP Element’s research, and especially Behavioral Health research, to (1) identify and better understand human health and performance standards for spaceflight exploration missions, (2) identify and develop effective, acceptable, and operationally feasible countermeasures to prevent or reduce risks, and (3) determine how to leverage new and existing technologies to monitor and assess risks. The HFBP research seeks to characterize and mitigate operational risks while addressing those needs that might arise under future long-duration space exploration (LDSE) mission parameters. Within the HFBP Element, Behavioral Health research is predominantly conducted in platforms that are analogous to LDSE missions, particularly the recent and upcoming one-year missions on the ISS that considerably extend duration in an isolated, confined, and extreme (ICE) environment.
The process of addressing the risk of developing adverse cognitive or behavioral changes and psychiatric disorders during or after a long-duration spaceflight mission begins with research strategies to detect, quantify, monitor, and mitigate the risks. Methods for monitoring behavioral health and physiological changes to the CNS during LDSE missions will allow the BHP Op Psy group to detect signs of stress or other risk factors before adverse behavioral or psychiatric changes arise. This early detection allows those risk factors to be mitigated before the crews’ behavioral health, performance, and safety, or mission objectives are negatively affected. Countermeasures aimed at preventing or mitigating risks are then refined and arrayed to further safeguard BHP during long-duration isolated, confined, and highly autonomous missions. The HFBP Element’s research findings also provide recommendations regarding best practices for space medicine and updates to BHP standards.
NASA is committed to human spaceflight that extends beyond LEO, such as the Artemis program that aims to land the first woman and the next man on the Moon and to develop the Lunar Gateway orbital exploration platform. Lunar exploration missions will pave the way for future crewed exploration missions to Mars. The HFBP Element supports and conducts human and animal research to develop necessary capabilities, countermeasures, and technologies to appropriately mitigate the risk of adverse cognitive or behavioral conditions and psychiatric disorders that could occur before, during, and after flight, before humans leave LEO to explore our solar system.
[bookmark: _Toc172877394]Behavioral Health Risk Overview
[bookmark: _Hlk108080886]The Human System Risk Board (HSRB) determines the risk related to various mission scenarios using a likelihood (per person-year) by consequences matrix (LxC), as shown in Table 1, and examines those risks across 2 timeframe categories: (1) operations (i.e., health and performance during the mission) and (2) long-term health (i.e., after flight). The HSRB uses stoplight signal colors to represent overall perceived risk for various mission scenarios. These risk ratings are only one of several inputs used to determine research priorities and to manage decisions and program resources. The Behavioral Health risk associated with the current 6-month missions on the ISS are classified as “yellow” (moderate), whereas planetary missions, such as a surface mission to Mars, are recognized to be a red (high) risk.

Table 1.	Risk of adverse cognitive or behavioral changes and psychiatric disorders for operations and long-term health—Determined as likelihood by consequences for various design reference missions

	DRM
Categories
	Mission Duration
	L×C		Risk 
OPS	 Disposition
	L×C	Risk
LTH	Disposition

	Low Earth Orbit
	Short
(<30 days)
	4 × 1
	Accepted
with Monitoring
	1 × 3
	Accepted
with Monitoring

	
	Long
(30 days to 1 year)
	5 × 2
	Requires Mitigation
	2 × 2
	Accepted with Monitoring

	Lunar Orbital
	Short
(<30 days)
	4 × 2
	Requires Characterization
	1 × 3
	Accepted with Monitoring

	
	Long
(30 days to 1 year)
	5 × 2 
	Requires Mitigation
	2 × 3
	Requires Characterization

	Lunar Orbital + Surface

	Short
(<30 days)
	4 × 2
	Requires Characterization
	1 × 3
	Accepted with Monitoring

	
	Long
(30 days to 1 year)
	5 × 2
	Requires Mitigation
	2 × 3
	Requires Characterization

	Mars
	Preparatory
(<1 year)
	5 × 3
	Requires Mitigation
	2 × 3
	Requires Characterization

	
	Planetary
(730 to 1224 days)
	5 × 3
	Requires Mitigation
	2 × 3
	Requires Mitigation


Source: Presentation to the Human Risk Board Decisional, July 2024. The risk matrix designated above uses the “likelihood” (L) X “consequences” (C) for both “Operations” (OPS) and “Long-term Health” (LTH) with the Risk Likelihood Criteria ranging from 1 = “Very Low” (< 0.01%) to 5 = “Very High” (>10% person per year) and “Risk Consequence Criteria” looking at Mission Health and Performance (OPS) and Long Term Health (after the mission) (LTH) with each factor rating from 1-5 anchored with descriptive criteria. For example, the “OPS” Consequence ranges from “1” = “Temporary discomfort” or Insignificant impact to performance and operations—“no additional resources required”—to “5” = “Death or permanently disabling illness/injury affecting one or more crewmember (LOCL/LOC)” or “Loss of mission due to crew performance reductions or loss of crew”. DRM: design reference mission
 
Spaceflight hazards relevant to the risk of adverse cognitive or behavioral changes and psychiatric disorders leading to in-mission health and performance and long-term health effects
The HRP organizes the primary hazards of spaceflight into 5 main categories: isolation and confinement, space radiation, distance from Earth, altered gravity, closed/hostile environment. Currently, the HSRB deems that the risk of adverse cognitive or behavioral changes and psychiatric outcomes requires mitigation for planetary missions due to all 5 spaceflight hazards, but primarily due to isolation and confinement. Given the challenges of shifting from the Space Shuttle missions to the ISS missions, it is reasonable to assume that the shift from the ISS to LDSE missions will be just as, if not more, challenging.
Isolation and confinement is a significant stressor that can be deleterious to psychological health (Schorn & Roma, 2020), and has been previously linked to depression-like symptoms or negative affect in LEO (Burrough, 1998; Stuster, 2010). The direct relationship between isolation and confinement and mission duration is less understood. It is well-known anecdotally that the shift from 2-week Space Shuttle missions to 6-month or longer ISS missions renders the psychological stressors of spaceflight more salient. Space Shuttle astronauts were expected to tolerate any stressors that arose during their brief missions (Whitmire et al., 2013). Although it is possible to manage stressors such as social isolation and to live with incompatible crewmembers for 2 weeks on the Space Shuttle, ignoring such issues is unlikely to be a successful coping mechanism during LDSE missions. For longer missions on board the ISS, astronauts require a larger, more robust set of coping skills and more psychological support. Evidence of this is (1) the large number of Silver Snoopy awards awarded to BHP Op Psy providers by ISS astronauts[footnoteRef:3], (2) statements of praise for the BHP Op Psy group and Family Support Office (FSO) teams, and (3) written and oral statements from astronauts regarding the difficulty of longer missions and the benefits of support from BHP Op Psy group.  [3:  Awardees are chosen by astronauts and “must have significantly contributed to the human spaceflight program to ensure flight safety and mission success.” This is the highest award an astronaut can give. Source: Silver Snoopy Award criteria (https://www.nasa.gov/space-flight-awareness/silver-snoopy-award/)
] 

Although anecdotal evidence indicates that psychological adaptation is more difficult on longer duration missions[footnoteRef:4], no incidences of psychiatric disorders have been reported on either Space Shuttle missions (Billica, 2000) or ISS missions (Integrated Medical Model [IMM]; Myers et al., 2018). In other words, astronauts report that they perceive greater stress and cognitive difficulties symptoms on longer missions, but the stress or cognitive decrements have not manifested into clinically diagnosable, mission jeopardizing psychological disorders. It is possible that the risk of a psychological event may increase in direct proportion to the length of the mission (Ball & Evans, 2001; Otto, 2007). However, some evidence indicates that adverse behavioral health signs or symptoms could occur early in the mission and subsequently plateau (Basner et al., 2014) or may be characterized by circumscribed decrements across the duration of the mission (Garrett-Bakelman et al., 2019). Others posit that peak fluctuations in decrements could occur early in the mission, and then re-emerge at the final phase of the mission (Vanhove et al., 2014), possibly related to increased activity and adaptation associated with arrival and departure (Manzey et al., 1998). These differences in trajectories of symptoms over time may be due to individual differences in resilience to spaceflight, specific mission parameters, or both. Nevertheless, as LDSE missions extend towards unprecedented mission durations, the cognitive and psychological cost of isolation and confinement in extended duration missions remains an open question. [4:  Anecdotal reports, similar to case reports in medicine, offer preliminary results that alert to “possibly relevant” information, however, these results are not deemed valid evidence because they are limited to self-reports or observations. Although they do not provide compelling evidence, these anecdotal reports can alert to “what might be there” and, therefore, help bridge the gap between retrospective, uncontrolled observations (subject to all forms of bias and dependent on memory) and eventual validation of research. Contemporary psychologists recognize the value anecdotal reports as a form of narrative accounts, which have been described as the “central human means of making sense of the world” (Murray, 2003).
] 

LDSE missions could be longer than missions in LEO, and given their unprecedented distance from Earth, additional, unexperienced stressors will exist during LDSE missions. For example, LDSE missions will likely involve confinement in a habitable volume that is smaller and less private than the ISS, an inability to see Earth, a lack of resupply and care packages, periods of increased monotony and routine that alternate with significant workload associated with high operational tempo (i.e., increased frequency)extra-vehicular activities (EVAs), limited medical and psychological care capabilities, no evacuation options, less social, physical, and sensory stimulation, increased radiation exposure, and significant delays in communication (e.g., up to 22 minutes one-way for Mars). These factors in turn are anticipated to affect both mission operations and the crewmembers’ perceptions of isolation because of their limited ability to stay in touch with mission control, family, and friends on the ground. Furthermore, LDSE missions will involve greater uncertainty as they move toward the unknown (e.g., deeper space, new destinations, new spacecraft).
Another hazard that will affect risk estimation is the space radiation environment. Exposure to space radiation accumulates slowly and linearly during missions (punctuated by solar particle events [SPEs]) and are characterized by different radiation field compositions depending on location in space or on planetary surfaces, vehicle design, and operations such as EVAs. Exposure to this complex environment could cause radiation-induced covalent chemical changes to the CNS’s molecular and cellular structures or persistent neuroinflammation, which could lead to functional impairments of the CNS. Human data is lacking for exposure to the space radiation environment or to simulated Earth analogs of space radiation, however, a great variety of studies using animal models suggest that mission relevant doses can cause structural and behavioral impairments in rodents. Physiological and cellular effects are likely to be quite similar between species, but the greater size and complexity of human brains will likely provide many more compensatory mechanisms for maintaining behavioral homeostasis. A need exists to determine the scaling relations for extrapolating radiation effects on rodents to humans, which are complicated by the different biology of humans versus rodents, and for extrapolating animal behavior measures that typically do not have direct human counterparts. It is difficult to draw direct links from animal studies to human behavior that may have operational consequences (i.e., decrements in task performance during operations). However, consistent with the research domain criteria (RDoC) framework, animal studies can elucidate genetic, molecular, cellular, and circuit-based mechanisms underlying behavioral and cognitive domains that support tasks required for mission success. An important strategy for managing radiation risk is to determine the radiation exposure level corresponding to the threshold for behavioral impairments with operational significance. Permissible outcome levels, defined as an acceptable maximum decrement or change in a behavioral parameter during a spaceflight mission, and associated biomarkers of these decrements that are related to radiation exposure can be used to determine the permissible radiation exposure level. The radiation exposure, which can be measured with dosimeters on the spacecraft, can guide the use of countermeasure strategies to mitigate radiation-induced changes in behavior. This approach is employed for other radiation-induced health hazards such as cancer. At this time, no adverse behavioral changes during spaceflight have been directly attributed to radiation exposure, although radiation exposure may have contributed to observed physiological adaptations. These issues and experimental findings are discussed in detail in the Other Organisms section of this report. 
Alterations in gravity experienced by spaceflight crewmembers can impact physiological functioning, behavior, and performance capacity (Schorn & Roma, 2020). Transitions between gravitational fields and prolonged exposure to microgravity during long-duration LEO missions directly impact sensorimotor functioning, spatial orientation, vision, balance, and bone and muscle strength. Microgravity-induced blood and cerebrospinal fluid shifts have multi-systemic impacts. A growing body of literature indicates that some astronauts develop spaceflight associated neuro-ocular syndrome (SANS) and associated brain structural alterations (Laurie et al., 2022). Therefore, altered gravity can affect behavioral health, including cognitive and behavioral performance resulting from the physiological changes described. LDSE missions to the Moon and Mars will expose crewmembers to 3 different gravitational fields, and it is expected that the combination of prolonged exposure to microgravity coupled with transitions to planetary gravity levels will exacerbate physiological and behavioral changes during these missions. However, this is not well understood given the practical limitations of simulating prolonged exposure to altered gravitational fields on Earth. 
The LDSE spacecraft and future planetary habitats will be hostile/closed environments designed as a complex ecosystem that will be used as a workplace and as a home (Schorn & Roma, 2020). Basic life support, waste management, and recycling will be carefully maintained, but can pose significant hazards to psychological and cognitive health if not managed appropriately. For example, exposure to ammonia and formaldehyde can cause cognitive and behavioral changes in humans and animals (Bosoi & Rose, 2009; Li et al., 2016), and microorganisms can be easily transferred and proliferate and could interact with a crewmember’s potentially weakened immune system to trigger an inflammatory response that could impact behavioral health. 
It is unknown if the relationship between duration of exposure to the spaceflight hazards and cognitive or psychosocial adaptation to spaceflight is linear, if it will accelerate, or at what point it may achieve asymptote. For example, do the effects of stressors plateau after an astronaut becomes adapted to spaceflight? To what extent will psychosocial adaptation to spaceflight depend on mission duration and other characteristics such as habitat or vehicle design (e.g., size and number of windows), mission objectives, or distance from Earth? Likewise, the nature of the relationship between mission characteristics and increased risk of a cognitive or behavioral event occurring is unknown. 
The primary aim of the studies in the HFBP Element’s Behavioral Health science portfolio is to determine whether the currently defined Behavioral Health risk will remain the same for LDSE missions, or if the added challenges and stressors of exploration missions will result in a greater incidence of stress and/or adverse cognitive and behavioral conditions or psychiatric disorders. Detecting, monitoring, and mitigating behavioral health problems is the focus and goal of research to address the Behavioral Health risk.
[bookmark: _Toc172877395]Assessment of Adverse Cognitive or Behavioral Conditions and Psychiatric Disorders Leading to In-Mission Health and Performance and Long-Term Health Effects
[bookmark: _TOC_250065]Assessing cognitive or behavioral changes and psychiatric disorders helps identify individuals at risk, contributing factors, and best treatment options. Assessments occur within both clinical and research frameworks. NASA’s BHP Op Psy group teaches this clinical approach, described below, to astronauts and flight surgeons. Research efforts expand beyond clinical assessment and adopt the RDoC transdiagnostic approach to characterize deviation from normal functioning across a number of domains of neurobehavioral functioning. 
1. Clinical framework
NASA utilizes the Diagnostic and Statistical Manual of Mental Disorders (DSM-5; APA, 2013) and International Classification of Diseases-10 (ICD-10; World Health Organization, 2015) classification systems that employ a categorical approach to determine presence or absence of symptoms related to clinical mental disorder. The ICD-10, which is global, multidisciplinary, and multilingual, offers a more comprehensive system than the DSM-5. For example, ICD-10 is used to classify physical and mental diseases as well as conditions for all general epidemiological purposes and many health management purposes. That is, Mental and Behavioural Disorders is only one chapter in the much broader scope of ICD-10. In contrast, the DSM-5 combines all mental and personality disorders, intellectual disabilities, and other medical diagnoses with psychosocial and contextual factors and other medical conditions that contribute to, or exacerbate, psychiatric conditions, and represents this using an expanded set of V codes[footnoteRef:5]. A DSM-5 diagnosis is typically given whenever evidence exists of clinically significant distress or impairment in some important area of functioning (e.g., social, occupational, interpersonal). [5:  In DSM 5, V codes are used when a patient reports significant factors that may influence their presence or future care. These conditions may either be related or unrelated to the primary diagnosis or exist in the absence of a diagnosable mental disorder. However, at times they are significant enough to warrant their own diagnosis (e.g., partner relational problem associated with a Major Depressive Disorder in one of the partners).
] 

Behavioral medicine training for the ISS teaches NASA flight surgeons, crew medical officers, and astronauts that 3 main types of significant mental disorders might be encountered in a long-duration spaceflight mission (NASA, 2008): (1) delirium[footnoteRef:6], which is a syndrome characterized by acute onset of cognitive impairment and altered alertness that can occur in response to numerous acute stressors including acute illness, exposure to high levels of carbon dioxide (CO2), trauma, medication, or intoxication (Cunningham & MacLullich, 2013); (2) adjustment disorder, which is a severe and negative valence emotional response to a significant life event or significant change in one’s situation; and (3) neurasthenia[footnoteRef:7], which is a progressive negative valence psychological response to the isolation and rigors of a long-duration spaceflight mission. The Russian Space Agency, even more so than NASA, recognizes asthenia as a condition that occurs during long-duration spaceflight missions (Kanas, 1991; Myasnikov & Zamaletdinov, 1996; Myasnikov et al., 2000). During NASA behavioral medicine training, astronauts are also instructed to be vigilant for other possible adverse cognitive or behavioral changes or psychiatric disorders. These other conditions fall under the rubric of any other psychiatric disorder, which is the first indication that a pre-existing or latent mental disorder is, perhaps, worsened or triggered by the stress of long-duration spaceflight. [6:  Delirium is of particular interest because it is commonly associated with acute illnesses such as urinary tract infections (UTIs), one of most frequent triggers of delirium in older people. Foley catheters have been used in space (see e.g., Stepaniak et al., 2007) and carry a risk of UTIs. Longer duration missions may increase the risk for UTIs because urinary retention is a frequent concern in current spaceflight (both due to privacy and in some cases believed related to the use of promethazine for space motion sickness, see e.g., Law et al., 2013). Other known risk factors for delirium include hypoxia/anoxia, toxic gas/smoke inhalation, or head injury. A severe presentation of delirium would be deleterious and dangerous for both the individual and the crew as a whole. As a neuropsychiatric syndrome, delirium creates strain on those around the sufferer (see e.g., Detroyer et. al., 2016; Teodorczuk et al., 2012) with a clinical presentation of symptoms that includes a significant risk of altered alertness, agitation, or hyperactivity; altered sleep-wake cycle; and psychosis. Research is only beginning to determine both the susceptibility and the triggers for delirium Animal models demonstrate an association between delirium and inflammation, side-effects of an infection, and/or stress-related mechanisms (see e.g., Cunningham & MacLullich, 2013), which, given potential radiation-induced inflammatory processes or even potential for mild-traumatic brain injury, makes this a condition worthy of attention in the context of spaceflight.
]  [7:  Asthenia is considered an important psychiatric condition by Russian space psychologists (e.g., Myasnikov et al.,
2000) and is defined in a section below.
] 

Research framework
The efforts by the National Institutes of Mental Health (NIMH, 2008) to “develop, for research purposes, new ways of classifying mental disorders based on dimensions of observable behavior and neurobiological measures” (see Strategy 1.4, NIMH, 2008) offer intriguing research possibilities for translational research that links basic research to more specific problematic and possible etiological variables, biomarkers, and more effective psychosocial treatments (but is not without its critics, see e.g., Goldfried, 2015). The RDoC (Insel et al., 2010; NIMH, n.d.) integrates 6 major domains of functioning: positive valence, negative valence, cognition, sensorimotor, social processes, and arousal/regulatory systems (Cuthbert & Kozak, 2013; Harrison et al., 2019). The RDoC depicts mental disorders as falling along dimensions (e.g., cognition, mood, social interactions) with traits arrayed along a continuum ranging from normal to extreme. The RDoC offers a conceptually rich framework that aligns mental disorders to individual differences in brain function. That is, mental disorders are viewed as disorders of development that manifest as a result of an accumulation of, or inability to, handle a new stress along with relatively ineffective compensatory mechanisms resulting from periods of developmental vulnerability (Sanislow et al., 2010). The translational research approach of RDoC, its emphasis on the individual risk factors and biomarkers, the linkage of cognition, affect, and social behavior to an individual’s risk and opportunities combine to make this an intriguing area that can be used to monitor individual variability and vulnerability to both the psychological and physiological stressors of LDSE.
[bookmark: _TOC_250064][bookmark: _Toc172877396]HUMAN SPACEFLIGHT EVIDENCE

1. [bookmark: _TOC_250063][bookmark: _Toc172877397]Sources of Evidence
NASA differentiates between an adverse behavioral change and a psychiatric disorder in the following manner: a behavioral change is any decrement in mood, cognition, morale, or interpersonal interaction that adversely affects operational readiness or performance; whereas a psychiatric disorder is one that meets the DSM criteria for diagnosis of a disorder. Evidence of behavioral health decrements during spaceflight is limited. Anecdotal reports from astronauts or their support crew illustrate the nuances offered by the individual context, and these often lead to published histories and biographies that offer a more accountable source of evidence. Content analysis on anecdotal data, exemplified in Dr. Jack Stuster’s Journal Project (Stuster, 2010; Stuster, 2016), can reveal common concerns or behavioral patterns. In this journal study, consenting astronauts who agreed to participate recorded their experiences in journals during their missions, which provided a rich dataset of potential adjustment reaction and other psychological factors deemed important for further study. The Lifetime Surveillance of Astronaut Health (LSAH) (NASA, n.d) captures information from Flight Surgeon’s or Crew Surgeon’s notes taken during weekly private medical conferences (PMC), although BHP vulnerabilities or concerns are not available for consistent release. Historically, data from the LSAH were periodically categorized into 3 behavioral conditions (behavioral emergency, depression, and anxiety) and input into the IMM, a statistically based tool for forecasting risk to crewmembers’ health (Myers et al., 2018). However, this forecasting is limited due to its reliance on the diagnostic criteria for clinical conditions, which poses a higher threshold relative to the occurrence of symptoms and signs used by the LSAH. Finally, more recent research efforts have directly collected behavioral health data during long-duration ISS missions. These studies offer a more direct and quantitative source to study the behavioral medicine risk during LEO missions. 
2. [bookmark: _TOC_250062][bookmark: _Toc172877398]Occurrences of Behavioral Health Signs and Symptoms
During the Space Shuttle program, 34 behavioral health signs and symptoms were reported among the 208 crewmembers who flew on 89 Space Shuttle missions between 1981 and 1989 (a total of 4,442.8 person-days in space). This is an incidence rate of 0.11 for a 14-day mission; in other words, signs and symptoms, regardless of the type of sign or symptom, occurred at the rate of approximately one per every 2.87 person-year (see Table 2). The behavioral symptoms that were most reported in these 89 missions were anxiety and annoyance (Billica, 2000).
Table 2. In-flight medical events for U.S. astronauts during the Space Shuttle Program (STS-1 through STS-89, Apr 1981 to Jan 1998)
	Medical Event or System by ICD-9a Category
	Number of Events
	Percent
	Incidence/ 14 days
	Incidence/ year

	Space adaptation syndrome
	788
	42.2
	2.48
	64.66

	Nervous system and sense organs
	318
	17.0
	1.00
	26.07

	Digestive system
	163
	8.7
	0.52
	13.56

	Skin and subcutaneous tissue
	151
	8.1
	0.48
	12.51

	Injuries or trauma
	141
	7.6
	0.44
	11.47

	Musculoskeletal system and connective tissue
	132
	7.1
	0.42
	10.95

	Respiratory system
	83
	4.4
	0.26
	6.78

	Behavioral Health signs and symptoms
	34
	1.8
	0.11
	2.87

	Infectious disease
	26
	1.4
	0.08
	2.09

	Genitourinary system
	23
	1.2
	0.07
	1.83

	Circulatory system
	6
	0.3
	0.02
	0.52

	Endocrine, nutritional, metabolic, and immunity disorders
	2
	0.1
	0.01
	0.26


aInternational Statistical Classification of Diseases and Related Health Problems, 9th edition. Source: Billica (2000). STS: space transportation system; ICD: International Statistical Classification of Diseases and Related Health Problems
Throughout ISS Expeditions 1 through 40, 9 instances of behavioral health signs and symptoms were included in flight surgeon records, which is an incidence rate of 0.62 per person-year (Antonsen et al., 2017). This incidence rate is limited because it is derived from a retrospective review of medical records, rather than BHP Op Psy records or prospective sampling. Similarly, no description of the types of symptoms were captured. Regardless, the incidence estimate better reflects the likelihood in current operations given the large habitable volume of the ISS, longer mission durations compared to Space Shuttle missions (~ 6 months), and the most comprehensive behavioral health performance services and countermeasures implemented to date. 
As well as tracking occurrences of behavioral health signs and symptoms, events of the type that could reasonably be expected to trigger a behavioral reaction (and thus impact mission success) can also be tracked. Forty-five astronauts flew on the first 41 ISS expeditions, and during these missions only one behavioral event is thought to have possibly impacted mission objectives. This occurred due to the unexpected death of a parent of one of the astronauts. As of expedition 68/69, the resulting rate of such an event occurring is 1.1 per astronaut mission (Beven, 2014).
Stuster (2010) reported that 10 categories with BHP implications accounted for 88% of all journal entries among 2- or 3-person ISS crews: work; outside communications; adjustment (physical & mental fatigue as well as adaptation); group interaction, recreation/leisure; equipment; events; organization/management; sleep; and food. Exercise replaced sleep in the top 10 categories for 6-person crews, and those top 10 accounted for a similar percentage (86%) of all entries (Stuster, 2016). Many of these entries highlighted the salutogenic experience of living and working aboard the ISS, not just adjustment stressors.
Reactions to spaceflight, whether physiological or psychological, can be categorized by type. The more common types of behavioral symptoms and conditions are discussed in the following sections.
1. [bookmark: _TOC_250060]Psychosocial Adaptation
Psychosocial adaptation is the psychological and social process of adjusting or conforming to new conditions. Most astronauts adapt well to life in orbit, as is evident from their journals (Stuster, 2010, 2016). As missions move beyond LEO, however, many of the current measures to support behavioral health (e.g., real-time video conferences with family) will not be possible. Whether the inability to provide the type and level of psychological support and countermeasures currently available on the ISS will affect the speed and quality of astronaut psychosocial adaptation is currently unknown. Successful psychosocial adaptation is essential because unsuccessful psychosocial adaptation can lead to adjustment disorders that could lead to decrements in performance (APA, 2013).
Anecdotal evidence from crewmembers provides insight into the adaptation that occurs during long-duration spaceflight missions. In their flight diaries, cosmonauts and astronauts recount that they experience periods of both psychological distress and well-being during extended periods in space (Ball & Evans 2001; Stuster, 2010, 2016), and even crewmembers with otherwise cheerful dispositions may demonstrate mood changes when adapting to spaceflight. Lebedev wrote in his journal, “[M]y nerves were always on edge, I get jumpy at any minor irritation” (Lebedev, 1988, p. 291). From ISS astronaut journals, Stuster (2010, 2016) identified over 2,145 statements related to psychosocial adaptation across 2 phases of study. The entries encompassed a range of emotions from negatively valanced (e.g., “just feeling grumpy today” and “feel a little lost today”) to the very positive (e.g., “today was a great day” and “I am “riding high” today”). Over the course of an expedition, morale on the ISS tended to dip during the third quarter and then rise during the final quarter (Stuster, 2010, 2016). Although this phenomenon has been previously coined the “third quarter effect” (cf., Bechtel & Berning, 1991), the existence of time dependent phases of behavioral health during long-duration missions remains an open question. 
Adapting to spaceflight is challenging, and training cannot eliminate all of the challenges. Linenger (2000, p. 151) described his inability to prepare fully for the challenges of long-duration spaceflight: “I was astounded at how much I had underestimated the strain of living cut off from the world in an otherworldly environment.” Familiarity with the environment may play a role in adjustment; astronauts who return for a second ISS expedition may have an easier time adjusting, as evidenced by journal entries such as, “adjusting to life here on ISS has been really easy; it is like coming home for me,” (Stuster, 2010, p. 18). If true, this anecdotal evidence suggests astronauts who do not have prior flight experience in LEO may require more pre-mission support targeting spaceflight adaption than those astronauts with prior experience. 
Ineffective adjustment to life in space can take many forms, such as withdrawal from fellow crewmembers and/or ground support crew, or discord or tense relations with other crewmembers. A third form of ineffective adjustment is deviant behavior. One expert in isolated and confined environments has identified 2 categories of deviant behavior in U.S. Antarctic winter-over crews: (1) individuals who fail to conform to group norms and expectations; and (2) individuals who act as the station “class jester”, whose behavior is outside of the mainstream yet not outrageously disruptive or threatening (Palinkas, 1989, 1992). Deviant types of behavior in space may fall into these same categories. For example, Lebedev admitted that he disregarded safety procedures when he became frustrated. In his haste to access new letters from home, he did not wear safety goggles because “they fogged up, but if metal dust had entered my eye the flight would have ended” (Lebedev, 1988, p. 304). Illustrating the second category of deviant behavior is Linenger’s coping behavior: “I also made my own diversions … Playing the space version of ‘sneaking up’ … Flying silently down the length of a module, I would approach one of my crewmates and, still undetected by him, move very close. I would then hover patiently until he turned around. I knew that I had gotten him whenever he would gasp and flail his arms backward” (Linenger, 2000, p. 159). These anecdotal reports suggest that astronauts and cosmonauts may at times engage in coping behaviors that, though not detrimental to overall mission success, could signal early changes in behavioral health that may benefit from countermeasure implementation. 
Crew size may also contribute to behavioral outcomes. When examining rates of deviance during 7 polar and 3 spaceflight missions (Salyut 7, Apollo 11, and Apollo 13), Nolan and Dudley-Rowley (2005) determined that deviance rates were highest for crews of 3, and that increasing crew size to 4 is associated with a decrease in the exhibited deviant behaviors. Stuster collected journal data from members of 2- and 3-person ISS crews (phase I; 2010), and from 6-person ISS crews (phase 2; 2016). Although adjustment themes were quite similar for all the crew sizes overall, the journal entries from 6-person crews included fewer reports of frustration related to menial work, presumably due to distributing those tasks among a larger crew (Stuster, 2016). Further investigation is required before a conclusion can be reached regarding optimal crew size for psychosocial adjustment.
Although adjusting to life in space can be difficult, some factors make the adaptation process easier. This is evidenced by the categories involving psychosocial adjustment that emerged during the astronaut journals project. Out of the 11 categories identified in the 2 phases of study, 4 directly reflect aspects of life in flight that have a positive effect on adjustment. These include high morale (which Stuster differentiates from low morale), successful adjustment, helps adjustment, and beauty/wonderment. The helps adjustment category is described by Stuster as relating to those activities and factors that contribute to overall behavioral adjustment (e.g., exercising, viewing earth, meaningful work, eating together, helpful crewmates). Together, these 4 categories accounted for 48.1% of the journal entries on adjustment. Several of the remaining categories of adjustment are ambiguous (Stuster, 2010), meaning that the journal entries could be positive or negative in tone. One such category is visitors/crew rotation. Typically, events such as crew rotations might be anticipated, yet stressful. Overall, journals collected from 2003 to 2016 indicate an evolution of the ISS program and crew culture with increasing emphasis on the psychosocial adaptation aspects of spaceflight (Stuster, 2016). Figure 2 summarizes Stuster’s findings regarding the prevalence of journal entries that discussed factors related to psychosocial adaptation to life on the ISS.
[image: ]
Figure 2. Journal entries related to “adjustment” to life on the ISS. Phase 1 included journals written from 2- and 3-person ISS crews from 2003 to 2010. Phase 2 included journals written from six-person ISS crews from 2011 to 2016. Source: Stuster (2016)
Behavioral and Psychiatric Emergencies
NASA considers any behavioral or psychiatric condition that causes serious behavioral or cognitive symptoms leading to incapacitation and severe mission impact as a behavioral emergency. Examples include the development of delirium due to a head injury, hypoxia/anoxia, toxic gas/smoke inhalation, or a clinically significant mood episode following a tragic event such as the death of a family member or an international catastrophe. To date, no behavioral emergencies requiring significant intervention or evacuation have occurred before or during any U.S. spaceflight. As previously mentioned however, future long-duration LDSE missions that include longer durations and greater exposure to spaceflight hazards will likely increase the probability of a behavioral and psychiatric emergency (Ball & Evans, 2001; Schorn & Roma, 2020).
Limited data are available from which to assess the many types of behavioral and psychiatric conditions that could occur during a long-duration spaceflight mission. This is due, in part, to the relatively few numbers of long-duration flyers to date, and other ameliorative factors such as currently synchronous communications and the ability to see Earth. Based on the IMM, one estimate of the possible rate of a behavioral or a psychiatric emergency occurring during a flight as the result of depression or anxiety ranged from 8.7x105 to 3.2 x104 cases per person-year (NASA, 2007b). The likelihood of such an emergency occurring would further increase as mission length exceeded one-year. The calculation of this estimate is discussed more fully in the “Mood and Mood Disorders” section below.
Some Russian spaceflight missions in the 1970s and 1980s were terminated early due to psychological factors (Cooper, 1976). In 1976, during the Soyuz-21 mission to the Salyut-5 space station, the crew was brought home early after the cosmonauts complained of a pungent odor. No source for this odor was ever found, nor did other crews detect it. Because the crew had not been getting along, a shared delusion (cf., Folie a’ quatre) may offer a possible explanation (see Ohnuma & Arai, 2015 for an explanation of how strong beliefs and environmental factors like social isolation, can combine to create strong psychological “sympathy” for shared beliefs leading to the vulnerability for group suggestibility). The Soyuz TM-2 mission in 1987 was similarly cut short because of apparent psychosocial factors (Clark, 2007). The early termination of these missions may have prevented escalation of behavioral and psychiatric occurrences. Not all incidents have resulted in an earlier than planned return to Earth. Point in case, a NASA psychiatrist interviewed for a review of sensory stimulation described rage in early Mir crews. The rage was attributed to the sensory-poor environment and inadequate ability to communicate (Vessel & Russo, 2015).
Payload specialists and Private Astronauts
Although no astronaut has had a behavioral emergency during a mission, payload specialists have reported behavioral emergencies. Payload specialists were a unique class of individuals who flew during the Space Shuttle program and who had specialized duties on board, most often related to a particular payload or experiment. Because they were not part of the Astronaut Candidate Program or the Astronaut Corps, they did not go through the same selection or training processes as astronauts. They were, however, required to have education and training appropriate to their required onboard duties. Additionally, all payload specialists were required to meet certain physical requirements and pass NASA space physical examinations. The commercialization of space will continue to provide opportunities for private astronauts to visit and live in LEO (Landon, 2024). Similar to payload specialists, private astronauts will likely undergo different selection and training processes than those for NASA astronauts. Private astronauts and payload specialists are not anticipated to be a part of exploration missions. However, this group of individuals with flight experience offer a unique comparison group that can provide evidence for NASA selection and training procedures. 
Taylor Wang was a payload specialist on Space Transportation System (STS)-51B, which launched on April 29, 1985. In the 1970s, Wang had proposed studying fluid physics in space to NASA. When he was selected as a payload specialist, he spent 2 years training for his experiment. On the second day of the mission, his experiment failed. In his own words, he panicked. Not only had his experiment failed, but he was the first Chinese descendant to fly on the Space Shuttle. Related to the collectivist nature of Chinese culture, he viewed his experiment’s failure as a reflection on the Chinese community. When he asked mission control for time to repair his experiment and was denied due to schedule constraints, he threatened that he was “not going back” to Earth (Reichhardt, 2002, p. 233). His crewmembers offered to take on some of his tasks, freeing up the schedule and providing mission control with the opportunity to allow Wang time to repair his experiment.
The experience with Wang likely contributed to both an increased emphasis on crew safety when flying payload specialists and the use of locks on the Space Shuttle hatches. Another factor that likely contributed to the practice of locking the hatches was recalled by Hank Hartsfield: 
Early on when we were flying payload specialists, we had one payload specialist that became obsessed with the hatch. “You mean all I got to do is turn that handle and the hatch opens and all the air goes out?” It was kind of scary. Why did he keep asking about that? It turned out it was innocent, but at the time you don’t know. We had some discussions, so we began to lock the hatch. (Butler & Hartsfield, 2001).
Although it is difficult to determine when locking devices were first used on an outward opening hatch, transcripts of the NASA Johnson Space Center Oral History Project reveal that locks were used on more than one Space Shuttle mission. On space transportation system (STS)-61B, Brewster Shaw locked the hatch on the side of the Orbiter when the Mexican payload specialist Rodolfo Neri Vela flew in November of 1985. Shaw stated that it was his first time flying with someone he did not know well.
I didn’t know what he was going to do on orbit. So I remember I got this padlock, and when we got on orbit, I went down to the hatch on the side of the Orbiter, and I padlocked the hatch control so that you could not open the hatch. I mean, on the Orbiter on orbit you can go down there and you just flip this little thing and you crank that handle once [demonstrates], the hatch opens and all the air goes out and everybody goes out with it, just like that. And I thought to myself, “Jeez, I don’t know this guy very well. He might flip out or something.” So I padlocked the hatch shut right after we got on orbit, and I didn’t take the padlock off until we were in de-orbit prep. I don’t know if I was supposed to do that or not, but that’s a decision I made as being responsible for my crew and I just did it (Rusnak & Shaw, 2002).
Despite initial apprehension or distrust of the payload specialist, Shaw went on to acknowledge that Vela was a “great guy” (Rusnak & Shaw, 2002).
Astronaut Bryan O’Connor in April 2006, 6 years after his STS-61B flight, recounted requesting and using a combination lock on his June 1991 flight, STS-40. O’Connor cited concern that the 2 payload specialists on the flight were not career aviators and had not gone through the same training and experiences as astronauts. O’Connor laughed when recalling telling each payload specialist that “It’s because we [astronauts] don’t know you guys [payload specialists] all that well.” He felt a lack of trust even after having spent 2 years training with the payload specialists (Johnson & O’Connor, 2006).
[bookmark: _TOC_250058]Although payload specialists did not go through the same level of psychological scrutiny during selection and had less training than astronauts, it is unclear if the lock on the hatch was a necessary safety measure or whether it served more as a psychological management tool employed by astronauts to control payload specialists. It is also unknown to what extent payload specialists may have experienced increased pressure or tension as a result of the precautions taken by their crewmembers, which were attributed to perceived risk related to the relative lack of rigor in selection and training of payload specialists. Certainly, more payload specialists than astronauts report having psychological difficulties during flight. These difficulties could be due to the less rigorous selection and training of payload specialists, which would then provide evidence that NASA’s more demanding selection and training of astronauts was effective. Alternatively, payload specialists rarely flew more than once, suggesting that payload specialists might have been more likely to be open about any psychological struggles experienced during flight because such disclosure would not affect their future flight status. Transcripts of the NASA Johnson Space Center Oral History Project indicate there does seem to have been an “us versus them” mentality held by astronauts. This was perhaps reinforced by payload specialists often flying “before” NASA astronauts, bypassing those who had completed the more demanding training and were waiting in the queue to be assigned to a spaceflight.
Mood and Mood Disorders
Astronauts must adapt to complex and demanding training, danger, isolation, confinement, and many other major stressors of spaceflight (Harrison, 2005). These stressors can illicit variation in affective and emotional states that can function as either adaptive or maladaptive in their environment, underscoring the complex and dynamic interactions that can link mood and affect to behavior (Albarracin & Hart, 2011). For example, positive states have been linked to increased helping behavior towards others (e.g., Fisher, 2002; George, 1991; Isen & Levin, 1972) and negative states can motivate an individual to better identify problems (George & Zhou, 2002; 2007; Kaufmann, 2003; Martin & Stoner, 1996; Schwarz, 2002; Schwarz & Skurnik, 2003) and promote creativity (e.g., Gasper, 2003; George & Zhou, 2002; Kaufmann, 2003; Kaufmann & Vosburg, 1997). Conversely, negative affective emotional states can also interfere with interpersonal interactions and result in maladaptive behaviors such as self-isolation, over or under eating, ignoring normal procedures, and choosing not respond to the interpersonal needs of others. Persistent maladaptive behaviors can rise to the level of mood disorders (Alfano et al., 2018), such as clinical depression, which can in turn more significantly impact behavior and performance. For example, cognitive decrements are widely associated with depression, predominantly impacting speed of information processing, attention, executive functioning, and aspects of memory. These cognitive decrements are of a moderate effect size among the general public (Cohen’s ds ranging from −0.34 to −0.65; Rock et al., 2014).
The most common clinical mood disorder associated with persistent negative affective emotional states in the DSM-5 is Major Depressive Disorder: lifetime prevalence rates in the general population range from approximately 13% to 21% (Asselmann et al., 2019; Hasin et al., 2005; Hasin et al., 2018). Other clinical disorders such as anxiety, post-traumatic stress, and sleep loss/insomnia can also develop unexpectedly in otherwise healthy individuals. A study by Tozzi and colleagues (2008) indicates that the average age of onset of depression for persons who have no family history is 41 years old (standard deviation [SD]=13.67). Behavioral health is also a concern in highly educated and high functioning populations such as physicians (Frank & Dingle, 1999; Ruitenburg et al., 2012). Thus, it is reasonable to suggest that high functioning astronaut crewmembers (typically selected between the ages of 26 and 46 years; NASA, 2020) who have no personal and family history of clinical depression are not immune from developing depression. 
[bookmark: _Hlk161307583]As of 2016, the IMM indicated that no astronaut had been officially diagnosed as having anxiety or depression during flight. As stated above, the IMM only includes cases from spaceflight that meet certain diagnostic criteria, such as those specified in the DSM-5. However, the IMM modelers recognized that the risk of mood disorders is not zero and they therefore included estimated incidence rates based on published terrestrial studies, specifically the Stirling County Study with its repeated surveys and follow-up cohort investigations. The rates in the IMM are based on the incidence of anxiety or depression in otherwise healthy individuals aged 40–49, a cohort that as noted earlier, is congruent with most current astronauts. The IMM incidence rate for anxiety is 7.1x103 per person-year for women and 1.9x103 per person-year for men. The incidence rate included in the IMM for depression is 3.6x103 per person-year for women and 2.9x103 per person-year for men.
As of 2016, NASA astronauts had accumulated approximately 120 person-years of spaceflight. Extrapolated IMM incidence rates over that period are detailed in Table 3. The extrapolated rates indicate an 85.2% chance that a case meeting DSM criteria of anxiety has occurred in the population of female astronauts, and a 22.8% chance in the male astronauts. Regarding diagnosed instances of depression, the extrapolated rates estimate a 43.2% chance for women and 34.8% for men.
Table 3. Projected Probability of Meeting Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) Diagnostic Criteria for Anxiety and Depression during Spaceflight
	Diagnosis
	Incidence Rate
(Per person-year)  
   x 103
	Probability Over Life of Spaceflight*

	Anxiety
	
	

	women
	7.1
	57%

	men
	1.9
	20%

	Depression
	
	

	women
	3.6
	35%

	men
	2.9
	29%

	*Based on 120 person-years of accumulated spaceflight of NASA’s crewed programs. Source: NASA integrated medical model (NASA, 2007a)


One criticism of the IMM with regard to mood disorders is that the incidence rates are based on terrestrial studies of the general population. Although selected cohorts of the general population can match certain demographic factors (e.g., age, education), they are not an accurate representation of the astronaut population overall. This is in part due to the rigorous assessment and selection system used for selecting the astronaut corps. Selection helps to ensure that astronauts’ behavioral and cognitive health is stronger (i.e., less vulnerable) than that of the general population[footnoteRef:8]. This suggests that the incidence rates used by the IMM are likely overestimates. Furthermore, the IMM distinguishes based on sex, and experience with selecting multiple astronauts indicates that there is little psychological difference between men and women astronauts. Thus, it is possible that the incidence rates of depression and anxiety for women astronauts are closer to those of men in the general population than those of women in the general population. [8:  Two USAF studies assessed Aviator depression and anxiety prevalence, respectively, finding similarly lower rates of both when compared to the general population (Lollis et al., 2009; Marsh et al., 2010).
] 

Although no spaceflight crewmember has been clinically diagnosed with a behavior disorder, the history of the human spaceflight program has revealed variability in negative affect that may indicate subclinical depression or anxiety. Even before current long-duration ISS missions in LEO, anecdotal reports exist that suggest decrements in mood are most likely to occur in missions lasting months rather than days. For example, on Skylab, a precursor to the ISS, the crew of Skylab 4 was described derogatively with terms such as hostile, irritable, and grumpy when the crew conducted a daylong work stoppage (Harrison & Fiedler, 2012). The Skylab 4 mission in 1973 was 84 days and 1 hour long. Negative affect may have contributed to early termination of the Russian Soyuz T14 – Salyut 7 in 1985. The crew returned after 56 days, 160 days early (Buckey, 2006). 
[bookmark: _Hlk109992625]Between March 1995 and June 1998, 7 NASA astronauts flew on the Russian space station, Mir; during this time, 2 (29%) astronauts reported subclinical depressive symptoms, an incidence rate for astronauts of 0.77 per person-year (see Table 4) (Marshburn, 2000). In contrast, Kanas and colleagues (2001) found no changes in self-reported mood and affect during flight as compared to preflight levels among a sample of astronauts and cosmonauts who flew during the Space Shuttle/Mir era, a finding that was later replicated for early ISS crews (Kanas et al., 2007). The actual incidence rate is likely to be understated, however, because of the astronauts’ reluctance to report such symptoms (Ball & Evans, 2001; Shepanek, 2005). Underreporting or reluctance to report symptoms out of concern that doing so could jeopardize future flight status is a recurring theme seen throughout the history of commercial and military aviation, as well as spaceflight (Black et al., 2017; Lollis et al., 2009; Marsh et al., 2010).
Anecdotal evidence also suggests mildly elevated negative affective emotional states on ISS missions. Based on his examination of journals from the first phase of his project, Stuster stated “a few of the 10 astronauts who participated in the study self-reported mild depression, as illustrated by some of the example entries included in the report, and others suffered more acutely” (personal communication, November 5, 2014). Vessel and Russo (2015), who interviewed astronauts who flew on long-duration missions on ISS or Mir, found that mood changes were mentioned a number of times and that interviewees felt that mood changes were likely to occur during exploration missions. These authors also interviewed psychiatrists who confirmed the potential for mood changes in astronauts and an increase in crew dysphoria during the second half of expeditions (Vessel & Russo, 2015).


Table 4. Medical Events Reported by 7 NASA Astronauts on Mir, Mar 14, 1995 through Jun 12, 1998
	Event
	Number of Events
	Incidence/100 days
	Incidence/year

	Musculoskeletal
	7
	0.74
	2.70

	Skin
	6
	0.63
	2.30

	Nasal congestion, irritation
	4
	0.42
	1.53

	Bruise
	2
	0.21
	0.77

	Eyes
	2
	0.21
	0.77

	Gastrointestinal
	2
	0.21
	0.77

	Psychiatric
	2
	0.21
	0.77

	Hemorrhoids
	1
	0.11
	0.40

	Headaches
	1
	0.11
	0.40

	Sleep disorders
	1
	0.11
	0.40


Note: Data from the Russian Space Agency report that there were 304 in-flight medical events on board the Mir from Feb 7, 1987 through Feb 28, 1998. The numbers of astronauts at risk or the incidence per 100 days was not reported. Source: Marshburn (2000)
[bookmark: _TOC_250057]Neurasthenia
Russian medical personnel view neurasthenia as one of the most significant problems affecting the emotional well-being of cosmonauts (Kanas, 1991). This syndrome, which is sometimes called asthenia, asthenization, or psychasthenia[footnoteRef:9], has been defined as “a nervous or mental weakness manifesting itself in tiredness…and quick loss of strength, low sensation threshold, extremely unstable moods, and sleep disturbance” (Kanas & Manzey, 2003, p. 115). Neurasthenia can be caused by excessive mental or physical strain, prolonged negative emotional experience or conflict, as well as somatic disease (Petrosvsky & Yaroshevsky, 1987). Formal diagnostic criteria for neurasthenia are listed in the ICD-10 (World Health Organization, 2015), but it is broadly characterized by a persistent and distressing feeling of exhaustion or fatigue after minor physical or mental effort with no recovery after rest or relaxation, along with the presence of muscle aches, sleep disturbances, or irritability in the absence of depression or anxiety. [9:  The ICD-10 differentiates asthenia not otherwise specified (NOS; R53.1: general symptoms and signs –malaise and fatigue – weakness) and psychasthenia (F48.8: other specified neurotic disorders) from neurasthenia (F48.0: other neurotic disorders). Asthenia NOS appears to involve physiological impairment without the corresponding psychological component that defines neurasthenia. Psychasthenia is reported as having a strong association with locally held cultural beliefs and behaviors.
] 

[bookmark: _Hlk108171992]Some evidence exists that the concept of neurasthenia offers insight into the relationship between the more commonly (and socially acceptable) reports of “fatigue” related to psychiatric disorders (Harvey et al., 2009). Sandoval and colleagues (2011) compared ICD-10 criteria for neurasthenia to the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision (DSM-IV-TR) (APA, 2000) criteria for depression, general anxiety, dysthymia, and chronic fatigue syndrome and determined that while there are similarities, neurasthenia does not fully overlap with other discrete diagnostic categories, such as depression, general anxiety, and dysthymia. The authors viewed the secondary symptoms (e.g., memory symptoms, weakness, anxiety symptoms, excessive mental strain, excessive physical strain, headache, etc.) as symptoms developed as part of an adaptive reaction to spaceflight conditions (Sandoval et al., 2011). Conceptually, neurasthenia has significant overlap with psychosomatic responses to affective experiences, discussed below.
Molina and colleagues (2012) examined prevalence rates of neurasthenia across racial and ethnic groups in 2 nationally representative samples in the U.S. They reported age and sex adjusted lifetime and past 12-month prevalence rates of neurasthenia as 4.89 and 2.80% respectively. Those with lifetime neurasthenia were also more likely to meet diagnostic criteria for co-morbid psychiatric disorders, such as depression, anxiety, or substance use disorder.
Given the ambiguities, subjective nature, and lack of consensus that neurasthenia symptoms are distinguishable from other behavioral health disorders (Goldberg & Bridges, 1991), a separate neurasthenia diagnosis has never been recognized in the DSM (APA, 2013). Perhaps due to this lack of recognition or possibly other reasons such as differences in national culture, NASA flight surgeons have not reported observing multiple symptoms of asthenia presenting together in any one NASA astronaut. However, an examination of cosmonauts suggests that neurasthenia is unlikely to occur on spaceflights that last less than 4 months (Myasnikov & Zamaletdinov, 1996). In addition, although no official diagnosis has been made, anecdotal reports indicate that U.S. astronauts who flew on Mir or Skylab experienced signs and symptoms consistent with neurasthenia (Burrough, 1998; Freeman, 2000; Harris, 1996). That said, empirical support for the occurrence of neurasthenia during Mir missions is still lacking (Kanas, et al., 2001).
In summary, although reports of fatigue are often vague or subjective, they are one of the most common symptoms reported by astronauts (Barger et al., 2014a) and by the general population during medical consultations in primary care (Kroenke et al., 1988). Given the common overlap of both psychological and physiological symptoms that can present as fatigue, and the uncertainty as to whether major life events mediate or moderate prolonged fatigue (see e.g., Zhang et al., 2007), astronauts must be monitored and provided with a robust and effective psychological support system so effective countermeasures can be applied when symptoms (regardless of what the syndrome is called) first appear (Myasnikov et al., 2000, as cited in Kanas et al., 2001). A more systematic collection of signs and symptoms of neurasthenia may be needed to support long-duration spaceflight because neurasthenia varies by cultural group, and LDSE missions will no doubt continue as a multi-national endeavor (see e.g., Paralikar et al., 2011; Schwartz, 2002) and involve multiple space programs (e.g., cosmonauts in the Russian Space Program).
[bookmark: _TOC_250056]Psychosomatic Responses
Psychosomatic responses have occasionally been reported during spaceflight. Psychosomatic refers to a physical manifestation of stress caused by, or substantively influenced by, emotional factors. These physical symptoms are not imaginary; in fact, more than half of individuals in the general population who seek medical attention may be suffering from psychosomatically induced or exacerbated illnesses (Goldensen, 1970; Birley, 1977; Fava & Sonino, 2000). Self-reports of psychosomatic symptoms from cosmonauts include descriptions of toothaches after having dreams of tooth infections (Chaikin, 1985) and fears of impotence due to perceived prostatitis (Harris, 1996). In 1985, the crew of the Soyuz T-14 mission to Salyut-7 returned home after 65 days when a cosmonaut reported that he had a prostate infection (Clark, 2007). Doctors later believed that the problem was partly psychosomatic in nature. Another potentially more serious example is provided by a report of an otherwise healthy cosmonaut who experienced a cardiac arrhythmia that required medication after being exposed to sustained stressors related to onboard equipment failure (Carpenter, 1997; Kornilova et al., 1998, 2000).
Arrythmias of varying clinical significance have repeatedly occurred during flight as far back as the Mercury Program (see the evidence report for the Risk of Cardiac Rhythm Problems During Spaceflight; Lee et al., 2017). The majority of arrythmias have been minor and have also been detected before flight. Although such arrythmias are likely multideterminant, psychological stress is a robust contributor to cardiac disease and dysfunction in the general population and is a direct trigger of acute cardiac arrythmias (see Steptoe & Kivimaki, 2013). Cardiovascular changes in response to psychological stress can occur via activation of the hypothalamic-pituitary-adrenal (HPA) axis. The HPA axis partially mediates the physiological stress response of glucocorticoid and catecholamine release (Goldstein, 2010), which is an adaptive process that prepares a person to behaviorally respond to a stressor. However, chronic activation of the HPA axis is associated with cardiac, as well as immunological risks including gut microbiome alterations (Charles & Mavandadi, 2004; Dinan & Cryan, 2017). Negative valence emotions reported in ICE environments have been associated with alterations of the HPA axis (Connors et al., 1986; Palinkas, 1991; Palinkas et al., 1989). In addition, a link exists between elevated stress biomarkers and immune system dysfunction in spaceflight, such as reactivation of latent viruses, increased production of inflammatory cytokines, and alterations of salivary antimicrobial proteins (Agha et al., 2020; Buchheim et al., 2019; Mehta et al., 2014; Stowe et al., 2001; Stowe et al., 2011). These effects were found in crewmembers who participated in either short- or long-duration spaceflight. Astronauts recognize the impact of stress on their well-being. Scott Kelly (2017) noted in his memoir that the psychological stress he experienced during his one-year mission, while difficult to quantify, was perhaps just as harmful to him as his exposure to space radiation. 
[bookmark: _TOC_250055]Positive Affect
Hans Selye’s conceptualization of psychophysiological stress reactions recognized that both positive (eustress) and negative (distress) stress are associated with any challenge (Selye, 1974). Astronauts readily seek out the opportunity for spaceflight, and their communications and accounts of their experiences reflect far more positive emotions and thoughts than negative (Suedfeld, 2005). By extension, it very unlikely that astronauts will view the opportunity and anticipated experience of LDSE missions as negative. 
Antonovsky, in 1979, coined “salutogenesis” as the opposite of pathogenesis. Salutogenic experiences are those that promote a sense of health. The key factor of salutogenesis, according to Antonovsky (1979), is a person’s sense of coherence or “a global orientation that expresses the extent to which one has a pervasive, enduring though dynamic feeling of confidence that one’s internal and external environments are predictable and that there is a high probability that things will work out as well as can reasonably be expected” (p. 10). Kobasa and colleagues (1979) described individuals who stay healthy, even when they find themselves in challenging circumstances, as having the following characteristics: believing that they exert control over their environment; embracing life as meaningful; and experiencing changes in life as normal and beneficial. Factors contributing to salutogenesis are comprehensibility, manageability, meaningfulness, social support, spirituality, happiness, humor, and love (Smith, 2002). Smith (2002) commented that “an organism with a salutogenic brain would experience the world as manageable and coherent ... with a self-perpetuating cycle for enhancing self-confidence and well-being” (p.325).
Suedfeld (2005) differentiated between positive environmental aspects and the positive personal and social aspects of spaceflight. Environmental aspects concern the external environment (e.g., mystery, beauty of space, views of Earth) and the capsule environment (e.g., safe haven, familiarity, free time). The positive personal and social aspects of spaceflight were likewise dichotomized into astronaut group dynamics (e.g., membership in an elite group, superordinate goals) and post-mission consequences (e.g., self-confidence, respect, new skills and values).
Preliminary results suggest that a salutogenic response to spaceflight is common among astronauts and endures for some time after flight. Astronauts and cosmonauts have reported experiencing transcendental or religious experiences, or a sense of the unity of humankind while in space (Connors et al., 1985; Ihle et al., 2006; Kanas, 1990). An analysis of the memoirs of 4 astronauts revealed that all 4 reported feelings of increased spirituality after flight, defined as “meaning and inner harmony through transcendence” (Suedfeld & Weiszbeck 2004, p. C7). Ihle and colleagues (2006) also examined the positive psychological outcomes of spaceflight. All 39 astronauts and cosmonauts who responded to the authors’ survey reported a positive reaction to being in space. Likewise, phase 2 (6-person ISS crews that flew 2011 to 2016) of Stuster’s (2016) journals study identified that the 2 most reported categories of journal entries were related to positive psychosocial adaptation: “successful adjustment” and “helps adjust,” which describes aspects that improve adjustment. In phase 1 (2–3 person ISS crews that flew 2003 to 2010) of the study, “high morale” was the second largest category related to psychosocial adjustment. Both phases provide further evidence of positive benefits associated with spaceflight. Evidence also suggests that salutagenic responses are present across different cultures, may differ by gender, and may result in altered values following flight (Suedfeld, 2006; Suedfeld et al., 2012). 
A frequently endorsed benefit of spaceflight is related to the perception of the Earth (i.e., its beauty and fragility). Most of the photographic images that crewmembers took from the ISS during Expeditions 4 through 11 were self-initiated (84.5% of 144,180 photographs) and crewmembers considered photography a leisure activity (Robinson et al., 2011). During missions to Mars, however, the Earth will not always be visible. The effects of not being able to see Earth could have a detrimental effect on the psychological well-being of crewmembers (Kanas & Manzey 2003; 2008). During an interview with National Public Radio, astronaut Mike Lopez-Alegria emphasized the importance of seeing Earth: “Looking out the window and seeing the Earth below, and seeing places you recognize and where you grew up and places you visited has a lot to do with keeping sane, so to speak” (Greenfieldboyce, 2010).
Vessel and Russo (2015) suggest a biological basis for salutogenic experiences. They link aesthetically inspiring experiences, part of the class of emotions associated with novelty and understanding, with other inspirational (or salutogenic) experiences. These inspirational experiences are associated with activation of the default mode network, a network of brain regions active when individuals are at wakeful rest and not focused on the external environment (Buckner et al., 2008).
Taken together, these accounts suggest the presence of a powerful positive affective response to spaceflight reported by astronauts. Future mitigation strategies may be able to enhance or promote these affective responses as a countermeasure to promote positive psychology and mitigate negative outcomes. 
[bookmark: _TOC_250054]Cognitive Functioning
The incidence of off-nominal cognitive performance during flight is currently unknown. However, Seaton and Kane (2015) reported the percent of off-nominal cognitive test sessions during flight (spaceflight cognitive assessment tool for Windows: WinSCAT) was 13.2% of all administrations through ISS Expedition 41. The authors also examined a subset of sessions representing only the most current version of the WinSCAT battery that includes more difficult tasks and strict interpretation rules. Among these administrations only, 19% were off nominal from ISS Expedition 27 through 42. Multiple factors can contribute to off-nominal test performance, but the factors related to these reported cases are unknown. Likewise, this evidence is limited because it is unknown if these off-nominal cases were associated with decrements in operational performance or other mission-relevant consequences.
The effects of spaceflight on sensorimotor processing are relatively well documented, including the impacts to postural control, locomotion, spatial orientation, and dynamic visual acuity (coordination of gaze and head movement) (Bloomberg et al., 2016; Reschke et al., 2016; Reschke et al., 2017). However, evidence of broader cognitive impact is currently equivocal though more recent evidence has documented possible decrements. The NASA Twin Study reported mild to moderate improvements in overall cognitive speed that was evident early during flight (Garrett-Bakelman et al., 2019). Total in-flight cognitive accuracy decrements were few, although notable declines in visual memory (-1.3 SD compared to baseline) and inductive reasoning were observed (-2.9 SD compared to baseline) (Garrett-Bakelman et al., 2019). Post-flight decrements in speed and accuracy were observed across most subtests up to 6 months after landing. Dev et al (2024) systematically assessed cognitive performance in 25 astronauts during 6-month missions on the ISS. Although the authors found no evidence of widespread cognitive decline, they reported that performance early in the mission was slightly slower than pre-flight values on visual working memory tasks, processing speed, and sustained attention that persisted to varying degrees throughout and after the mission. They also reported  a greater frequency of “low scores”, classified as 1.5 standard deviations below the sample’s baseline, during these same tasks. See figure 3 for summary of results. This study was the first to characterize group and individual level deviations in cognitive performance in LEO in comparison to pre-mission functioning and can be used as a benchmark to compare deviations in cognitive performance during future missions to the Moon and Mars that include additional stressors (i.e., increased radiation exposure). Although these studies are compelling, future evidence is required to quantify meaningful change in cognitive performance and to develop thresholds to determine when performance is at most risk (see Hinton-Bayre, 2010)
[image: ]
Figure 3. Performance on tasks of visual working memory, processing speed, and sustained attention between mission phases in a sample of 25 crew members on 6-month ISS missions. Figure adapted from Dev et al (2024). Frequency of Low Scores Low scores were defined as any individual test score that was at or below 1.5 standard deviations of the samples pre-flight baseline performance (z-score ≤ −1.5). The Fractal 2-Back (F2B; (A)), Digit Symbol Substitution Task (DSST; (B)), and Psychomotor Vigilance Test (PVT; (C)) subtests had greater than 13% of flight and post-flight data that were classified as a low score. All low scores that were below our pre-determined cut-off (dotted line) are represented in solid triangles. 
Other findings from short-duration missions suggest that astronauts’ attention might be negatively affected for at least some types of tasks (Heuer et al., 2003; Manzey et al., 1995; Manzey et al., 2000), particularly those with an additional sensorimotor component. These findings coincide with anecdotal reports from astronauts (Schroeder & Tuttle, 1992; Stuster, 2016) that describe difficulties attending to tasks, cognitive slowing, and memory problems during spaceflight (colloquially termed “space fog”). This may be due to changes in sensorimotor functioning in microgravity or the multiple stressors present in an ICE environment that can negatively affect cognitive load (Fowler, et al., 2008). However, the degree to which these cognitive difficulties contribute to impaired operational performance remains unknown. 
In contrast, others have reported minimal or no change in cognitive performance after spaceflight. Tays et al (2021) recently reported that the 15 ISS astronauts they assessed showed no decrements in cognitive processing speed and spatial working memory after flight. Strangman (2010; Strangman et al., 2014) examined attention, memory, learning, executive functioning, emotion processing, and social processing in his extensive review of cognition during spaceflight and in other ICE environments. He concluded that most studies demonstrated no or mild performance decrements for motor reaction speed, visual perception, attention, or aspects of memory. Overall, Strangman and colleagues (2014) concluded that anecdotal reports are incompatible with most research findings from short-duration spaceflight (e.g., < 1 month). Although the empirical results reviewed did not include significant cognitive decrements during spaceflight, the prevalence of anecdotally reported symptoms and the emerging evidence from the 2 ISS studies reference above, which used the more detailed Cognition test battery (Basner et al., 2015), make it difficult to conclude that no decrement exists in all cases. Significant cognitive changes may not have been found in prior studies due to the inadequate statistical power of small sample sizes.
Another possible explanation for the discrepancies between self-reported and measured deficits in cognitive function relates to the notion of “reserve capacity.” High-functioning individuals are postulated to possess a reserve factor that moderates the expression of impairments in cognitive functioning when confronted with brain pathology or resource depletion (Jones et al., 2011). Reserve capacity is further conceptualized in terms of 2 models: brain reserve and cognitive reserve. Brain reserve refers to structural aspects of the brain (e.g., size, number of neurons, synapses), whereas cognitive reserve involves aspects of complex cognitive processes (e.g., processing efficiency, capacity, or flexibility) (Barulli & Stern, 2013). Many anecdotal reports indicate that perceived “space fog” symptoms can be overcome through increased cognitive effort[footnoteRef:10], which could indicate that these reserve factors are being employed. Reserve capacity has been operationalized in terms of proxy measures such as educational attainment and intelligence quotient. Thus, highly intelligent or highly educated individuals are thought to possess a high level of cognitive reserve, and when confronted with any degree of brain pathology, they will manifest less cognitive impairment than those with lower amounts of cognitive reserve. Robust ground-based studies have demonstrated the moderating effects of both brain reserve and cognitive reserve in the expression of impairment from a variety of neurological disorders (Snowdon et al., 1996; Stern, 2002; Valenzuela & Sachdev, 2006).  [10:  Cognitive effort is a subjective construct with close associations to motivation, alertness, attention, working memory, and executive functions (also called “Cognitive Control”). See Westbrook and Braver (2015) for a review.
] 

The direct mechanisms for cognitive decrements during spaceflight relate to spaceflight hazards, including altered gravity, sleep loss, radiation, and isolation and confinement that can alter the structure and function of the brain (Roy-O’Reilly et al., 2021). For example, prolonged exposure to microgravity is associated with post-flight changes in the structure of the brain, including an upwardly shifted brain position and narrowing of some free fluid spaces at the vertex (toward the top of the skull) (Lee et al., 2019b; Roberts et al., 2017; 2019; Koppelmans et al., 2017). These structural alterations are positively correlated with mission duration (McGregor et al. 2023, Hupfeld et al. 2020b) and are negatively correlated with increased age after correcting for mission duration (Roberts et al., 2019). In addition, evidence of changes om white matter structural integrity have been detected in astronauts after long-duration spaceflight. Lee et al (2019b) identified altered structural integrity in white matter tracts that link prefrontal regions to brain structures that are typically involved in visuospatial processing, vestibular functions, and movement control, suggesting that processes requiring prefrontal multimodal integration inputs may be at risk during spaceflight. Widespread white matter micro- and macrostructural alterations in tracts implicated in sensorimotor functions have also been documented in astronauts immediately after spaceflight and 7 months after returning from a 6-month mission on the ISS (Doroshin et al., 2022). Decreases in grey matter volume in the frontal and temporal poles and increases in medial primary somatosensory and motor regions have been observed in both Shuttle and ISS astronauts (Koppelmans et al., 2016). Spaceflight has also been shown to increase perivascular space (Barisano et al. 2022), and a recent study identified spaceflight-induced increases in the perivascular space in the brains of novice astronaut crewmembers but not in experienced crewmembers after a 6-month mission on the ISS, suggesting that perivascular increases may not normalize between missions (Hupfeld et al., 2022). Another recent study documented both hyper and hypo connectivity in the brains of cosmonauts, which persisted up to 8 months after return from the ISS (Jillings et al., 2023). However, how the observed changes in brain structure and function affect cognitive performance is less understood. Alterations in blood oxygenation level dependent (BOLD) activation, a surrogate measure of neuronal activity, have been observed 2 weeks after flight, and alterations in task based functional connectivity have been observed 6 months after flight during a spatial working tasks despite no changes in task performance (Burles & Iaria, 2023; Salazar et al., 2022), which provides some evidence of cognitive resilience in the presence of brain changes that may persist several months after landing. Roberts et al (2019) reported that those astronauts with greater changes in white matter in the bilateral optic nerve and splenium did not demonstrate the expected normalization of reaction times on a sustained attention task performed after spaceflight. Spaceflight-induced reductions in total ventricular volume and cognition (learning and sustained attention) were also observed in these individuals: the effect sizes were medium, but were not significant after correcting for multiple comparisons. Taken together, these studies suggest that spaceflight induces alterations to brain structure and function, although the extent to which these changes are adaptive or detrimental remains an open question (Roy-O’Reilly et al., 2021). It is possible that cognitive resources are reallocated for vestibular or sensorimotor adaptation to microgravity (e.g., neuroplasticity) and this might contribute to decrements in overall processing speed and efficiency of attention-switching during spaceflight (Bock et al., 2010). Subtle cognitive inefficiency symptoms, akin to “space fog”, may likewise relate to ongoing adaptation to alterations in the structure of the brain in microgravity. If spaceflight degrades the brain performance pathways related to cognition and processing of sensory inputs (e.g., vestibular), then the areas of the brain that are important for piloting, operating, or docking the vehicle—procedures that also require spatial memory and perspective—could be adversely affected as well. Ongoing research in the HFBP Element’s portfolio aims to characterize the relationship between structural and functional changes in the brain during and after spaceflight and neuropsychological functioning.
The quality of ambient air in the space habitat might also affect cognitive functioning during spaceflight. Concentrations of CO2 on the ISS average 0.3–0.5% (with 0.5% = 3–4 mmHg), exposing crews to CO2 levels that are 10-fold higher than levels on Earth (Norsk et al., 2015). Ground-based evidence is inconsistent regarding the effects of CO2 on cognitive functioning, although this could partly be a function of the varying levels of CO2 that were investigated (Stankovic et al., 2016). Beyond any possible direct effects on cognition, elevated CO2 is linked to headaches during spaceflight (Law et al., 2014), which can have notable indirect effects on cognitive performance, as well as mood. Astronaut journals, such as this entry, exemplify the effects: “[t]hey have been keeping the CO2 low for 2 weeks, but now it is heading back towards 4. I am noting in the journal that it has been nice feeling like myself again, but now I will be returning to the land of fuzzy thinking and headaches” (Stuster, 2016, p.66). Tu et al. (2024) applied ensemble prediction modeling to predict psychomotor vigilance test (PVT) performance using environmental, operational, and psychological data and found that ambient levels of CO2 on the ISS was not among the most important factors that predicted performance. Comparatively more is known from ground-based research on this topic, which is discussed in the ground-based evidence section of this report.
The closed-system environment of spaceflight may pose some risk to in-flight and long-term cognitive functioning through immune-mediated processes. Psychological stress and environmentally circulated microorganisms can trigger inflammatory immune responses (e.g., release of cytokines and chemokines) that are associated with decrements in learning and memory via decreased neurogenesis (Donzis & Tronson, 2014; McAfoose & Baune, 2009). Spaceflight induces alterations in expression of cytokines such as tumor necrosis factor-α, interleukin-1ra, and interleukin-8 (Buchheim et al., 2019; Crucian et al., 2014b). Certain alterations in cytokine expression, such as elevated expression of interleukin-8, correlate with decrements in memory and processing speed in the general public (see for example Baune et al., 2008). Direct relationships between cytokine expression and cognitive performance in spaceflight have not yet been reported.
Radiation exposure is also of concern to cognitive functioning. To date, almost no human spaceflight studies have directly assessed the effects of galactic cosmic rays (GCR) on cognition, although the ensemble prediction modeling reported by Tu and colleagues (2023) did identify ambient radiation levels on the ISS as one of several environmental, operational, and psychological predictors of sustained attention. It is well known that radiotherapy for cancer treatment can have detrimental effects on cognitive performance for a range of neuropsychological functions (e.g., learning, memory, processing speed, attention, executive functioning; Barani et al., 2007; Meyers, 2000a, 200b), however, the radiotherapy doses of ions that are components of GCR (e.g., protons, carbon ion, etc.) are orders of magnitude higher than radiation exposures incurred during space travel. Human cohorts exposed to low doses of low-linear energy transfer (LET) radiation show no increased risk for neurodegenerative diseases to date; however, it is becoming increasingly evident that low doses of high-LET radiation affect cognition and behavior in animals (Parihar et al., 2015a). Thus, the level of radiation exposure expected in spaceflight could exert direct effects on cognitive functions. These issues are reviewed in the Other Organisms Evidence for Radiation Effects on the Central Nervous System section below. 
[bookmark: _Hlk109992681]The multiple stressors hypothesis posits that numerous environmental, physical, and psychological factors have a collective effect on cognitive functioning during spaceflight (Manzey, 2000). Structural and functional changes to the CNS of rodents exposed to combined stressors indicate that important processes related to information processing are likely altered, including impairment of exploratory and risk-taking behaviors, as well as executive function including learning, memory, and cognitive flexibility—all of which may be linked to changes in related operationally relevant performance. Animal models that aim to characterize the risk of multiple spaceflight environmental stressors are currently underway and are reviewed below. Ongoing spaceflight and spaceflight analog research will help to clarify which cognitive and behavioral outcomes are most sensitive to the combined impact of these multiple stressors (e.g., Dinges, 2019, Bell, 2021). The importance of this is evident because the hippocampus (the brain region involved in the consolidation and retrieval of long-term memories), is particularly sensitive to cytokine immune responses, psychological stress, and radiation (Lupien et al., 2005; Monje, 2008; Obenaus et al, 2008). 
A need exists to discriminate between the contributing factors (e.g., microgravity, immune processes, CO2, radiation, psychological and sleep factors, etc.), to better inform standards and countermeasure development. However, because multiple factors may produce an additive risk compared to discrete factors, a holistic risk characterization approach is critical to closing Behavioral Health Gap 108. 
[bookmark: _TOC_250053]HFBP research is underway to establish a more robust and comprehensive set of objective performance measures that meet the need for assessing and monitoring cognitive functioning during spaceflight (Dinges, 2019, Bell, 2021). Such tools will allow the HFBP Element to collaborate closely with the Space Radiation Element, , and nutrition experts in the Health and Human Countermeasures Element to develop and validate multidisciplinary monitoring and countermeasure applications.

Cognitive and Behavioral Health after Spaceflight
The stress of flight does not end at landing. Returning astronauts must transition from a somewhat isolated environment where they have one primary focus (the success of their mission) back to a world with multiple demands on their time and attention. To make that transition successful, they must shift their focus away from the mission. One previously flown astronaut said, “[a]t this particular time, you just have to start letting go. It’s time to move on, and you can’t hold onto the role that you had, so don’t even try. Instead take comfort in knowing that you did a good job and that it’s time to come home” (Stuster, 2010, p. 19). Another astronaut succinctly stated that “as the end of the mission approaches, I will no doubt start to think of all the things I could have and should have done” (Stuster, 2010, p. 18), illustrating one difficulty that arises as roles change. Anecdotal evidence, gathered largely from biographies, suggests that reintegration to routine work assignments and daily family life is not without its stressors. In a retrospective study, retired cosmonauts described confrontations both during and after spaceflights, defined here as use of aggressive or assertive interaction in an attempt to resolve a situation, despite such instances being seldom mentioned by cosmonauts during spaceflight (Suedfeld et al., 2015).
As concluded in a review by Collins (1985), behavioral problems that occur during spaceflight often do not terminate when the mission ends, but can linger with notable aftereffects, making reintegration that much more difficult. If behavioral or psychiatric symptoms do emerge after flight, spaceflight is not necessarily the sole or even a primary cause. Other life stressors, such as marital distress (Aldrin, 1973; Kanas, 1987; Koppel, 2013) or the death of a family member (Clark, 2007) also contribute to the emergence of behavioral health symptoms. Nevertheless, spaceflight and its associated factors—e.g., isolation, confinement, workload—can become significant triggers or sources of stress. These spaceflight stressors, when they are paired with traditional life stressors, will likely have an exponential impact on behavioral health of long-duration fliers (Kanas & Manzey, 2008). Life stressors and minor daily hassles, along with accumulated exposure to radiation, likely affect behavioral health after the mission, although very little study has been conducted on this topic, especially not with long-duration fliers. For future research, objective measures are preferred instead of, or in conjunction with, self-report measures of post-mission behavioral health and quality of life (Bryan, 2015).
As with psychosocial adjustment, little is currently known regarding cognitive functioning after spaceflight. A cosmonaut who flew in space for 437 days had a temporary attention decrement within 2 weeks of landing, but no persistent decrements beyond the acute post-landing period (Manzey et al., 1998). The period of transient decrement in cognitive performance was associated with high subjective workload, potentially implicating a situational influence rather than a change in innate functioning. In contrast, the NASA Twin Study found evidence of more persistent post-flight decrements after a 340-day mission. Decrements included psychomotor speed (-1.5 to -2.0 SD compared to baseline) and task accuracy (~ -1.0 SD compared to baseline) across a broader and potentially more sensitive neuropsychological test battery (Garrett-Bakelman et al., 2019). Those post-flight decrements persisted for at least 6 months. As noted by Twin Study authors, acute decrements in cognitive performance after spaceflight may pose a risk to the safety of astronauts when they land on Mars, and to mission objectives. Furthermore, any late-onset cognitive effects that might result from radiation exposure could have consequences for occupational performance after spaceflight, quality of life, and potentially increase lifetime risk for degenerative neurological diseases (e.g., dementias, Parkinson’s disease, premature brain aging). To date, no confirmed associations have been found between an astronaut’s space radiation exposure and earlier or more severe age-related cognitive decline, mild cognitive impairment, or neurodegenerative conditions, such as Parkinson’s and Alzheimer’s diseases. Cases of degenerative brain diseases have been reported, but in the relatively small pool of astronauts it is difficult to determine whether there might be increased risk. The lack of a control group with education and lifestyle that matches astronauts is a major challenge in determining CNS risk. 
Researchers are currently investigating astronauts’ cognitive performance shortly after they return from ISS missions (Clément et al, 2021), as well as the temporal trajectory of cognitive performance during and after a series of integrated ISS missions of varying lengths, up to one-year (Basner, 2019a). However, even when these studies are completed, a gap will remain in characterizing life-long cognitive and behavioral health risks for astronauts. 
The LSAH program has been essential in diagnosing, monitoring, and documenting certain lifetime medical conditions in astronauts. Updated evidence from LSAH suggests that as of 2022, astronaut crew do not have a greater prevalence of neurodegenerative disease relative to the general population, although a sizeable portion of crewmembers that have participated in long-duration ISS missions have not yet reached older age. Psychological and neuropsychological monitoring is not provided through LSAH, thus limiting our current characterization of subclinical symptoms related to the behavioral health risk. In March 2017, the NASA Transition Authorization Act of 2017 (known as the TREAT Act) was signed into law. The TREAT Act provides resources for NASA “to research, evaluate, assess, and treat” current and retired astronauts for medical and psychological conditions associated with spaceflight. 
3. [bookmark: _TOC_250052][bookmark: _Toc172877399]Predictors and Contributing Factors
The factors discussed here are believed to be predictors and contributing factors to the behavioral health of astronauts. In many cases, a lack of empirical evidence necessitates reliance on experts to help synthesize the quality of research and to lend their scientific acumen and recommendations to risk reduction efforts (Coulter et al., 2016).
Precursors of behavioral health distress serve as warning signals, and many factors contribute to an individual’s well-being and their behavioral health. Monitoring the presence of predictors and contributing factors will allow earlier countermeasure intervention to optimize crew health and performance and will prevent behavioral and psychiatric conditions from emerging.
As noted previously, numerous factors contribute to an individual’s behavioral health status. Certain factors such as a crewmember’s personality, together with the quality and quantity of their sleep, predict the likelihood that psychological symptoms or stress will develop. These factors, which can be viewed as “stressors,” are discussed in the following sections. Note that not all “stressors” have a negative impact on the behavioral or cognitive health of an individual.
1. [bookmark: _TOC_250051]Personality
The results of personality tests have been used for decades to predict job performance. As mission length and distances from Earth increase, selecting astronauts and, later, composing compatible crews and spaceflight teams based on personality traits becomes increasingly important. As an added challenge, optimal personality characteristics are likely to vary depending on mission length (Ursin et al., 1992).
Some evidence exists regarding personality that is specific to astronauts (Musson & Helmreich, 2005; Rose et al., 1994; Rose et al., 1993). Generally, the following types of personality comparisons have been made: (1) astronauts or astronaut applicants to a normative group; (2) astronauts to another occupational group; and (3) astronauts to peer/supervisor performance ratings or selection decision. No research has been undertaken that examines the relationship between personality and objective job performance, perhaps due to the difficulty in finding objective performance data that is not confounded by factors beyond the control of the astronaut. This lack of objective job performance limits any true attempt to identify the “right stuff” (Santy, 1994). Furthermore, no known research has examined astronaut personality with respect to successful reintegration after spaceflight.
To date, the published research that is related to spaceflight has primarily focused on 2 approaches to personality. One approach uses the personal characteristics inventory and, based on early work by Helmreich and colleagues (1980), applies this to pilot personality (Chidester et al., 1991). This measure was designed to assess both the positive and negative aspects of the 2 broad constructs of instrumentality and expressivity (Musson & Helmreich, 2005). The other approach delineates personality in terms of the “Big Five” factors (i.e., neuroticism, extraversion, openness, agreeableness, and conscientiousness). The findings of each approach are discussed below.
1) Instrumentality and expressivity
Instrumentality provides an indication of the degree of goal-seeking and achievement orientation. Expressivity assesses social competence or how an individual behaves in interpersonal relationships, with those high in expressivity typically seen as kind and warm during interactions with others. In contrast, those low in expressivity demonstrate negative communion (e.g., submissiveness, servility, gullibility) and can be verbally aggressive (Kanas & Manzey, 2008).
The 2 factors and their positive and negative levels have led some to identify what they refer to as “trait characteristics” that reveal the “right stuff,” the “wrong stuff,” and “no stuff” (Gregorich et al., 1989; see also, Musson & Helmreich, 2005). The right stuff, which is characterized as high positive instrumentality and expressivity along with low negative instrumentality, relates to higher peer evaluations of job and interpersonal competence (McFadden et al., 1994). Having the “right stuff” in settings that involve complex group interaction is related to superior performance (Musson & Helmreich, 2005). In contrast, those who have the “wrong stuff” display high positive instrumentality, high negative instrumentality, along with high work orientation, mastery and verbal aggressiveness. Individuals who are low on both instrumentality and expressivity, with low work orientation, are considered to have “no stuff.”
2) The Big Five
As stated earlier, the Big Five factors of personality comprise neuroticism, extraversion, openness to experience, agreeableness, and conscientiousness. Individuals who are highly neurotic are more likely described as impulsive, self-conscious, and are more prone to psychological distress. Those who are higher in extraversion tend to experience more positive emotions and are likely to be more outgoing and energetic in their dealings with others. Persons who are more open to experience actively seek that which is new and are more likely to embrace more unconventional ways of getting things done. Agreeable individuals will tend to be more trusting and helpful, preferring interactions that are compassionate rather than competitive or tough-minded.
Those who are highly conscientious show a level of goal-directed behavior that is organized, dutiful, motivated, controlled, and persistent (Costa & McCrae, 1992). Although agreeableness is closely related to aspects of positive expressivity, the other 4 factors (i.e., neuroticism, extraversion, openness to experience, and conscientiousness) do not easily map onto the instrumentality/expressivity approach (Musson et al., 2004).
Musson (2003) examined human performance data that were collected by the Human Factors Research Project at the University of Texas and found that men who made it to the final round of astronaut selection were high on agreeableness and conscientiousness and low on neuroticism. As with male applicants, female applicants were high on agreeableness and conscientiousness and low on neuroticism. Female applicants were also high on extraversion. In addition, Mittelstӓdt (2016) reported that those European Space Agency astronaut candidates with higher levels of neuroticism were more likely to fail the first phase of their training. 
Regarding astronauts rather than astronaut applicants, Musson (2003) found that male astronauts follow the same pattern as male applicants; they were high on agreeableness and conscientiousness and low on neuroticism. Female astronauts, on the other hand, appeared much different from their female applicant counterparts. This may be an artifact of the small sample size for female astronauts (N = 10); therefore, great caution is needed in generalizing these findings.
Tying personality to performance, Rose and colleagues (1994) found that, for U.S. astronauts, agreeableness is positively related to 4 ratings of performance (i.e., peer-rated interpersonal, technical, and leadership competence, as well as supervisor-rated job performance). Openness to experience was negatively related to peer-rated technical and leadership competencies and to supervisor-rated job performance. No other significant correlations were found between these performance ratings and the Big Five. This is a surprising finding given that conscientiousness is considered one of the most valid personality predictors of job performance (see e.g., Barrick & Mount, 1991). For example, conscientiousness, along with extraversion and low levels of neuroticism, among military personnel, were positive, independent predictors of performance in ICE environments (Palinkas et al., 2000). The absence of significant relationships between traits and performance may reflect the methods used (e.g., use of subjective vs. objective job performance ratings). It also may reflect the fact that certain environments “pull differentially” on the way certain, more narrow expressions of our traits may help us adapt. For example, a study by Hough (1992) helped identify 2 separate narrow traits of extraversion—affiliation and potency—that differentially predicted technical proficiency and overall job performance respectively. In similar fashion, ICE environments may differentially pull for higher levels of overall facets of conscientiousness (e.g., “order” or “dependability”) and lower needs for achievement striving (i.e., increased need for getting along and “fitting in”). An another study that assessed adaption to a variety of environments including spaceflight and environments analogous to spaceflight (e.g., polar expeditions, space missions, submarine missions, etc.) identified that individuals with strong achievement motivation (i.e., a facet of conscientiousness) combined with interpersonal sensitivity (i.e., agreeableness) seemed to adapt more effectively than others (Sandal,  1998). Ursin and colleagues (1992) found moderate aggressiveness to be appropriate for short-duration spaceflight missions, such as Space Shuttle missions, but not, they proffered, for long-duration missions.
These findings point to the importance of continuing to determine how personality contributes to job performance, interpersonal relationships, and psychosocial adjustment to reduce the risk to behavioral health and to optimize performance required by exploration missions.
[bookmark: _TOC_250048]Sleep and Circadian Rhythm Disruptions
Sleep disruption is a common and observable warning sign of depressed mood, anxiety, or acute stress. One meta-analysis found a large effect size of sleep deprivation on mood (Cohen’s d -3.16; Pilcher & Huffcutt, 1996). The link between sleep disturbances and mood is so well recognized that sleep symptoms are among the diagnostic criteria of many psychiatric disorders (Colton & Altevogt, 2006). Comorbidity of a sleep disorder with a psychiatric disorder is common, for example 40% of individuals diagnosed with insomnia also have a psychiatric disorder; this comorbidity is higher for hypersomnia, with 46.5% of individuals also having a psychiatric disorder (Ford & Kamerow, 1989). Insomnia is both a risk factor for major depression and a manifestation of major depression (Livingston et al., 1993; Ohayon & Roth, 2003; Cole & Dendukuri, 2003). Research indicates that 15% to 20% of individuals who are diagnosed with insomnia also suffer from major depression (Ford & Kamerow, 1989; Breslau et al., 1996). However, intriguing, recent expert analysis suggests decrements to the regulation of emotion processes may mediate the link between sleep duration or quality and behavioral health outcomes (Palmer & Alfano, 2017). 
Large inter-individual, systematic differences exist in how sleep deprivation impacts various neurobehavioral responses and vulnerabilities (Van Dongen et al., 2004), and these differences seem to be associated with individual circadian differences (see e.g., Sletten et al., 2015). The circadian rhythm of the human body is linked to patterns of biological activities such as brain wave activity, hormone production, and cell regeneration. Circadian rhythms can be affected by environmental factors, such as the amount and timing of ambient light (Czeisler et al., 1986), as well as the light spectrum (Brainard et al., 2001). 
Sleep is a large component of the daily circadian cycle and, as such, is affected by changes that influence the underlying circadian rhythm (NCR, 1998). Changes in work schedule also can adversely affect a crewmember’s circadian rhythm. During the Russian Soyuz program, sleep schedules were occasionally set counter to the local time of the launch site. This change in sleep schedules was associated with decreased quantities of sleep and decrements in performance among the cosmonaut crews (NASA, 1991). The Space Studies Board states that a lack of sleep leads to increased stress and decreased cognitive and psychomotor functioning (National Research Council [NRC], 1998). It is also well-established that sleep deprivation is associated with decrements in cognitive performance among the general public, and high achieving populations such as physicians. Meta-analyses have revealed clinically meaningful decrements in cognitive performance, in most cases with moderate effect sizes (Cohen’s ds -0.56 to -2.04; Philibert, 2005; Pilcher & Huffcutt, 1996) (Hedge’s gs -0.25 to -0.76; Lim & Dinges, 2010). The most prominent effects are seen for vigilance, sustained attention, and working memory (Lim & Dinges, 2010; Pilcher & Huffcortt, 1996). 
Barger and colleagues’ (Barger et al., 2014a) data from ISS and Space Shuttle astronauts confirmed previous assessments of sleep quantity and quality on orbit, i.e., sleep duration during flight averages 6 hours and appears to be reduced in comparison to terrestrial sleep. The reasons attributed to reduced sleep during spaceflight are temperature, noise, CO2 levels, voids, rumination, and high tempo workload, and it is possible that microgravity affects sleep architecture via cranial fluid shifts. In addition, Jones et al. (2022a) reported that ISS astronauts obtain an average of 6.5 hours of sleep despite 8.5 hour scheduled sleep opportunities during spaceflight missions. Astronauts in this sample who slept less than 6 hours performed worse on a task of sustained attention (PVT – brief) and endorsed greater ratings of stress, workload, and negative somatic behavioral states (e.g., physical exhaustion) compared to those who slept more. 
Current ISS operations still require schedule shifting, including times of slam shifting (i.e., sudden shifts in sleep/wake schedule), which can result in sleep loss and fatigue for the astronauts. Such schedule changes force critical mission operations to occur against the natural circadian rhythm of the body. The commander of ISS Expedition 3, Frank L. Culbertson, Jr., did not consider slam shifting to be a problem for the flight crew if they had adequate recovery time after the sleep shift and ensuing activities. Although he advised that sleep/slam shifting did have some physiological effects on the crew with respect to insufficient rest time (Safety Review Panel, 2002). Slam shifting also impacts the ground teams who support the ISS during critical operations, and the ground teams who work overnight against the homeostatic drive to sleep (Barger et al., 2014a). 
For detailed information on the performance risks associated with sleep loss and circadian rhythm disturbances, refer to the evidence report on the Risk of Performance and Health Decrements Due to Sleep Loss, Circadian Desynchronization, and Work Overload (Flynn-Evans et al., 2016). Interactions of radiation exposure with sleep in animal models are described in the Radiation Exposure Considerations section below.
[bookmark: _TOC_250047]Habitability and Environmental Design
Depending on the destination, exploration missions could have delayed communication, no view of Earth, and tight quarters, all of which result in reduced sensory stimulation. Humans require varied sensory input. Sensory stimulation that meets our needs includes foraging for information, restorative relaxation, adaptive release of emotion, and maintaining homeostasis (Vessel & Russo 2015). As such, an appropriate spaceflight environment that is as sensory rich as possible is paramount for exploration missions.
Spaceflight includes many unique challenges to designing an environment that provides sensory stimulation. For one, in an environment in which an individual floats freely, distinctions between up and down are no longer meaningful. Environmental design, or habitability, is thus no longer confined to the Earthly distinctions among floors, walls, and ceilings; this is an asset when the size of the ship or the station is limited. How readily a crewmember adapts to this truly 3-dimensional world varies by individual (Connors et al., 1986).
Lack of privacy, which has been associated with impaired individual well-being in environments analogous to spaceflight, is a major psychosocial stressor during spaceflight (Connors et al., 1985). Although privacy was among the least mentioned topics in the astronaut journals project (Stuster, 2016), this may reflect the relative adequacy of current privacy on the ISS. At the 2015 HRP Investigators’ Workshop, veteran astronaut Peggy Whitson, when asked by a member of the audience what she felt the single most important habitability factor to be, stated a private space, such as individual sleeping areas, to be most critical. Research supports Whitson. Individuals who are in confined spaces tend to withdraw from one another during leisure time (Basner et al., 2014), and spend more on passive activities (Seeman et al., 1971). Having private crew quarters in which a crewmember can be alone thus becomes extremely important on long-duration spaceflight missions (Santy, 1983; Kanas & Manzey, 2008; Simon et al., 2011; Whitmire et al., 2015).
Evidence suggests that the interior décor of spacecraft can affect well-being (Kearney, 2013; Stuster, 1996). Use of many different colors and the wide use of darker colors are contraindicated (Kanas & Manzey, 2008). However, colors can be used to orient crewmembers because no gravitational cues are available as navigational aids (Raybeck, 1991). Windows promote well-being in ICE environments because they decrease the sense of confinement and monotony of the environment (Haines, 1991). Anecdotal evidence from the earliest spaceflights supports the importance of being able to look outside (Haines, 1991; Lebedev, 1988), and Kelly and Kanas (1992) provide empirical evidence that “watching” activities became more important. Robinson and colleagues’ (2011) analysis of astronauts’ photography habits likewise highlights the popularity of window views as a leisure outlet.
Exposure to natural environments and natural elements (i.e., plants) can be restorative and thus will be important on exploration missions (Kearney, 2013; Simon et al., 2011). Time spent in natural, rather than urban, settings can reduce stress and increase recovery from health issues. It can also improve attention and mood (Vessel & Russo, 2015). Volume and mass limitations of the space vehicle, however, may preclude much in the way of nature. Ideally, plants will be included in the environment both as a food source and as a way of increasing sensory input and reducing stress (Simon et al., 2011). Interactions with nature, such as onboard plant-growth facilities and planetary exploration opportunities, will be important to prevent boredom or sensory monotony during a Mars mission (Peldszus et al., 2014). Simulated nature experiences could be an effective countermeasure to reduce the risk of behavioral disorders and psychiatric conditions (Kearney, 2013), and they are discussed in the ground-based evidence section of this report, along with other habitat design approaches to mitigate risk. 
Behavioral Health countermeasures involving vehicle and habitat design are not all intangible or aesthetic, in fact many engineering or environmental considerations also have significant behavioral health impacts (Peldszus et al., 2014). For example, the “adequacy” of a vehicle or habitat lighting system will have differing definitions depending on task lighting needs versus the illuminance and spectrum required to entrain the human circadian rhythm. As discussed in previous and later sections, cabin atmosphere, such as CO2 concentrations, can also have direct or indirect effects on affective and cognitive functioning and require careful consideration for new vehicle designs and standards, especially for a multi-year exploration mission.
For greater detail, refer to the Risk of Inadequate Human-System Integration Architecture evidence report (Gore et al., 2021).
[bookmark: _TOC_250046]Job design—Autonomy and Meaningful Work
Job design can impact an individual employee’s behavioral health by enhancing eudaimonic well-being, which underscores attaining improved well-being by striving towards a purpose deeper and more noble than simple self-gratification (Ryan & Deci 2001). Autonomy and meaningful work are both indicators of eudaimonic well-being (Bassi et al., 2013) and have been long emphasized as important to astronaut crews (Vanhove et al., 2014). 
The need for autonomy is a recurring theme that has emerged among astronaut crew throughout the history of human spaceflight. Mercury astronauts lobbied to be able to pilot spacecraft rather than simply being passengers in a craft controlled from the ground (Wolfe, 2008). The crew of Skylab 4 stopped work to protest a lack of control over their work schedule (Cooper, 1976). No control over their schedules and being overscheduled continue to be issues for ISS astronauts. An analysis of accounts from astronauts indicates that an active workload promotes adjustment to spaceflight, except when that workload was monotonous (discussed below) or when too little autonomy was granted by the ground personnel (Peldszus et al., 2014). Autonomy can interact with levels of task difficulty to create a demanding work schedule (Stuster, 2016). Providing crewmembers with greater control over setting their own schedules might help prevent overworking, thereby reducing performance errors that occur as physical and mental exhaustion sets in (Nechaev, 2001). Greater autonomy may also help to individualize workloads to meet individual differences in achievement orientation (e.g., the drive to complete tasks or accomplishments) that exist even among astronauts. ISS journal entries talk about the value of setting one’s own schedule: “Happy it is the holiday and we get to drive our own schedule. That feels a little like we have some control over our lives. I think that is why it feels good.” (Stuster, 2010, p. 19). Among factors that contribute to adjustment on board the ISS, astronauts most frequently wrote about scheduling constraints detracting from adjustment, such as not being scheduled enough time to complete a task (Stuster, 2016), which may be alleviated with greater autonomous input from experienced flyers. Kanas and Manzey (2008) concluded that crewmembers should have autonomy in planning their work schedules, managing their workloads, and deciding when to perform nonessential tasks to the extent possible. As one astronaut summed it up, “It does help to have control of your own environment if you’re going to be isolated.” (Stuster, 2010, p. 19).
However, striking the right balance between crew autonomy and interdependence requires an in-depth understanding of the crew and the intra-organizational dynamics, social control of risk, and the technical design and the risk management procedures (Vaughan, 1990). After surveying 54 astronauts, Kanas (2005) identified increased crew autonomy, more dependence on onboard technical resources (in contrast to mission control), and communication delays with Earth as potential interpersonal stressors that require additional research. Although the ISS was designed to be flown by mission control from the ground, crews on future LSDE missions will be required to independently operate exploration vehicles. Indeed, asynchronous communication will create the opportunity for, and necessitate, providing greater autonomy and latitude for the crew to make decisions that were once reserved for mission control. Simulation studies suggest that crew autonomy might improve performance, and sustain, if not augment, psychosocial adaptation to space and behavioral health (Roma et al., 2011). However, the amount of control granted to the crew will almost certainly vary depending on the phase of the mission, and the balance of autonomy will likely shift as the spacecraft travels away from and then towards Earth. Both crew and ground support personnel will need to learn to cede autonomy as the other assumes it. This shift in autonomy is anticipated to be challenging.
Control in the form of autonomy is not the only aspect that will affect eudaimonic well-being on exploration missions. Conducting sufficient meaningful work is more than just an important component of a successful exploration mission; it will be a critical one. Quoting the first U.S. astronaut on Mir, Norman E. Thagard, “[T]he single most important psychological factor on a long-duration flight is to be meaningfully busy. And, if you are, a lot of the other things sort of take care of themselves.” (Herring, 1997, p. 44). A lack of sufficient meaningful work can adversely affect mental well-being. Again, ISS astronauts’ journal entries provide insight into the importance of meaningful work. ISS astronauts, like other astronauts before them, express frustration with tedious and repetitive tasks (Stuster, 2010). “Busy work,” wrote one astronaut, “also causes me to miss home more. I think I feel less of a sense of purpose if I don’t believe in the tasks that I am doing.” (Stuster, 2010, p. 11). The definition of meaningful work likely varies for individuals. Vehicle maintenance, for example, might be deemed meaningful by one crewmember, whereas another crewmember may view such work as necessary but not personally meaningful. Semi-structured interviews conducted with a small sample of NASA astronauts, flight directors, and flight surgeons indicated that astronauts found greater meaning in tasks that required a variety of skills, allowed for control over their own schedule and autonomy in execution of tasks, and required in-depth understanding of the underlying importance of science-based tasks conducted on the ISS (Britt et al., 2017). The type of work that is considered meaningful could very well differ during LDSE missions. During an outbound phase of a mission, the crew is more likely to be focused on training tasks. In contrast, on the return phase, training might be less meaningful whereas analyses of samples would be more meaningful.
[bookmark: _TOC_250045]Monotony and Boredom
Monotony is a frequent complaint of individuals in ICE environments such as spaceflight (Kanas, 1998; Otto, 2007). Monotony and boredom are closely tied to habitat design and meaningful work, as discussed in the preceding sections, and are exemplified in ISS astronauts’ journals (Stuster, 2016).
A lack of variety in social interaction, leisure activities, and the physical environment can contribute to perceptions of monotony and lead to boredom, interpersonal conflict, a loss of energy, motivation, or concentration, decreases in physical activity and social interactions, and in some cases more serous mood disturbances (Basner et al., 2014; Otto, 2007; NRC, 1998; Vessel & Russo, 2015). The degree of need for novelty is an individual trait that is linked to personality dimensions such as extraversion and openness to experience (Gocłowska et al., 2019). Extraversion is seen more often among astronaut applicants and selectees (Musson, 2003), thus the risk of behavioral and cognitive health symptoms from boredom may be high in spaceflight, although the need for novelty among astronauts is unknown.
Life on board a spacecraft such as the ISS is often characterized as a combination of monotonous work with requirements for high degrees of alertness and penalties for errors. This combination of monotony with high-risk consequences for errors is especially stressful (Thackray, 1981). Even in the face of monotony, however, performance is sufficient for mission success, provided that motivation is high (Kanas & Fedderson, 1971). As missions become longer, the focus on the amount of work that humans can safely perform changes from how much to how little (Weiner, 1977), especially given lengthy transit stages and vehicle habitability factors that limit sensory and task novelty (Peldszus et al., 2014).
[bookmark: _TOC_250044]Daily Hassles 
Spaceflight can introduce a number of daily hassles that include “irritating, frustrating demands that occur during everyday transactions with the environment” (Holm & Holroyd, 1992, p. 465), and may contribute to a crewmember’s stress and decrements in their behavioral health (DeLongis et al., 1982; Lazarus & DeLongis, 1983; Rowlison & Felner, 1988). Daily hassles associated with the physical environment that are unique to spaceflight include a growing accumulation of garbage, limited facilities for sanitation, the need for constant vigilance, and a relative lack of privacy. The noise and vibration of the ISS are acoustic stressors that can affect sleep quality and quantity, the low levels of illumination on the ISS are a photic stressor, the limited physical space on the ISS (or any space vehicle) is an additional stressor (NCR, 1998). Although little objective data exists examining direct relationships between daily hassles and behavioral health outcomes, Stuster’s astronaut journals provide anecdotal evidence of the hassles associated with life and work on the ISS. One astronaut stated it succinctly, “Today was a hard day. Small things are getting to me.” (Stuster, 2010, p. 10). These seemingly small hassles can aggregate into larger psychological issues (Nicoletti & Garrido, n.d.). Another wrote, “Thanks journal. Venting complete. I feel much better now… It is funny. A bunch of hours later and I am completely over this issue. Not a care in the world about it. Glad I could vent to the journal and not via email because that could be catastrophic to my career.” (Stuster, 2016, p. 83).
[bookmark: _TOC_250043]Major Life Events 
Life on Earth continues as the crew is isolated on the ISS, and a crewmember may occasionally experience a major life event while on the ISS. Daniel Tani’s mother was killed in a vehicular accident while he was on board the ISS. His loss had an obvious personal impact, but also had ripple effects on the entire crew. Similarly, a cosmonaut psychologically withdrew for a week during a mission after the death of his mother (Clark, 2007). Withdrawal is one of many normative grief reactions; however, complete withdrawal from crewmates or basic operational requirements during spaceflight is likely to introduce additional risks. The act of grieving in the ICE environment of space may warrant additional support that would otherwise not be needed on Earth. Personal tragedies cannot be predicted or prevented, but psychosocial support to manage these events must be available to astronauts on long-duration spaceflight missions.
Fortunately, not all major life events are negative. Michael Fincke’s son, for example, was born during his first expedition to the ISS. Although the inability to be present for the birth of his son might not have been distressing, desired major life events can result in some stress due to the changes such events have on one’s life and the desire for connectedness generated by such positive life events. As one astronaut put it: “I watched the family on my video camera installed in my living room. It was nice to see them and difficult at the same time.” (Stuster, 2016, p. 17).
Cultural Factors
Culture is a broad term that can encompass national culture, organizational culture, or intra-organizational subcultures (e.g., the distinction between civilian scientists and military pilots). The crew can be impacted by all these cultural factors. Palinkas performed an extensive review of literature on ICE environments and found that crew homogeneity was related to social compatibility in both space and in ground analogs of spaceflight environments (Palinkas, 2010). Yet, because the ISS is international, crews must contend with a fair amount of heterogeneity amongst its members. Both organizational and national cultural differences between the 5 national space agencies involved in the ISS influence crew dynamics (NRC, 1998), potentially hindering crew cohesion and resulting in increased perceptions of stress. Factors associated with national and other types of culture are covered in greater detail in the evidence book on the Risk of Performance and Behavioral Health Decrements Due to Inadequate Cooperation, Coordination, Communication, and Psychosocial Adaptation within a Team (Landon et al., 2016).
[bookmark: _TOC_250042]Ground Support/Mission Support
Research on the theory of minimal group paradigm tells us that even arbitrary and apparently meaningless differences between groups of people can result in feelings of in-group versus out-group (Tajfel et al., 1971). Therefore, it is not surprising that an “us vs. them” attitude can develop between the spaceflight crew and ground support personnel, as well as feelings of animosity toward the same ground support teams. This dynamic is sometimes termed “displacement” because the crew is displacing the intra-group tension onto safer, more remote individuals (Kanas & Feddersen, 1971). Although displacement is not an uncommon occurrence between remote teams and their support centers, it nevertheless becomes more critical for spaceflight as the missions grow longer and the conditions of isolation expand.
Although crewmembers’ feelings of lack of control, such as a lack of autonomy, can exacerbate the perceived distance between these 2 groups, there is more to the phenomenon of “us versus them” than is created only by ground control setting the crew’s schedule. Still, examples of ground having control over the crew’s schedule do provide powerful illustrations of feelings of injustice that arise. In 1974, friction between crewmembers and Mission Control during a Skylab mission resulted in a work stoppage in which crewmembers insisted on taking a day off after weeks of work without a day of rest.
Ground support personnel can have a positive or negative impact on the crew. One journal entry captured the profound effect that ground-crew interactions can have on the crew: “Interesting, how you can be on top of the world one moment (literally) and then be completely demoralized the next, because of what is said on the ground.” (Stuster, 2010, p. 15). Knowing that communications with ground can negatively impact crew morale and performance, communications between mission control and crew frequently involve praise inflation (profuse compliments and avoidance of criticism). However, instead of improving relationships between ground and crew, praise inflation can be a source of annoyance and may even undermine trust.
The tension between organizational management and autonomy addressed earlier is often revealed in the journals of astronauts as they express their feelings about the interactions they have with “the management” on the ground. For example, Stuster’s review of his astronaut journals project concluded that actions taken by NASA support or management have resulted in serious declines in morale on the ISS (2014, personal communication). Management decisions have seriously upset ISS astronauts resulting in frustration or irritation with actions that are taken (e.g., “amazed by the degree to which the ground has gotten into the habit of taking action and not informing the crew,” opportunities denied [e.g., no public affairs office event after a spacewalk], or a sense of being micromanaged [“safety folks seem to concentrate on minutia while neglecting big things”], Stuster, 2010, p. 31). Regardless, astronauts continued to perform well (Stuster, 2014, personal communication).
Perhaps not surprisingly then, crews sometimes choose to deal with conflict with the ground personnel by ignoring them for a period of time or by censoring the information shared with them. The crew of one Salyut space station mission shut down communications with mission control for 24 hours. Lebedev (1988) and crewmembers failed to report a fire to the ground personnel because “it would have just caused more panic” (p. 309). In addition, this phenomenon extends beyond just spaceflight. Antarctic winter-over crews reported having avoided communicating with their administrative support or deliberately misleading their administrative support (Otto, 2007). After reviewing the ICE literature, Vanhove and colleagues (2014) concluded that such avoidant behaviors may offer an effective coping strategy for maintaining good psychosocial functioning.
[bookmark: _TOC_250041]Family and Social Support
According to a former NASA Family Support Officer, astronauts have reported feeling more relaxed and able to concentrate on tasks at hand when they believe that someone is taking care of their families. Worrying about family and family events that might occur at home while the crewmember is away can be an added source of stress, both during the mission and during reintegration after the mission. For example, an Apollo 11 astronaut required psychiatric intervention after a mission due to marital distress and depression (Aldrin, 1973; Kanas, 1987).
A fuel gauge problem required that a Space Shuttle mission be postponed for 2 months resulting in astronaut Daniel Tani’s duties as a space station flight engineer being extended by 4 months. It was during this extension period that Tani’s mother died. At his return home ceremony, which was held in Houston on February 21, 2008, Tani commented on the importance of psychological support: “We so rightfully thank every technical trainer we have, but when you go and live on the station, there is a whole aspect of living that we have to think about and anticipate.” He expressed his gratitude for flight surgeons and psychologists as well as a suggestion for future missions: “That was invaluable to me. This is something we will have to learn how to really support and develop for long-duration flights to the moon and Mars.” (Carreau, 2008). Tragedies such as the death of Tani’s mother affect all crewmembers and ground support personnel, and they can be especially challenging for mission commanders who seek to lend support to a grieving crewmember.
The benefits of social support are well documented (Ertel et al., 2009; House et al., 1988; Robles et al., 2003; Umberson & Montez, 2010). Seeking of social support and emotional expressivity, such as crying, are highly individual traits, both of which can be quite healthy and normative. However, in ICE environments, seeking social support as a coping mechanism has been negatively associated with resilience (Vanhove et al, 2014). It is not known whether this association relates to unique expressivity and coping style traits among those who choose to work in ICE environments, or whether this may relate to the perceived acceptability of expressing emotions within such crews (e.g., psychological safety). So, having social support and knowing one has social support is beneficial (Miller, 2015), but depending on individual coping styles and team dynamics, seeking social support may either be healthy, or it could be an indicator of adjustment difficulty.
Family life stressors do not end during a mission. Family health problems, marital stress, parenting issues, and other aspects of terrestrial family life no doubt influence an astronauts’ well-being, as this journal entry illustrates: “Things have been really rough at home. X is having a hard time... and gets depressed. It is a struggle trying to prop things up at home from here.” (Stuster, 2016, p. 29). Family social stressors mediate the benefits of personal communications and highlight the need to augment astronaut-focused psychological support with family supports on the ground.
As humans venture into the extremes of long-duration exploration, a better understanding of the biological basis of social support could provide insights and potential strategies to help strengthen social bonds that serve adaptive functions. In addition, methods must be developed to sustain those social and family bonds during the long mission and ultimately support reintegration after return home.
[bookmark: _TOC_250040]World Events
“The world changed today,” ISS Commander of Expedition 3, Frank Culbertson stated in a September 12, 2001 letter reflecting on the events of the past day. In addition to family events, world events viewed from space, can be stressful. In 1991, the Mir space station crew launched as Soviet Union cosmonauts and later returned to Earth as members of a different space agency from a different country (the Russian Federation). A decade later, on board the ISS, astronaut Frank L. Culbertson, Jr., used video and still cameras to document the aftermath of the Twin Towers attack on September 11, 2001. On being told of the attacks, he writes that he found a window that would give him a view of New York City, “It was pretty difficult to think about work after that, though we had some to do, but on the next orbit we crossed the U.S. farther south. All 3 of us were working one or 2 cameras to try to get views of New York or Washington.” (Culbertson, 2001). Although far from home, astronauts and cosmonauts are not untouched by turbulent events on Earth.
Food System and Nutrition
Nutrition is a basic life-sustaining need, although the “adequacy” of nutrition for spaceflight crews is a multidimensional construct for which behavioral health and cognitive performance considerations play a significant role. Accumulated evidence suggests that nutrition has an important role in optimizing cognition and reducing the long-term risk of neurodegenerative diseases caused by neuroinflammation that can accompany exposure to spaceflight hazards. Nutritional deficits can affect the pathophysiology of mood disorders, including depression, which could in turn affect an astronaut’s performance during an exploration mission. B-vitamins such as thiamin (B1), riboflavin (B2), niacin (B3), and folate (B9) are associated with abstract thought processes, whereas vitamin C status can affect visuo-spatial performance (La Rue et al., 1997). Vitamins A, E, B12, and B6 are associated with both visuo-spatial memory and abstract thought processes (La Rue et al., 1997). Evidence exists that omega-3 polyunsaturated fatty acids may promote neurogenesis by facilitating the production of brain-derived neurotrophic factor (BDNF) (Jiang et al., 2009) and the maintenance of healthy cerebral perfusion through vasodilation (Calder and Grimble, 2002; Parletta and Howe, 2008; Zwart et al., 2021).
Despite being the largest space vehicle built to date, the ISS has limited quantity and variety of food, for numerous reasons. Food scientists must create palatable and nutritious meals for the astronauts, while also conforming to mass, volume, food safety, cost efficiency and other parameters. Most foods on the ISS are dehydrated and prepackaged, although preference foods, such as fresh fruit and vegetables or commercially made snacks, are occasionally made available through resupply cargo. Astronauts’ also have access to a personal effects allotment of food, and crop samples grown in the onboard Vegetable Production System (“Veggie”). The ISS menu is carefully curated to ensure that astronauts are receiving enough micro and macronutrients, because nutritional deficits can have a variety of physical and behavioral health risks. Nutritional deficits of zinc, vitamin D, and omega-3 fatty acids are associated with depression, anxiety, and other mood disorders (Mitsuya et al., 2015; Patrick & Ames, 2015).
Astronauts historically consume fewer calories during spaceflight than they need to maintain their body weight (Stein et al., 1999). Combined with high physical exertion, this caloric restriction can lead to a negative energy balance, which can directly affect cognitive and physical performance and can exacerbate any observed negative effects of spaceflight hazards (Areta et al., 2021; Costa et al., 2021). Low energy availability (often defined as ≤ 30 kcal/kg lean body mass/day) for as few as 3–5 days can affect the endocrine, musculoskeletal, digestive, and other body systems (Areta et al., 2021). 
As Stuster (2016) noted, food becomes a highly relevant source for hedonic reward during spaceflight, because many terrestrial sources of pleasure and sensory novelty are unavailable. Food is the 10th most prevalent topic among astronauts’ journal entries, which described disappointment with the variety of food, especially the supply of preference foods, but also noted the mood boosting effects of favorite foods and shared meals (Stuster, 2016). Food is also a salient way to foster team cohesion and promote morale (Douglas, 2016; Stuster, 2010). As on Earth, the simple and daily act of eating together is a major promotor of social cohesion and team performance, especially within multinational crews (Douglas, 2016).
New food sources are being developed and tested for the ISS and for future exploration missions. Food scientists recently created calorically dense meal replacement bars that may reduce space food system mass by up to 10% (Douglas, 2016). However, analog research found caloric intake deficiencies and negative mood effects associated with meal replacement bars (Sirmons et al., 2020). This demonstrates the importance of food preference and acceptability during spaceflight, even when the available food meets basic nutritional requirements.
Scott Kelly, during his one-year mission in space, famously discussed his experience caring for a zinnia flower in the vegetable production system (Veggie) plant growth unit on the ISS (Kelly, 2017). The zinnias were grown in plant pillows: small rooting packets that contain substrate, fertilizer, and germination wicks along with attached seeds (Schuerger et al., 2021). These pillows were developed and tested with support from the ISS program and the NASA Biological and Physical Sciences program. Kelly notes, “once the zinnias are my personal project, it becomes incredibly important to me that they do well” (Kelly, 2017, p. 344). While essentially providing a case study, Kelly’s experience is important given he spent close to one continuous year in space, after a previous 6-month mission. He details the concerns that arose when the zinnia plants were struggling to survive, and his involvement in ensuring that they received the right care, demonstrating the importance of this activity in the context of his mission. Although Kelly’s experience demonstrates the benefits of caring for a flowering plant, given the limited resources on a space mission, research should focus on crop plants because they can benefit both nutrition and behavioral health.
Relatedly, extended duration spaceflights will lack sensory stimulation inherent with isolation and confinement (Stuster, 1996; Suedfeld and Steel, 2000). As noted in previous sections, ISS crewmembers currently have access to a robust behavioral support system that is largely dependent on close proximity to Earth; this system includes bonus foods for crewmembers’ preferences and for special occasions, resupply vehicles delivering novel and personalized gifts from home (including, at times, fresh fruit), real-time communication with loved ones, and meaningful leisure activities such as viewing and photographing Earth, as evidenced by the large volume of Earth photos taken by crews on the ISS. However, exploration class missions may include only virtual depictions of Earth, in addition to a small habitable volume and no or limited resupply, which prohibits many of the existing effective measures to enhance behavioral health. A healthy and operationally feasible in-flight crop growth system may offer a sustainable measure to boost behavioral health that is largely Earth-independent.
The science that ensures optimal crop plant growth is critical for providing a robust system that remains resilient in the spaceflight environment. As crews invest themselves in this meaningful activity, and in the context of prolonged isolation and confinement, it is important to consider the potential for deleterious effects if the crops are not resilient to the hazards of spaceflight (e.g., fail or die), thus being ineffective as a countermeasure and instead being detrimental to crew well-being. 
Crop plant growth could provide a rich, dynamic, sensory pleasing experience, and as Kelly highlights, it also provides a meaningful activity, all of which will be especially important during prolonged periods of isolation and reduced sensory stimulation. Preliminary data from the currently ongoing Veggie research study on the ISS demonstrates that interacting with crop plant growth systems provides positive stimulation of taste, smell, and sight, as well as being a meaningful activity that promotes well-being and connections with Earth and fellow crewmembers.
Kelly’s experience with the zinnia inadvertently provided a lesson in autonomous care: during the zinnia test on the ISS, the Veggie experiment team switched from defining crew procedures and roles in crop care to more crew-decisional operations, where ground teams provided a care guide (Massa et al., 2017) and were available to answer questions while astronauts cared for plants based on their real-time observations. This approach, as Kelly further notes in his book, provided a great example of how future crews may work independently on their way to Mars. Crew-decisional plant care on the ISS has been repeated several times since that experiment, with crews creatively finding solutions to hardware issues (e.g., Peggy Whitson developing a new way to add water to a malfunctioning plant pillow), novel horticultural approaches (e.g., Mike Hopkins testing seed transplanting in microgravity), and plant production challenges (e.g., Mike Hopkins and Megan McArthur developing methods to pollinate plants in microgravity).
Testing plant growth during spaceflight is important because unique systems, processes, and procedures are implemented on the ISS. Preliminary data is being gathered on the ISS regarding what plant growth activities crewmembers enjoy and benefit from, and what activities are burdensome or taxing. These data will help inform future automation strategies for different mission scenarios. During certain exploration missions, the crew may have periods of light workload (e.g., during transit missions to/from Mars), and during these times, crop tending may provide the crewmembers with meaningful work that they can perform without taking away from other mission-critical activities. Alternatively, the crew may have considerably less available time during a Mars surface mission. Depending on the duration and scale of the mission, crop growth facilities may be larger on sustaining missions than on the preliminary missions. It might be necessary to automate most crop growth activities using artificial indigence and robotics, with the possibility that astronauts could directly intervene and disable automation when they want or need to interact with the plants, such as harvesting ripe produce for dinner. Remote operations from ground controllers may be most feasible in LEO or lunar scenarios but would not be practical for a Mars surface mission given the communication time lag with Earth-based mission support.
The possibility of cooking in space is also being explored, which is a promising avenue to introduce variety and novelty into astronauts’ diets and daily activities. A low-temperature oven was recently designed and tested on the ISS to bake chocolate chip cookies. Although still in need of food safety research and development, such additions to the nutrition system will likely have significant behavioral health benefits and should involve behavioral scientists in interdisciplinary research. 
 Physical Health and Pharmaceutical Treatments 
The relationship between psychological and physical health is bidirectional: psychological stress can contribute to somatic symptoms, and behavioral health functioning can also be markedly influenced by one’s physical functioning. Various aspects of spaceflight present risks for medical conditions that can impact an astronaut’s acute emotional adjustment and cognitive functioning. For example, the crew of the Soyuz T10 mission to the Salyut 7 space station reported hallucinations. Although these hallucinations were believed to have been caused by exposure to a toxic gas, and not psychologically induced, they reinforce the fact that psychological reactions can result from physical ailments, be it an infection or exposure to a toxic environment (Troitsyna, 2011). A linkage has been reported between sustained motion or space sickness and reports of disorientation or inversion of images. These types of reactions relate to vestibular symptoms of dizziness and may be caused by vascular insufficiency to the posterior cerebral artery, which then spasms impacting the area of the temporo-parieto-occipital cortex (i.e., impact to the occipital cortex causes the flashes of light, and impact to the mid temporal cortex causes the distorted images, Schneider, 1978; Schneider & Crosby, 1980).
[bookmark: _Hlk109992756]Many medical conditions that have been reported during spaceflight have symptoms or side effects that impact behavioral health and cognitive functioning. Using medical reference databases and the RDoC framework, Roma and colleagues (2021) evaluated symptoms of medical conditions documented to have occurred in spaceflight and that have behavioral or cognitive health implications. When the effects of pain are included, 94% of the 100 identified medical conditions could negatively impact cognitive functioning (e.g., attention deficit, confusion, psychosis) and 32% involve symptoms that can impact arousal or alertness (e.g., sleep/wake disturbances, fatigue, hyperactivity). Regarding behavioral health, 42% of spaceflight medical conditions involve symptoms relevant to negative valence emotional responses (e.g., anxiety, malaise, irritability), 6% involve symptoms relevant to positive valence responses (e.g., depression, mania, loss of appetite), and 11% involve symptoms relevant to social behaviors (e.g., social withdrawal, aggression, language/communication deficits). This analysis indicates that the risk of exacerbated behavioral and cognitive functioning from medical conditions occurring during spaceflight is not trivial. 
Astronauts frequently report headaches, which may be caused by the combination of cephalic fluid shift in microgravity and CO2-induced increase in cerebral blood flow (Law et al., 2014). Stuster’s (2016) analysis of astronaut journals found the most frequently mentioned medical ailments were general pain (e.g., musculoskeletal aches and pains, skin irritation, etc.) and sinus congestion, both of which can be chronic irritants as exemplified by these entries: “Knee is improving. It’s amazing how health affects the mood here.” (Stuster, 2016, p.65). “Everyone is getting pretty spooled up about dust in the atmosphere potentially being the source of near universal hay fever-like symptoms.” (Stuster, 2016, p. 66)
Many physical ailments are a source of chronic stress that can exacerbate behavioral health and cognitive performance. It is well known that pain increases risk of depression symptoms (Fasick et al., 2015; Sheng et al., 2017), and also increases decrements in attention (Grisart & Plaghki, 1999; Legrain et al., 2009) and reduces speed of information processing and psychomotor activity (Harman & Ruyak, 2005; Sjøgren et al., 2005). Importantly, these cognitive and mood effects occur from spaceflight-relevant pain conditions such as chronic sinus congestion (Schlosser et al., 2016; Soler et al., 2015).
Despite alleviating or improving medical conditions, medications taken to treat those conditions can induce secondary risks to behavioral health and cognitive performance. Roma and colleagues (2021) examined the behavioral and cognitive correlates of the medications contained within the ISS medical kit. Of the 105 medications, 66 (62.9%) can cause decrements in arousal or alertness, 63 (60.0%) can affect sensorimotor functioning, and 62 (59.1%) can cause other decrements in cognitive performance. Additionally, 56 (53.3%) of the onboard medications can have negative emotional valence effects, 40 (38.1%) can have consequences for positive valence emotional functioning, and 31 (31.4%) can have consequences for social processes. Although not all onboard medications are used regularly, many of those that are most used are associated with one or more of these behavioral and cognitive functioning consequences.
Putcha and colleagues (1999) evaluated the in-flight use of medications from astronaut debriefings that were conducted after 79 Space Shuttle missions. The results show that 94% of crewmembers’ records indicated that a medication was used during flight. Space motion sickness accounted for 47% of the medications used, and sleep disturbances accounted for 45%. The remainder of medications were reportedly taken for headache, back pain, and sinus congestion. These findings indicate a higher usage rate compared to the findings of Santy (1990), who reported that 78% of crewmembers took medications during flight, primarily for space motion sickness (30%), headache (20%), insomnia (15%), and back pain (10%). Barger and colleagues (2014b) found that 75% of Space Shuttle crewmembers reported taking sleep-promoting medications during flight and those medications were used on 52% of in-flight nights. 
Although sleep and circadian rhythm problems can directly contribute to decrements in mood and cognition, sleep medication may not be as effective as desired (Barger et al., 2014b) and can present secondary risks to arousal and cognitive functioning (Friedman & Bui, 2017). Therefore, formularies for exploration missions must be carefully determined with consideration of potential behavioral side effects to prevent trading a countermeasure to one problem for a catalyst of another risk.
4. [bookmark: _TOC_250039][bookmark: _Toc172877400]Monitoring and Countermeasures to Prevent Adverse Cognitive or Behavioral Changes and Psychiatric Disorders Leading to In-Mission Health and Performance and Long-Term Effects
Seyle’s model of the general adaptation syndrome states that as a stressor appears and continues, an individual’s coping resources are first mobilized, deployed, and depleted if not resolved. Seyle (1978) termed these stages alarm, resistance, and exhaustion. As such, one goal of prevention is to avoid distress by providing crewmembers with the skills to minimize or negate a stressor. NASA BHP Op Psy seeks to implement countermeasures that prevent or mitigate the potential severity of the risk (adverse cognitive or behavioral changes) and treat the risk if it does occur (psychiatric disorders). Monitoring risk is also critical for early detection, timely application of countermeasures, and continued monitoring after countermeasure deployment.
According to Kearney (2013), countermeasures can reduce risk by (1) reducing environmental stressors (i.e., habitability and mission stressors) by modifying the environment, (2) increasing capacity of crewmembers to cope with and respond to stressors (through selection, training), or (3) providing crewmembers with mechanisms and strategies for coping with and recovering from environmental stressors (e.g., stimulate the brain; promote recovery of directed attention and reduce overall stress; provide social support and social interaction; foster group cohesion and positive group dynamics).
The current psychological support provided to spaceflight crews uses both types of countermeasures (prevention/mitigation and treatment). The current practices and services offered by the BHP Op Psy group at NASA are comprehensive, beginning before flight and continuing after flight (Sipes & Vander Ark, 2005). These services are shaped in part by a crewmember’s personal preferences, family requests, and specific events during the missions, as well as by programmatic requirements and other lessons learned. Astronauts and their families have access to counseling before their mission, although they might be hesitant to use these services given astronauts’ concern that flight status might be negatively impacted (Shepanek, 2005). The lack of behavioral and psychiatric emergencies during spaceflight provides indirect evidence of the efficacy of current countermeasures for current mission lengths of approximately 6 months to one year.
 The goal for exploration missions will be similar: to provide the means for early detection and countermeasure application, followed by treatment methods and continued monitoring as needed. However, expected communication delays will require crewmembers to monitor their behavioral health status via key indicators and autonomously implement countermeasures. 
1. [bookmark: _TOC_250038]Selection
The first opportunity to prevent behavioral health problems occurs when selecting new astronauts. Since 1959, NASA’s astronaut selection process has included screening for mental illness that could jeopardize mission success, and the process of psychiatrically qualifying or disqualifying astronaut applicants was standardized in 1989 (Santy, 1994). In response to the unique demands of missions extending past the average 2 weeks of a Space Shuttle mission, Galarza and Holland (1999) conducted a preliminary job analysis distinguishing between the relative importance of skills required for a successful long-duration spaceflight mission. These skills, or competencies, identified as necessary for successfully living and working in space for months at a time, have been incorporated into the selection process. Because exploratory missions are now being planned, another job analysis was conducted (Barrett et al., 2015) focusing on the competencies required to be successful during missions that will explore beyond LEO, where crews will have to be more autonomous from ground support owing to communication delays and no evacuation options, and will have to live within a confined habitat of a small vehicle for prolonged periods of time (e.g., up to 3 years). This analysis was updated in 2020 to reflect the planned lunar missions which were not scheduled at the time of the original job analysis.
The current approach to astronaut selection is a multi-method competency-based assessment. The selection process seeks both to screen out those applicants with a pre-existing illness and to identify those applicants best suited to life as an astronaut (Cox et al., 2013). The former reduces the likelihood of psychiatric conditions while the latter reduces the risk of adverse behavioral and cognitive health symptoms or changes. For screening out those with pre-existing illnesses, clinical judgments are based on a standardized psychiatric interview augmented with personality measures as a secondary source of information. Identifying applicants most suited to being astronauts likewise involves a standardized interview, with a focus on psychological factors identified as critical for success during long-duration spaceflight (Galarza & Holland, 1999; Barrett et al., 2015 and as updated in 2020), leveraging both psychological testing and assessments based on observations during field exercises (Slack et al., 2014). Expectations are that the present overall structure of the selection process will be maintained for the LDSE missions, and the tests and interview content will be adapted, as required, to reflect any changes in required competencies.
Because individuals and circumstances change as time passes, a test that was administered during selection has a limited ability to predict well-being over time. As a result, annual psychological assessments were recommended in the NASA astronaut health care system review committee: Report to the administrator (February–June 2007) (Bachmann et al., 2007). The BHP Op Psy group started conducting annual assessments in October 2008. These assessments, performed by an experienced crew flight surgeon who is also board-certified in psychiatry, comprise a 30-minute interview in the Johnson Space Center (JSC) Flight Medicine Clinic that covers broad areas of occupational relevance, including spaceflight experience, workload, fatigue, sleep, peer relationships, family, challenges, goals, and plans. 
Although selection is possibly the single most important countermeasure to mitigate the risk of adverse behavioral and cognitive changes in spaceflight, it is not without some limitations. NASA’s astronaut selection process selects-out those applicants who have been identified as having a psychiatric disorder. However, other important aspects of an individual’s mental health history (e.g., exposure to traumatic events, family history of mental health conditions, and genetic or epigenetic correlates of behavioral health) are not always discoverable during the selection process. Potential astronauts are also likely to be hesitant to share information that would prohibit their selection, just as some astronauts have demonstrated a reluctance to share behavioral health information if they perceive that it could jeopardize their flight status, which then limits the utility of countermeasures after selection. For these reasons, additional preflight, in-flight, and post-flight countermeasures are implemented on the ISS and are being adapted or developed for LDSE missions. 
Prevention begins with selection. By virtue of selection on various proxy indicators of reserve capacity (e.g., intelligence, educational attainment), astronauts as a group can be considered to have a high degree of brain or cognitive reserve capacity. As such, it is likely that they are thus far generally able to compensate for potential performance depleting effects of conditions such as psychological stress, physical fatigue, and other environmental conditions (e.g., higher levels of CO2).
[bookmark: _TOC_250037][bookmark: _Hlk108686134]Preflight Measures to Monitor and Prevent Adverse Cognitive or Behavioral Changes and Psychiatric Disorders Leading to In-Mission Health and Performance and Long-Term Health Effects
Despite the annual and the preflight BHP Op Psy assessments, unpredicted in-flight behavioral health degradation could occur due to unforeseen circumstances such as a mishap, personal tragedy, interpersonal conflict, adjustment difficulties, or the development of symptoms of a mental disorder that was latent before flight. Thus, the risk of mission-impacting mental distress and performance degradation remains and requires further monitoring, improved assessment techniques, and autonomous intervention methods in preparation for exploration beyond LEO. The HFBP Element is exploring ways, via research with machine learning and other data analytic techniques, to identify an optimal balance between the validity of the various measures used, while reducing the respondent burden on the astronauts.
The majority of Op Psy support occurs during flight, however, preparations begin before flight when astronauts express their preferences for in-flight support options such as website content, movies, games, and food. These decisions individualized the countermeasure by allowing crewmembers to take some of the familiarity and comfort of home with them.
“Lessons learned” are shared both formally and informally among astronauts and family members. Formal astronaut office briefings are scheduled after each mission, as well as between the assigned crewmembers of prior missions. These lessons learned are documented and distributed among astronauts and their families. Formal briefings and training sessions are also scheduled with crew and family members before each mission. Informal briefings occur between experienced and inexperienced astronauts, as well as between their spouses or significant others. Other opportunities to share information are provided by the astronaut spouses group (ASG) during social and educational events. General advice that is not targeted to a specific individual or family is available from a variety of resources such as the ASG newsletter, Astronaut Office documents, and Flight Medicine Clinic handouts.
The JSC family support office (FSO) acts for astronauts and their family members by liaising with the Astronaut Office, the ASG, BHP Op Psy group, JSC security, the Flight Medicine Clinic, the Military Liaison Office, the Public Affairs Office, and others. An organizational FSO is needed when employee tasks include lengthy deployments or hazardous duties that affect the employees’ families. Personnel in the FSO assist with all issues or concerns in a confidential manner. They also connect and communicate with families so that these families are informed and ready in the event of an emergency. To support families in their readiness preparations, the FSO provides publications, newsletters, email notices, training and educational classes, and specialized seminars. The FSO was created to address the unique challenges that face astronauts and their families during astronaut training cycles and flight assignments (Sipes & Vander Ark, 2005). As several astronauts have noted, the FSO provides the support that enables them to concentrate on their work more easily in space because they believe that their family needs are being met by FSO personnel in their absence.
1) BHP Training as a Countermeasure
One method for providing crewmembers with additional coping mechanisms is to teach them specific coping skills. The Op Psy group provides initial training to astronaut candidates (ASCANs) and further training to astronauts, and in some cases their families, once a flight has been assigned.
When they arrive at JSC, ASCANs attend a set of BHP Op Psy group sponsored trainings. Descriptions of these initial classes are provided below.
BHP Overview is an ASCAN’s first introduction to the services the BHP Op Psy group provides to astronauts. Included is a description of clinical services, preparation for flight, and support while in flight. The overview also provides a quick introduction to all the training astronauts will receive once they are assigned to a flight.
Conflict Management is a discussion-oriented training lesson that introduces a 3-point cycle that drives, escalates, and de-escalates conflict. The course reviews methods for breaking the cycle at each of the 3 points so that conflicts are resolved in ways that preserve relationships with colleagues, friends, and family. Techniques include “rules” for fair fighting, checking the accuracy of interpreted meanings, and recognizing and managing emotions that can perpetuate conflict.
Stress Management as a class has evolved over the years from traditional stress management techniques to include the fundamentals and methods of psychosocial adaptation to the stressors inherent in living and working in the spaceflight environment for extended periods of time. This also includes self-care/self-management, which refers to keeping oneself satisfied and productive under demanding circumstances and managing one’s own stress. This class teaches ASCANs to apply strategies of self-care/self-management as they encounter the stressors that are common to being astronauts, both on the ground and during an expedition.
Cross-cultural Training exposes U.S. astronauts to the unique circumstances that can arise when working with crewmembers and ground control personnel from NASA’s international partnership agencies. The course addresses cultural factors, communication and negotiation styles, and work and social factors. Potential positive and negative effects of cultural differences are identified. Methods, strategies, and resources that can be used to handle cross-cultural challenges are described and practiced within the context of case-situations that occurred previously. This course was devised after astronauts who flew on the ISS and Mir requested more and better cross-cultural training.
Expeditionary Workshop occurs periodically throughout the ASCAN training flow. The workshop covers the primary BHP competencies (e.g., teamwork and self-care/self-management) that were used during selection. The workshop, facilitated by operational psychologists, is taught by experienced astronauts who have flown on long-duration missions. The ASCANs hear stories and lessons learned from astronauts who have already been through the rigors of life on the ISS and review ISS critical incidents, experiences, and effective behaviors and coping strategies for living on the ISS.
National Outdoor Leadership School (NOLS) is time in the wilderness practicing those skills covered in the expeditionary workshop. NOLS allows teams to practice managing risk while they conduct scientific field campaigns in remote, stressful, and harsh environments. The curriculum is designed to develop leadership skills and provides opportunities to practice teamwork and self-care skills.
Once an astronaut has been assigned to a flight, mission specific BHP Op Psy training begins. Descriptions of these classes follow.
Twenty-eight months before launch, In-flight Resource Plan Introduction is taught. This course provides astronauts with an overview of the support that the BHP Op Psy group provides to ISS astronauts. Twelve months and 3 months before launch, In-flight Resource Plans 1 and 2 go into further depth. These follow-on courses further familiarize astronauts with the BHP Op Psy group and its functions, and provide them with a first look at some of the coping mechanisms that are available.
Psychological Factors 1 exposes crewmembers to the psychological effects of long-duration spaceflight. The manifestations of various psychological factors are discussed, as well as the procedures that are used to manage any contingencies.
Psychological Factors 2 continues the discussion of the support resources that are available during a mission for the crews and their families. It also identifies the principle environmental, interpersonal, and programmatic factors that can impair psychological health and performance during extended confinement.

Psychological Support Planning 1, Psychological Support Planning 2, and ISS Crew/Family Psychological Support Familiarization classes brief crewmembers on the psychological support program that was established to assist crewmembers and their families during the preflight, in- flight, and post-flight phases of the mission. Each crew member begins to identify his or her desired in-flight support resources, based on the options that are currently available. At the crewmember’s discretion, family and/or primary support individuals will be invited to the meeting.
Practical Planning for Long-duration Spaceflight encourages crews and family members to consider important personal arrangements before the mission. This class stresses critical actions (e.g., wills, emergency contact information), reviews lessons learned, and provides tools and checklists to help simplify the personal preparation process. The FSO offers this class in conjunction with the BHP Op Psy group and the Astronaut Office. Spouses, significant others, and other key family members may attend this event at crewmember discretion.
ISS Behavioral Medicine Training is provided to crew medical officers and flight surgeons. This training provides an overview of the psychiatric symptoms and disorders that might be seen during a mission. Discussion includes the therapeutic clinical response and resources that are available on the ISS should a crewmember exhibit seriously disordered behavior. The focus of this training is on serious psychiatric symptoms or illness as opposed to behaviors that fall within the norm for persons who are living in stressful circumstances.
2) BHP Behavioral Medicine Interview and WinSCAT
Behavioral medicine psychiatric interviews are conducted beginning 12 months before launch and ending 30 days after return from space. These interviews are the mainstay of preflight detection and in-flight prevention of psychological or psychiatric problems (NASA, 2008). Interviews focus on mission training issues, interactions between crewmembers, family issues, sleep and fatigue, workload, crew-ground communication, mood, cognition, ground re-adaptation, and family reintegration. These extensive ISS preflight behavioral medicine interviews along with the BHP Op Psy training classes help to prepare crews and their families for long-duration spaceflight and act as another behavioral health-screening aid.
Currently, another behavioral medicine requirement on the ISS is the WinSCAT (Kane et al., 2005), which is an 11–15-minute computer-based cognitive screening test. Baseline testing begins 6 months before launch, and the astronaut is requested to take this test once per month while in orbit. WinSCAT can be used for monitoring crew cognitive health, and it can also be used after an astronaut has suffered any unexpected medical event (e.g., head trauma, decompression sickness, exposure to toxic gases, medication side effects, etc.); it serves as an objective performance data point for crew surgeon medical assessment/dispositioning (Kane et al., 2005). Off-nominal WinSCAT scores are evaluated in context before considering whether to implement additional countermeasures or treatments, such as adjusting the work-rest schedule.
3) Future Directions and Current Research Associated with Preflight Countermeasures to Mitigate Behavioral Health Risk
One possible area of future training involves resilience building, which has been effective for a variety of at-risk populations. Training that focuses on perceived social support, positive cognitive reframing, and problem-focused coping increases resilience (Vanhove, et al, 2014). To maximize the effectiveness of resilience-building training, Vanhove and colleagues (2014) recommend that ground support personnel and family members also receive support training. As its name suggests, stress management and resilience training for optimal performance (SMART-OP) is a stress resilience training measure (Rose et al., 2013) that astronauts can use both before and during flight and preliminary studies suggest reduced levels of perceived stress in flight controllers (Rose et al., 2019).  
Once a crew is selected, the associated teambuilding of that crew can promote the psychological health of the crewmembers. Selecting crews based on psychosocial factors is largely constrained by logistical and planning issues (e.g., availability, training, or flight queue status). However, NASA recognizes the importance of ensuring that a crew gets along and can work well together. Two themes emerged when Vanhove and colleagues (2014) interviewed experts at NASA regarding how resilience might be enhanced. The first involved the need to consider crew compatibility and characteristics detrimental to crew compatibility when selecting a crew. The second theme emphasized the importance of affording crewmembers opportunities to familiarize themselves with one another before the mission commences so that less time is required to adjust to each other’s foibles during missions.
[bookmark: _TOC_250036]In-Flight Measures to Monitor and Prevent Adverse Cognitive or Behavioral Changes and Psychiatric Disorders Leading to In-Mission Health and Performance and Long-Term Effects
Currently, astronauts receive more intensive psychological support during flight than during the pre- or post-flight periods. Four to 5 personnel from the BHP Op Psy group provide support to each crewmember and their family, and support comprises items such as crew care packages, contact with family and friends, communication technologies, and leisure/recreation activities. The specific in-flight psychological support that is currently offered is discussed below. 
1) Private Psychological Conferences (PPC)
[bookmark: _Hlk123633111]During a mission, PPCs are normally conducted between a psychologist or psychiatrist and a crewmember every 2 weeks for at least 15 minutes. These conferences enable the psychologist or psychiatrist to assess the behavioral health of the astronaut and provide the astronaut a venue for confidential venting and voicing concerns. PPCs are useful both as a monitoring tool and when an intervention is required. Initial statistical data that were compiled by HFBP experts representing European, Russian, and U.S. space agencies indicate that PPCs are accepted by crewmembers (Manzey et al., 2007). During mission debriefings, astronauts have praised the preflight briefings, the psychological services that are provided by BHP Op Psy group during flight (e.g., private family conferences, crew discretionary events, crew care packages, recreational items), and the behavioral medicine support (e.g., preflight briefings and PPCs). NASA flight psychiatrists and psychologists have reported that during debriefings astronauts state that they did not realize how important “that psych stuff” was until after they were on the ISS.
2) Social Interaction and Support from Earth
Social interaction offers a sense of connection and support. Humans are inherently social beings, and if connections with family and friends are severely restricted this can have deleterious effects. Currently, ISS crewmembers can contact friends and family on Earth almost at will, which provides a significant boost to crewmember well-being.
The different sources of social support (e.g., crewmember, family) are not all appropriate in every situation. Cohen and Wills (1985) in their review of the buffering hypotheses regarding social support and stress found that social support is most efficacious when the source of the support matches that of the stressor. In other words, a crewmember is more likely to perceive benefit from a supportive conversation about the stressors of completing a work task on time if they talk to a fellow astronaut rather than if they talk with their spouse. Likewise, a family member or close friend is more likely to provide comfort to a crewmember experiencing problems with a child left behind.
To ensure that astronauts keep in regular contact with their families, private family video conferences are conducted between crewmembers and their families from within the privacy and comfort of their family home. Crewmembers can also use the internet protocol (IP) telephone to contact friends and family when Ku-band coverage is available. Email is also available, deemed important, and readily used. The IP phone, however, appears to provide the greatest benefit to crewmembers. The phone is repeatedly mentioned in journals with entries such as “Loving the phone we have. It makes me feel closer to home” and “And the most rewarding tool here—the IP phone! What a treat to talk to family and friends!” (Stuster, 2010, p. 14). However, communication delays expected during lunar and mars missions will represent a paradigm shift for these conferences, which have thus far relied on real time communication. Current and planned HFBP research efforts will address how current support is impacted at various delay latencies (Dev, 2024) and explore alternative strategies to maintain family connectedness under conditions of communication delays. 
Other social contact with the ground that is not necessarily family-specific also helps to broaden the social support networks of crewmembers and acts to lessen crewmembers’ feelings of being objectified and separated. These additional social contacts can be direct, such as discretionary events, or indirect, such as receiving a Christmas stocking handmade for that crewmember. Discretionary events might include talking with an actor, politician, author, or other person of particular interest to that astronaut. Although most of these events are private, occasionally a more public appearance is made, such as Mark Kelly’s virtual appearance at a U2 concert in 2011.
Astronauts increasingly take advantage of social media, which provides a means of connecting with a larger audience. Platforms such as Twitter and Instagram have become almost de rigueur for astronauts these days. Christina Koch often shared her surfing-related photography from space throughout her 310-day mission. Chris Hadfield became a sensation on YouTube with his rendition of David Bowie’s Space Oddity. Reid Wiseman was the first astronaut to post a video on Vine. Don Pettit preferred educational outreach with his Saturday Morning Science experiments on the ISS. Social media is broad enough that it can afford astronauts a wide variety of methods for staying connected that can meet almost anyone’s needs and interests.
Information is also provided to the crew rather than having the crewmember initiate the social exchange. The crew webpage, for one, can help crewmembers feel more connected to events on Earth. The webpage, which is updated twice weekly for each crewmember, is specifically tailored to a crewmember, and thus provides him or her with a gateway to personal news selections, videos, MP3s, and photographs.
Support is provided in tangible ways as well. Crew care packages, sent by the BHP Op Psy group, are either sent with the crew to be opened later or via resupply to the ISS. They consist of items that are selected by crewmembers and their families and friends, such as favorite foods.
3) Cognitive Monitoring
A cognitive battery administered once ASCANs first begin their training provides information on their baseline cognitive ability. As mentioned under the preflight countermeasures section above, WinSCAT (Kane et al., 2005) assesses cognitive functioning, and crewmembers take this test once monthly while in orbit. WinSCAT scores that are recorded after an astronaut has sustained any unexpected medical event are compared to baseline and other pre-insult scores. WinSCAT, along with other data, then allows the crew surgeon to evaluate the severity of the event and any possible health and performance implications (Kane et al., 2005). However, the use of WinSCAT for operational monitoring and for researching the risk of cognitive decrements is limited because WinSCAT assesses attention and memory but not the other cognitive functions that are also vulnerable to the hazards of spaceflight (e.g., executive functioning, judgement and decision making, social-emotional processing). In addition, concerns have been raised that WinSCAT may not adequately capture the upper bound of ability among highly skilled and educated populations such as astronauts (see Basner et al., 2015). Although WinSCAT does provide lower-bound clinical decision-making data, the ceiling limitation, if true, could hinder the study of subtler decrements or variations that are especially useful in quantifying the risk and evaluating the efficacy of countermeasures to mitigate cognitive deficits. 
The Cognition computerized battery (Basner et l., 2015; Moore et al., 2017) was developed to address the limitations of WinSCAT by including an expanded range of subtests and more challenging stimuli. Cognition is an adaptation of a well-established suite of neurocognitive tests, and contains 10 subtests assessing attention, memory, psychomotor speed, visuospatial skills, conceptual and abstract reasoning, decision making, and emotional processing. The total battery takes up to 30 minutes to complete and has multiple alternate forms that partially address practice effects to allow monitoring through repeated administration. Cognition has been validated in 2 ground-based studies with astronaut-like subjects and is used for research studies on the ISS to characterize nominal cognitive performance during long-duration spaceflight, and to refine the test battery for possible translation to operational use (Dinges, 2019). Future objectives are to translate some or all the battery for BHP Op Psy monitoring. 
4) Sleep and Circadian Rhythm Support
Measures that promote sleep also protect other aspects of behavioral health in addition to cognitive functioning. Sleep promoting medications are among the most used medications during spaceflight (Putcha et al., 1999). However, due to secondary cognitive risks (e.g., impaired alertness upon waking, impaired waking in response to caution warnings) non-pharmacologic measures to promote sleep and circadian rhythms have also been implemented. Individualized drug tolerance is tested to determine personalized recommendations for use of sleep medication. Sleep schedules maintain circadian rhythm, although periodic slam-shifts and sleep interruptions cannot be avoided. 
Environmental and habitat factors critical for sleep during spaceflight were reviewed and recommendations included reducing noise to 35dB, a cabin temperature 17–28 ℃ with 40–60% relative humidity, complete darkness with avoidance of blue spectrum light, and ventilation with supplemental oxygen as needed (Caddick et al., 2018). Some of these recommendations are achieved on the ISS, but future exploration vehicles may not have the same private crew quarters, and the resulting implications need to be carefully studied with respect to sleep duration and quality, and the downstream impact to mood and cognitive health. 
For more detailed information on sleep countermeasures, see the evidence report for the Risk of Performance and Health Decrements Due to Sleep Loss, Circadian Desynchronization, and Work Overload (Flynn-Evans et al., 2016).
5) Team Cohesion and Team-Care
The benefits of strong team cohesion are myriad. A close-knit group can help relieve social monotony through conversations and intellectual engagement. Cohesive teams can also support psychological safety, or an open, honest, and trusting environment that promotes willingness to express ideas, disagreement, and individual needs, as well as constructively addressing frustrations while avoiding serious conflict. A positive team dynamic supports individual behavioral health through team-care skills (e.g., anticipating other crewmembers work or social needs), within-team monitoring of mood and coping (e.g., “looking out” for crewmates), and provides social outlets for stress.
NASA has long recognized that team cohesion is important for the safety and the performance of crews and mission control teams. Team cohesion is considered before the mission during the selection of individuals with competent communication, leadership, and followership skills. Once the crew is selected, they develop group living competencies through various training mechanisms, and team cohesion skills are maintained during the mission with shared activities and habitat design factors. 
Group interactions on board the ISS are the 4th most discussed topic in astronauts’ journals, with most of those entries describing positive cohesion and social support (Stuster, 2016). The journals also revealed that communal eating was perhaps the most commonly reported method of promoting crew cohesion on the ISS. When possible, most crews enact a regular time when all work stops and a meal is shared. Astronauts’ journal records record the role team meals play in creating and maintaining cohesion and fulfilling the behavioral health need to socialize: “We have been joining X most nights for dinner and joking around [about] training in Russia. I really like these guys and it is neat to share this little slice of the mission just with them” (Stuster, 2016, p. 44). Other sporadic shared activities that also promote cohesion and social interactions can range from mundane (e.g., haircut, movie night) to celebratory (e.g., birthday party). Milestone events, such as a 100-day party or the arrival of crew care packages help mark the passage of time and boost team and individual morale. At other times, group cohesion is better served by venting frustrations outside of the group. Writing in a personal journal (see Stuster, 2016) or communicating with friends, family, or coworkers on the ground can provide an individualized psychosocial outlet without damaging group cohesion.
Team dynamics will become even more salient for long-duration missions to Mars because these missions will have significantly greater isolation from Earth due to communication delays (up to 22 minutes one way) and an inability to resupply or exchange crews. Current strategies to build team cohesion may not easily translate to exploration operations. Exploration crews will be highly dependent on each other to fulfill social and leisure needs, such as providing team-care skills for individual behavioral health support.
The evidence report on the Risk of Performance and Behavioral Health Decrements Due to Inadequate Cooperation, Coordination, Communication, and Psychosocial Adaptation within a Team (Landon et al., 2016) provides an in-depth discussion.
6) Views Outside the Spacecraft
Astronauts repeatedly mention the views from the ISS, especially those of Earth. The ever-changing view outside of the spacecraft provides sensory stimulation that might otherwise be lacking. Sitting in the cupola watching the Earth is mentally restorative and reduces perceived stress. It affords a connection to something greater than one’s own self. Astronaut Chris Hadfield and Canadian singer Ed Robertson of the band Barenaked Ladies sang of just that connection in the chorus “If you could see our Nation/from the ISS/you’d know why I want to get back soon.” One astronaut wrote in his/her journal that “It’s become a ritual for me…to stare out the window before I go to bed. The view is awe-inspiring and beyond comprehension.” (Stuster, 2010, p. 24).
The sheer number of photographs voluntarily taken of Earth also provides evidence of the importance of being able to view Earth (Robinson et al., 2011). In part this desire, or need, to gaze at Earth might be explained as a way of reminding crewmembers of the greater purpose of their sacrifices and that their work provides meaning to one’s life (Jahoda, 1982). Views of Earth may also be critical to the salutogenic effects of spaceflight (e.g., the “overview effect”); the positive emotions associated with salutogenesis are likely protective against negative valanced emotions that can be generated by the spaceflight stressors previously discussed.
7) Habitability Design and Layout
The crew of the ISS is fortunate when it comes to the size of their spacecraft. The ISS is likened to a 5-bedroom house, and with its 13,696 cubic feet of habitable volume (NASA, 2019) is significantly larger than any previous spacecraft. Such a large vehicle allows the crew to move around freely. They are not forced to work, eat, and sleep in the same capsule. Indeed, the ISS has individual sleeping compartments, which further afford the crew privacy and a place where they can have respite from social interaction as desired. All these features promote crew behavioral and cognitive health.
Although the ISS is large, various pieces of equipment can cause obstructions and potential scheduling issues. For example, access to the waste collection system (WCS; toilet) is blocked when the treadmill is being used, which not only impedes access to the WCS, but also severely limits privacy. 
Stowage is a significant problem as is evident from journal entries such as “Spent the entire morning unpacking. I am starting to get irritated at the stowage plan…I’m not sure where the ISS designers figured we were going to put all this stuff.” (Stuster, 2010, p. 37). The ISS is notoriously cluttered and this has affected timely completion of work tasks. Before they can complete a procedure, a crewmember may have to locate a specific tool that is located behind multiple bags of trash or supplies, which must be moved and anchored again before they can begin the procedure. One astronaut reported a “big victory” when they “finally located a [piece of equipment] that has been lost for over a year. It’s the size of a home water heater, so it’s hard to imagine how it got lost.” (Stuster, 2010, p. 38). A well-designed habitat can mitigate these issues and other everyday stressors of confined living (Kearney, 2016; Landon et al., 2019). For example, easily accessible panels and filters can reduce frustration related to reported difficulty with access during regular housekeeping (Stuster, 2016, p.69).
Exploration spacecrafts will be significantly smaller than the ISS. For example, the net habitable volume of the Orion crew capsule is 316 cubic feet (NASA, 2011), approximately 2.3% of the habitable volume on the ISS. Using the NASA Mars Design Reference Architecture 5.0 (Drake, 2009), a panel of subject matter experts determined that 883 cubic feet per person is the minimum net habitable volume required for crew to perform tasks and maintain behavioral health. For a 6-person crew, this equates to a total spacecraft net habitable volume of 5,298 cubic feet, approximately 38.7% of the habitable volume of the ISS (Whitmire et al., 2015).
The habitable volume constraints of exploration vehicles may also limit the provision of private crew quarters, which are currently provided on the ISS. The need for privacy is an individual trait (Caddick et al., 2018; Landon et al., 2019), and when met can enhance autonomy by providing personal space, choice and control in socializing, and respite from sensory stressors (e.g., noise, light, smells), in addition to privacy to maintain social connection with colleagues, loved ones, and other psychological support on Earth (e.g., medical and psychology support personnel) (Kearney, 2016; Gore et al., 2021). Current NASA Standards dictate private crew quarters be available for missions longer than 30 days, which was driven by a consensus opinion from the NASA Astronaut Office. However, engineering considerations for short-duration lunar missions have required renewed research to inform privacy standards for LDSE missions. This research is being conducted in spaceflight analogs, such as the Human Exploration Research Analog (HERA) at JSC (Roma, 2020).
Lighting factors are also being assessed in spaceflight analog studies and spaceflight research. Humans require 2,500 lux to entrain their circadian cycles, however the historical illumination available on the ISS was limited to 108–538 lux with the original fluorescent General Luminaire assemblies. In 2016, General Luminaire assemblies began being replaced by much brighter and more flexible light-emitting diode (LED)-based solid state lighting arrays (SSLAs). The SSLAs have 3 settings of varying luminosity and light spectra that are designed to mimic the natural day-night cycle and better promote circadian entrainment. Ground-based testing in a high-fidelity mock-up indicates appropriate melatonin regulation and color discrimination with the SSLAs (Brainard et al., 2013). The units are currently being studied on the ISS to evaluate their efficacy as a non-pharmacologic method to promote sleep and to counter affective disorders (Brainard, 2018). Light therapy has shown promise in treating seasonal affective symptoms among the general population (Pjrek et al., 2020), therefore a more flexible lighting system may have more direct affective benefits than just sleep promotion.
A rich sensory environment will also counteract some of the negative aspects associated with ICE environments, protect against attention fatigue, and reduce overall stress (Vessel & Russo, 2015). Sensory stimulation has been categorized into (1) information foraging (designed for active learning and exploration), (2) restorative (supports emotional coping, reduces stress, and restores ability to attend), and (3) active or therapeutic (provides a release of tension and stress) (Vessel & Russo, 2015). Aspects of the ISS allow for each of these types of countermeasures. The science conducted on the ISS meets the human need for information foraging by providing meaningful work and an opportunity to learn and discover. Several aspects of the ISS, such as the private sleeping compartments, the cupola, the vegetable production system (“Veggie”), and the musical instruments on board act as restorative countermeasures. Exercise, along with celebratory meals, provides therapeutic relief.
The  Risk of Inadequate Human-System Integration Architecture evidence report (Gore et al., 2021) evidence report focuses on additional aspects of capsule design and layout.
8) [bookmark: _Hlk116474979]Leisure Activities
Providing a choice of leisure activities for crewmembers is another tool that can prevent behavioral health distress. Before flight, crewmembers request movies, music, podcasts, and electronic books that are uploaded for them. Even equipment can be requested; for example, in response to various requests from ISS crewmembers, several musical instruments are now on board the station. Looking at and photographing Earth is a favorite leisure activity (Robinson et al., 2011). Astronauts have stated that they use movies and music to accompany their required daily exercise regimes. In addition to its physical benefits, exercise also is an effective way to maintain positive mood and cognitive health. Astronauts report that they look forward to having personal time (Stuster, 2016), which is also equally restorative when properly balanced with a meaningful workload.
9)	Medical Intervention 
Medical kits that are currently on board or have been on board NASA spacecraft contain supplies to help crewmembers address a variety of possible medical emergencies. These kits include medications that can be used in the treatment of space motion sickness, sleep problems, illnesses, injuries, and behavioral health problems. For example, the Space Shuttle medical kits included medications that could help to counter anxiety, pain, insomnia, fatigue (Caldwell et al., 2003), depression, psychosis, and space motion sickness (Graybiel & Lackner, 1987; Saivin et al., 1997; Bagian & Ward, 1994; Davis et al., 1993; Harm et al., 1999; Hughes & Forney, 1964; Parrott & Wesnes, 1987; Rice & Synder, 1993; Wood et al., 1985; 1992). Currently, the ISS medical kit contains 2 anxiolytics, 2 antidepressants, and 2 antipsychotics. Although the use of these medicines would be unexpected and unlikely, their inclusion is necessary in the event of an actual emergency. For extreme situations, a physical restraint system is available. Sedatives are also included in the medical kit if a crewmember requires sedation to ensure the safety of the crewmember or fellow crewmembers. 
A risk-benefit assessment of psychostimulant or antidepressant medication use in flight is critical. Although effective in reducing psychiatric symptoms, the pharmacokinetics and pharmacodynamics of these medications in a microgravity environment is not well understood (Wotring, 2015). The interaction of medication use with other human systems risks should also be considered. For example, antidepressant use could increase the risk of bone fracture (Davidge-Pitts and Kearns, 2011). Serotonin re-uptake inhibitors (SSRIs) can detrimentally impact the body’s ability to regulate bone mineral density such that individuals in the general population who take SSRIs have a 2.35 greater risk of a nonvertebral fractures relative to the risk for individuals who do not take SSRIs. Future research on genetic biomarkers may inform a personalized “precision medicine” approach that can predict individual responses to pharmacological treatment on the serotonergic neurotransmitter system (Helton & Lohoff, 2015).
The HFBP Element views collaboration with the Human Health Countermeasures Element as important in the risk areas of “early onset osteoporosis due to spaceflight”, the “concern of clinically relevant unpredicted effects of medication”, the “risk of impaired performance due to reduced muscle mass, strength and endurance” (e.g., exercise countermeasures for both the positive benefits to mental health and bone mineral density), and the “risk of inadequate nutrition” (e.g., for nutritional components linked with stress management because high stress contributes to the loss of calcium); and collaboration with HRP’s Science Integration Office is important for monitoring of these risks and the multi-disciplinary contributions to ensure appropriate countermeasures are in place to reduce overall risk.
10)	Private Medical Conferences (PMC)
The crew surgeon is critical for reducing the likelihood of a behavioral or psychiatric condition developing. The role of the flight surgeon is to monitor the physical health and well-being of the astronaut. To ensure this, the flight surgeon conducts a 15-minute PMC once a week with the astronaut. Although focused more on physical health, the flight surgeon may be able to recognize early signs of behavioral health distress in a crewmember. Currently, flight surgeons must rely on their training to glean information about a crewmember’s behavioral health unless the topic is directly addressed by the crewmember. A standard set of signs or symptoms to look for is being developed by the HFBP research. Lebedev describes the value of his crew doctor intervening during his Salyut 7 flight: 
I kept myself under control but I was irritated. Our crew doctor, Eugeny Kobzeb, sensed it, and during the evening period of communication said, ‘Wait a minute.’ Suddenly I heard a very familiar Ukrainian melody. I couldn’t understand where it came from. Finally, it dawned on me: it was my son playing the piano. It was so wonderful and unexpected that tears ran from my eyes. (Lebedev, 1988, p. 77).
[bookmark: _TOC_250035]Post-Flight Measures to Monitor and Prevent Adverse Cognitive or Behavioral Changes and Psychiatric Disorders Leading to In-Mission Health and Performance and Long-Term Health Effects
The BHP Op Psy group continues to monitor crewmembers after they return from spaceflight (NASA, 2007b) to prevent and treat any post-flight behavioral and psychiatric condition. This primarily includes leveraging the trust already established before and during the mission and conducting additional short behavioral medicine interviews. Reintegration to family, work, and social activities is also addressed with crewmembers and their families. 
Plans are underway to incorporate other post-flight prevention, monitoring, and treatment methods through funding provisions of the TREAT Act of 2017. Because all the effects of flight and reintegration might not present immediately, continuing behavioral medicine interviews and cognitive monitoring for a longer period of time will provide astronauts with opportunities to discuss issues that arise at a later time after flight or later in life. If necessary, treatments can also be provided or facilitated. 
[bookmark: _TOC_250033][bookmark: _TOC_250032][bookmark: _TOC_250031][bookmark: _TOC_250030]Evolution of Countermeasures to Mitigate Adverse Cognitive or Behavioral Changes and Psychiatric Disorders Leading to In-Mission Health and Performance and Long-Term Health Effects
The countermeasures currently available to prevent and monitor adverse cognitive and behavioral health changes and to treat psychiatric disorders are focused on stressors of spaceflight in LEO. Exploration missions will be an entirely different scenario owing to their unprecedented distance and duration. Current practices such as astronaut selection and periodic PPCs will likely remain for these future missions when operational constraints allow (e.g., asynchronous communication limits), but the nature of exploration spaceflight will require changes in the efficacy and delivery of some current countermeasures. For example, although PPCs are unlikely to be dropped, the communication delay during exploration missions could render them less effective as countermeasures if they are not reimagined to account for asynchronous communication. Similarly, many countermeasures rely on routine, fast contact with ground support personnel or resupply capabilities (e.g., IP phone, electronic media uploads, preference foods and care packages). The distance, volume constraints, and other restrictions of LDSE missions dictate the need to develop or modify the behavioral medicine countermeasure suite for operational feasibility and acceptability during these missions.

[bookmark: _TOC_250029][bookmark: _Toc172877401]HUMAN TERRESTRIAL EVIDENCE
Ground-based environments that simulate spaceflight hazards and stressors are frequently used as a substitute for studying the direct effects of spaceflight. Studies in spaceflight analogs are more numerous and accessible and provide an Earth environment in which to test and validate the feasibility of countermeasures, tools, and procedures. These analogs typically simulate ICE conditions, often include small, high-performing crews, and can include a number of common spaceflight stressors typically experienced by astronauts (e.g., sleep restriction, high workload). However, these studies are not without their limitations. Spaceflight analogs do not include radiation exposure, and simultaneously simulating both isolation and confinement and altered gravity hazards is challenging. Nevertheless, these spaceflight analog settings are often the only platform that can be used to prepare for exploration missions. Presenting data from his Antarctic mission, Astronaut Donald Pettit succinctly summed up the value of these analogs of spaceflight when he stated that “analog physics might be wrong, but the mindset is right” (Pettit, 2007).
Spaceflight analogs are essential to accomplishing the HFBP Element’s risk reduction strategy. New research typically begins in a laboratory, which affords the greatest control yet the least realistic (lowest fidelity) setting. As research progresses, higher fidelity conditions are required to simulate spaceflight conditions. Terrestrial analogs offer ICE environments that can simultaneously replicate several stressors relevant to the Behavioral Health risk (e.g., danger, isolation, environmental factors, psychological stressors, sleep restriction). Data gathered in these environments can help to quantify the likelihood and consequences of adverse behavioral and cognitive health changes and psychiatric outcomes during spaceflight. Countermeasures and treatment options can also be tested and validated in these platforms. Research results obtained from these spaceflight analogs can be used to establish and inform NASA health and safety standards and to determine thresholds for exploration missions (Musson & Helmreich, 2005; Nicholas & Foushee, 1990; Palinkas, 1990; Ploutz-Snyder, 2016).
The HFBP Element has developed a statistical model that can be used to assess the relative strengths of different spaceflight analog environments (Keeton et al., 2011). This model help researchers to identify the best analog for their research project and assures that the aspects of the analog most critical to their research question best matches the characteristics of exploration spaceflight.
1. [bookmark: _TOC_250028][bookmark: _Toc172877402]Sources of Evidence
A number of ground-based analogs of spaceflight exist around the world that can simulate spaceflight conditions. The fidelity of these environments varies. Antarctica is useful for studying the ICE conditions analogous to spaceflight (Lugg, 2005), and each Antarctic station varies with respect to the number of people who winter-over and the level of remoteness. NASA Extreme Environment Mission Operations (NEEMO) is a facility 63 feet under the Atlantic Ocean on the Aquarius Reef off the Florida Keys. Aquanauts live and work underwater during the mission. A third remote location that can be used to study ICE conditions is the Haughton Mars Project located on Devon Island in the High Arctic region. NASA’s Desert Research and Technology Studies is located near Flagstaff in Arizona in an area that is similar to the terrain of Mars. CAVES, a European Space Agency spaceflight analog, is short for cooperative adventure for valuing and exercising human behavior [sic] and performance skills. CAVES involves spending 2 weeks exploring and living in Sa Grutta caves in Sardinia, Italy. Other environments used as analogs of the stressors of space exploration include Mount Everest, submarines, the Pavilion Lake Research Project in British Columbia, and the Pacific International Space Center for Exploration Systems. The Russian Ground Based Experiment Complex (NEK) is a 4-chamber habitat with a simulated airlock chamber for simulating planetary extra-vehicular activity (EVA) operations. The Russian led Mars500 mission involved a crew staying in the NEK habitat for 520 days, which is close to the anticipated length of a Mars mission.
Beginning in 2014, 2 additional spaceflight analogs were added. The HERA, at NASA Johnson Space center, is a 148.6m3, 2-story, 4-port habitat designed along a vertical axis with a simulated airlock. The Hawai’i Space Exploration Analog and Simulation (HI-SEAS) was designed on an abandoned quarry on Mauna Loa’s northern slope and is analogous to the martian terrain. These 2 chamber facilities allow for research to be conducted in environments with a level of isolation more closely resembling that of spaceflight. 
In 2017, NASA’s HRP partnered with the Institute for Biomedical Problems at the Russian Academy of Sciences in Moscow to begin the scientific international research in a unique terrestrial station (SIRIUS). The SIRIUS program uses the NEK habitat that was used for the Mars500 analog. Three 6-person SIRIUS missions have been conducted (SIRIUS-17, lasting 17 days; SIRIUS-19, lasting 4 months; and SIRIUS-21, lasting 8 months). All SIRIUS crewmembers have minimum-criteria proficiency in Russian and English to simulate an international crew composition.
Common methods of simulating the altered gravity of spaceflight include both head down bedrest (HDBR) facilities and parabolic flight campaigns. The :envihab housed in the German Aerospace Center includes a HDBR facility that simulates prolonged microgravity by reducing gravitational stimuli on the body. This model to study microgravity-induced physiological changes has been used since the 1970s (Pavy-Le Traon et al., 2007) and has been more recently used to characterize CNS changes due to fluid shifts and behavioral and cognitive outcomes, and to validate countermeasures. Parabolic flight maneuvers are conducted in aircrafts to simulate periods of hyper-gravity and micro-gravity, and provide analogs to altered gravity transitions likely to be experienced as exploration crews exit and enter planetary gravitational fields during Moon and Mars missions (Shelhamer 2016). Notably, although these analog paradigms can isolate the effects of altered gravity, they remain low fidelity with respect to other spaceflight hazards (e.g., isolation and confinement) and stressors (e.g., workload) relevant to behavioral health.
Relevant behavioral health data emerging from each of these spaceflight analog environments are reviewed in the sections below. 
2. [bookmark: _TOC_250027][bookmark: _Toc172877403]Occurrences of Behavioral Health Signs and Symptoms
a. [bookmark: _TOC_250026] Behavioral and Psychiatric Emergencies
Extreme cases of psychiatric emergencies have been rarely reported in ICE environments. A crewmember with schizophrenia became disruptive during the 1957–1958 International Geophysical Year on Antarctica (Stuster, 1996). Decades later, an evacuation from Antarctica occurred due to probable depression (Buckey, 2006). Most recently, 2 individuals from McMurdo station were evacuated due to psychiatric reasons (Kim et al., 2023). Fortunately, occurrences that reach the point of becoming an emergency requiring evacuation are not common in ICE environments. At times, incidents occur that could be classified as behavioral health emergencies if not psychiatric. In 2007, for example, 2 men were evacuated, one with a broken jaw, after a physical fight between the 2 men. In this instance, alcohol was involved.
Examining actual occurrences of psychiatric disorders in Antarctica between 1994 and 1997, Palinkas and colleagues (2004) found that 12.5% of the crewmembers at 2 Antarctic stations, McMurdo and South Pole, presented to the clinic with symptoms that met the DSM-IV-TR criteria for one or more disorders. This translates to an overall incidence rate of 5.2% over an 8.5-month winter-over mission. Age, sex, year, level of education, and prior winter-over experience were not statistically correlated with the DSM- IV-TR diagnoses. Although unknown, it is likely that the incidence rates for behavioral symptoms that failed to meet diagnostic criteria is higher. Incidence rates for psychiatric diagnoses at Arctic and Antarctic stations may vary widely by crew selection criteria, which are not consistent or mandatory for all stations. Therefore, future research examining prevalence of psychiatric disorders among polar analogs should also consider crew selection factors.
Another analogous environment for spaceflight is submarines, with their typical mission lengths of 3 months. As with space missions, submarine missions occur in a physically confined, socially and physically isolated, and extreme environment. For submariners, the incidence of psychiatric disorders severe enough to result in either the loss of a workday or the need to be medically evacuated ranged between 0.44 and 2.80 per person-year (Wilken, 1969; Tansey et al., 1979; Dlugos et al., 1995; Thomas et al., 2000).
b. [bookmark: _TOC_250025] Mood and Mood Disorders
Subclinical levels of mood disturbance are commonly reported in ICE environments (Vessel & Russo, 2015). Indeed, Palinkas and colleagues (2004) found that the most common category of disorders for individuals who were wintering-over in Antarctica was mood disorders; these accounted for 30.2% of all diagnoses. Depressive symptoms were significantly related to sex (women were at greater risk), military occupation (greater risk than civilian), station (all diagnosed individuals were stationed at McMurdo; no cases were reported at the South Pole station), year of expedition, and having a DSM-IV diagnosis. The station was such a noticeable factor in the emergence of depression symptoms, with the more isolated and extreme station showing the least risk, but this may be an indication of the efficacy of selection criteria for crewmembers of the South Pole station.
Cushman and Parazynski (2014) examined all medical encounters over the course of 3 years at McMurdo Station on Antarctica. Of the15,048 medical encounters documented by medical providers a low percentage (1.8%; n=276) were deemed to be psychiatric in nature. Sleep disturbances (n=124) together with fatigue (n=27) accounted for most of the psychiatric disorders. Although sleep disturbances and fatigue could be due to reasons other than psychiatric disorders, these other influences were unlikely to have caused all presentations of sleep disturbances and fatigue. Patients also presented with symptoms of depression (n=27), anxiety (n=23), and, much less commonly, substance abuse (n=4). The average number of incidents per week did not appear to vary significantly across seasons (winter 1.4/week; winfly[footnoteRef:11]1.0/week; summer 1.3/week). However, when adjusting for the seasonal variation in population size, many more psychiatric incidents occurred during winter (4.6 patient encounters per person week) than during short winfly or summer seasons (1.3 and 0.44 patient encounters per person week, respectively) (Cushman & Parazynski 2014). [11:  Winfly is a shortened version of “Winter Fly-in” that heralds the 6-week long period in Antarctica that commences in August during which supplies and personnel are brought in to prepare for the surge of research scientists who typically arrive in early October, the beginning of the main summer field season.
] 

[bookmark: _Hlk108765084]Otto (2007) reviewed 12 years of data from another Antarctic station, the South Pole station, and found that between 1994 and 2005, the overall incidence rate for depression that required pharmacological intervention was 2.0%. This means that one case of depression can be expected every 1.1 winter seasons at the South Pole station.
The incidence rate for diagnoses of overall mental disorders, including depression, was 4.5% at the 3 Australian Stations according to the Australian National Antarctic Research Expeditions, and 6.4% at McMurdo Station (Otto, 2007). These incidence rates appear to be lower than those for the general public, which averages 9.5% (Kessler et al., 2005). The rate could be artificially lower at Antarctic stations, however, due to a selection process for wintering-over that disqualifies individuals with an existing diagnosis of mental disorder. Alternatively, the lower rate of mental disorders in Antarctica could be a result of self-selection, whereby individuals who apply to winter-over tend to have better behavioral health than the general population. Table 5 summarizes both behavioral and psychiatric emergencies and manifestation of psychiatric disorders in Antarctica.
Table 5. Behavioral health problems in Antarctic over-winterers
	One long-term confinement and evacuation due to psychosis (out of ~40 people)
	International Geophysical Year 1958 Antarctica
	Buckey (2006),
Stuster (2011)

	One evacuation due to probable depression (out of 12 people)
	International Biomedical Expedition to Antarctica (1981)
	Buckey (2006),
Stuster (2011)

	12.5% of psychiatric patient encounters resulted in met one or more DSM-IV diagnoses
	McMurdo and South Pole Stations
	Palinkas et al., (2004)

	4.6 psychiatric patient encounters per person week over winter compared to 1.3 for the short winfly and 0.4 during summer session
	McMurdo Station
	Cushman & Parazynski (2014)

	4.5% incidence rate of any DSM-IV diagnosis 
	Three Australian stations
	Otto (2007)

	6.4% diagnoses of overall mental disorders
	McMurdo Station
	Otto (2007)

	2 evacuations due to psychiatric emergencies
	McMurdo Station
	Kim et al (2023)


Lieberman and colleagues (2005; 2006; 2009), in their studies of Army Rangers and serving members of the military, consistently found that a stressful environment was related to impaired mood states compared to baseline mood states. Negative moods reported by Marines during a stressful cold weather high altitude 30-day field exercises was found to persist up to 90 days after training (Bardwell et al., 2005). 
The Russian Mars chamber studies provide additional insight into mood in ICE environments. As a group, the 6-member crew did not report systematically elevated symptoms of depression or mood disturbance. However, one person (20%) reported mild to moderate depressive symptoms during 8 out of the 74 weeks. Three of the 6 (50%) developed symptoms of confusion-bewilderment (Basner et al., 2014). This suggests that some individuals, though perhaps not all, may be at risk for negative behavioral health outcomes and that individual monitoring is critical to mitigate risk. Further evaluation elucidating predictors of interindividual variability is required. 
When discussing mood, depression is more commonly the focus, reflecting more negative thoughts and self-depreciation, with affective disengagement and negative attitudes toward both the past and the future. On the other hand, anxiety often reflects a theme of danger with an apprehensiveness and uncertainty about future events (Tellegen, 1985). Anxiety is less common than depression in ICE environments and that may be one reason it is not as frequently studied. A few cases of extreme anxiety are seen in ICE environments although the incidence level is higher in less extreme environments (Vessel & Russo, 2015). 
Selection procedures are frequently touted as a primary reason more mood disturbances are not seen in ICE environments. Another factor that can impact the occurrence of depressive symptoms is the coping strategies employed. Coping strategies, rather than personality characteristics, appear to predict susceptibility to depression in ICE settings (Vessel & Russo, 2015). These coping strategies hint at specific emotion regulation skills and processes that may be targets for resilience training. Still another factor is that individuals tend to show relatively more variability in psychological distress in high stress conditions (e.g., self-reported levels of stress, anger, anxiety) than in low stress conditions (Minkel et al., 2012).
c. [bookmark: _TOC_250024] Winter-Over Syndrome
Winter-over syndrome consists of a cluster of symptoms that include interpersonal tension and conflict, cognitive impairment, sleep disturbance, and negative affect (Palinkas & Suedfeld, 2008; Sletten et al., 2022; Strange & Youngman, 1971). This syndrome is not usually severe enough to warrant a formal psychiatric diagnosis. Rather, it might more accurately be considered a subclinical condition (Judd et al., 2002). Some research has shown that symptoms peak shortly after the mid-point of an expedition (Palinkas & Suedfeld, 2008). More recent evidence from Concordia Station suggests that perceived stress increases progressively throughout the course of one-year stays, and that interpersonal stress peaks toward the end of the mission (Nicholas et al., 2016).
Winter-over syndrome shares many characteristics of asthenia (Otto, 2007; Palinkas & Suedfeld, 2008; Sandoval et al., 2011). Perhaps the most telling similarity is that they both reflect de-adaptation to a stressful situation (Myasnikov et al., 2000, as cited in Kanas & Manzey, 2008). 
In a recent study, the Mental Health Checklist (Bower et al., 2019) was administered monthly in both the South Pole and McMurdo Stations during 8-month winter-over expeditions. The authors reported (Alfano et al., 2021) steady increases in symptoms of somatic and cognitive anxiety in the context of declines in positive affect. Differences existed between stations, such that crew in the McMurdo Station reported higher psychological distress at baseline that persisted over time. 
d. [bookmark: _TOC_250023] Somatic Responses
Somatic (also called psychosomatic) responses refer to a physical manifestation of psychological stress. Somatic symptoms are not imaginary or malingered; more than half of individuals in the general population who seek medical attention are thought to be experiencing somatically induced or exacerbated medical illnesses (Goldensen, 1970; Birley, 1977; Fava & Sonino, 2000).
Along with the endocannabinoid system, the HPA axis regulates the secretion of so called “stress hormones” (e.g., catecholamines, glucocorticoids) and is a tangible example of the mind-body linkage. Negative valence emotional experiences are robust contributors to chronic cardiovascular diseases in the general population due to direct (e.g., neuroendocrine) and indirect (e.g., behavioral or “lifestyle”) factors (Steptoe & Kivimäki, 2013). Acute psychological stress is a recognized trigger of clinically significant or life-threatening cardiac arrythmias (Lampert, 2015; Reich et al., 1981; Ziegelstein, 2007). Similarly, chronic and acute psychological stress is associated with immune system dysfunction (Segerstrom & Miller, 2004).
Chronic stress associated with isolation and confinement has been linked to alterations in the HPA axis during Antarctic winter-overs (Connors et al., 1986; Palinkas, 1991; Palinkas et al., 1989). Individuals who wintered over at 2 remote Australian National Antarctic Research Expedition stations had immune system dysfunctions similar to those found in astronauts, which is thought to be mediated by neuroendocrine stress responses (Mehta et al., 2000). Similar alterations in immune functioning have been reported for personnel at other Antarctic stations, and for aquanauts of NASA NEEMO station missions (Crucian et al., 2014a). However, the prolonged HDBR laboratory paradigm, which is used to simulate some of the physiologic changes induced by microgravity, does not appear to result in significant immune alterations (see for review Crucian et al., 2014a). A recent study found no changes in immune response in HERA crews after implementing a dietary countermeasure designed to mitigate alterations (Douglas et al., 2022)
Ground-based replication of spaceflight-induced immune dysfunction—including psychosomatic responses—more strongly implicates isolation and confinement hazards, rather than microgravity and radiation exposure, as drivers of these health risks. Therefore, multidisciplinary study of psychoneuroimmunology in ICE environments is of interest to the HFBP Element.
Furthermore, neuroimaging reveals that vestibular-induced nausea influences the prefrontal areas of the brain (Miller et al., 1996) that are associated with autonomic regulation of emotions (Demaree and Harrison, 1997), which implies that vestibular-induced motion sickness can “stress” prefrontal areas of the brain and disrupt autonomic mechanisms. Emotional processing signals mobilize the crewmember for action (Frijda, 1986, 1988; Lang et al., 1993), whereas precise vestibular processing helps drive their adaptive motor responses. Given this commonality of purpose, it is not surprising that the vestibular and emotion systems share parts of the insular and anterior cingulate cortex (Carmona et al., 2009; Preuss et al., 2014a, 2014b). If the brain performance pathways related to cognition and processing of sensory inputs (e.g., vestibular) are degraded, then the areas of the brain that are important for piloting, operating, or docking the vehicle—procedures that also require spatial memory and perspective—may be adversely affected as well (Clément et al. 2020). 
e.  Salutogenesis
Palinkas and Suedfeld (2008) dichotomize the salutary effects of polar expeditions as being (1) the enjoyable characteristics inherent in the situation, and (2) the positive reactions that come from having successfully met and overcome the challenges of the environment. The former are positive effects that are felt during the mission. These effects can require coping mechanisms and resilience. The latter are positive effects that are more long-term in nature, and they are met through growth after the expedition (Palinkas & Suedfeld, 2008).
For some individuals, the ICE environment provides personally rewarding experiences (Palinkas et al., 1995). For example, the number of people requesting repeated winter-over assignments in Antarctica is evidence of the positive benefits that are associated with the ICE experience (Steel, 2000; Wood et al., 2000).
These kinds of effects are also seen in spaceflight simulation studies. For example, 3 crewmembers who were isolated in the Mir space station simulator for 135 days reported more expressiveness and self-discovery and less tension than during their training session before isolation (Kanas et al., 1996).
f. [bookmark: _TOC_250022]Cognitive Functioning
Some evidence from Antarctic research suggests that clinically relevant changes in cognition may occur in individuals who are exposed to ICE environments for long periods of time. Results from animal studies indicate that behavioral changes in such environments may be attributable to the effects of chronic stress on the hippocampus (Otto, 2007). Fifteen male volunteers who were exposed to 109 days of chronic stress from multiple sources, including limited sleep, intense physical activity, and low-calorie diet, had impaired cognitive function and mood (Lieberman et al., 2009). Vigilance and mood were further weakened when the subjects were exposed to acute cold weather. Recovery was rather quick with cognitive functioning improving within about 3 days after the stressors were removed.
Cognitive functioning declined faster and more extensively than physical performance when soldiers were faced with sleep loss, continuous physical activity, and food deprivation in a laboratory-based sustained operations scenario (Lieberman et al., 2006). Mood states also deteriorated significantly from baseline during this laboratory simulation. Soldiers in the study were healthy males with a mean military tenure of 1 year and a mean age of 23. Acute and chronic stress among individuals in demanding professions is similarly associated with declines in memory, attention, and executive functioning (Deligkaris et al., 2014). Some evidence indicates that this effect is mediated by BDNF (He et al., 2017), suggesting that physiological responses to stress manifest in observable cognitive performance. 
Decrements in cognitive performance from exposure to stress were not limited to one area of cognition. Instead, during exercises designed to simulate the stress of combat, every aspect of cognitive functioning that was tested was impaired compared to baseline values, including rather simple functions such as reaction time and vigilance. These findings were true for officers of U.S. Rangers who had a mean military tenure of 9 years, and for candidates training for Navy Seals who were mostly enlisted and had a mean military tenure of 3 years. Furthermore, these decrements in cognitive functioning were not negligible. The magnitude of cognitive decrement due to environmental stress was greater than that due to clinical hypoglycemia, treatment with sedating drugs, and alcohol intoxication (Lieberman et al., 2005).
The HFBP Element’s sleep risk research has explored the impact of sleep inertia and the operational readiness/effectiveness once aroused from various stages of sleep. This is addressed in the sleep risk evidence report (Flynn-Evans et al., 2016). Sleep restriction protocols implemented in HERA Campaigns 1 and 2 were associated with worse emotion recognition, slower and less accurate sustained attention, and slower cognitive and psychomotor processing speed on the cognition battery (Nasrini et al, 2020). In a recent study (Glaros et al., 2021), researchers measured PVT speed periodically during a 5-hour lunar telerobotic simulation and reported slower speed when the PVT was conducted at midnight than when it was conducted at noon. Conversely, workload was rated higher in the noon administration group relative to midnight, suggesting that daytime distraction may add to perceived workload. Other research has focused on medications to sustain alertness and vigilance during periods of inadequate sleep, and results indicate not all aspects of cognition are improved equally. For example, Killgore and colleagues (2009) compared the effects of modafnil, caffeine, and dextroamphetamine, and found that deliberation, speed of completing tasks, preservative responses, and preservative errors all differed as a function of the type of stimulant medication.
Ground-based studies have also examined the effects of altered gravity on cognition. Parabolic flight studies designed to assess change to cognitive performance in conditions of altered gravity showed decrements on spatial cognition tasks (Stahn, 2020) and in attention (Friedl-Werner et al., 2021). HDBR is a laboratory paradigm to simulate cephalic fluid shift in microgravity. Some evidence indicates that prolonged HDBR can induce temporary cognitive decrements, including impacts to executive functioning (Yuan et al., 2016), emotional processing (Basner et al., 2021a; Basner et al., 2021b; Brauns et al., 2019; Benvenuti et al., 2013; Liu et al., 2012), and aspects of memory (Chen et al., 2013). However, mixed methods and conflicting findings limit the conclusions that can be drawn from HDBR studies as a whole (see Lipnicki & Gunga, 2009). It is also unclear to what extent the cognitive decrements observed are due to increased depressive symptomatology or physical inactivity associated with HDBR (Ishizaki et al., 2002; Koppelmans et al., 2015). 
Studies investigating combined exposures to elevated levels of CO2 and microgravity (HDBR+CO2) reveal mixed findings. Neuroimaging evidence suggests greater activation of frontal, parietal, and temporal brain regions during vestibular stimulation (Hupfeld et al., 2020a) and grey and white matter structural alterations (Lee et al., 2021) after 30 days of exposure to HDBR+CO2. However, group level changes in cognitive performance were similar after exposure to HDBR+CO2 or HDBR alone (Basner et al, 2021b; Lee et al, 2019a; Mahadevan et al., 2021). In contrast, others have reported evidence of individual variability in task performance or brain structure and function under conditions of microgravity and CO2 exposure. Salazar et al (2020) examined BOLD activation during a spatial working memory task in subjects who participated in a 30-day HDBR+CO2 protocol. The investigators observed no group level differences in task performance, however, they found that those individuals with greater increases in brain activation during the memory task were also likely to demonstrate less of a decline in performance. Similarly, a subgroup of participants who developed signs of SANS when subjected to 30 days of HDBR+CO2 demonstrated speed-accuracy trade-offs on a dual task reaction time test (Lee et al., 2019a), a distinct neural pattern of resting state functional connectivity (McGregor et al., 2021), asymmetrical ventricular enlargement (Lee et al., 2021), and possibly reduced plasticity of perivascular space (Richmond et al., 2024) relative to those who did not develop signs of SANS. Taken together, this body of literature suggests individual variability in the response to the combined stressors of microgravity and CO2 exposure. Future studies should continue to identify regional and network level changes in brain activation that may support task performance and further elucidate the impact of SANS-associated brain changes on cognitive performance and other behavioral health outcomes. 
Studies of the effects of various levels of CO2 alone on cognition are also inconclusive. Office workers exposed to very low levels of CO2 (950 ppm) exhibited impaired decision making, even though this concentration level was previously considered benign (Allen et al., 2016). However, U.S. Navy submariners subjected to much higher CO2 concentrations (2,500 or 15,000 ppm) showed no impairment on the same decision-making task (Rodeheffer et al., 2018). It is possible that the submariners, by the nature of their chosen profession, are highly accomplished and can withstand pressure in a hostile environment, which protects them from the deleterious effects of CO2. However, when commercial pilots performed a series of flight maneuvers while exposed to differing concentrations of CO2, their performance suffered in a dose-dependent manner (Allen et al., 2019). Relatedly, a study that examined the effect of acute exposure to differing concentrations of CO2 in astronaut-like subjects also reported conflicting results, finding no dose-response patterns on a battery of cognitive tasks (Scully et al., 2019). 
Mission success relies, in part, on the precise execution of a series of complex tasks during which even the most minor errors could result in disastrous consequences. Although intact cognitive functioning is required for these tasks, singularly measuring cognitive performance does not automatically equate to understanding performance of mission critical behavior, which is typically sustained by a combination of cognitive domains that are engaged in concert. The robotic on-board trainer (ROBoT-r; Ivkovic et al., 2019) and the 6 degrees-of-freedom (6df) spacecraft docking task (Johannes et al, 2016) are 2 operationally relevant tasks that simulate spacecraft docking maneuvers. These tasks were adapted from astronaut training exercises and are used to determine risk to operational performance in spaceflight analogs. Better performance on the 6df task is most strongly associated with faster processing speed, and to a lesser extent, is associated with sustained attention, visuospatial orientation, and abstract reasoning (Basner et al, 2020). Studies to determine the relationship between ROBoT-r and cognition are currently underway (Ivkovic et al., 2022). Performance of the ROBoT-r task is generally resistant to sleep deprivation (Wong et al., 2020) in laboratory settings, although interpretation of these findings should be tempered due to significant practice effects observed in performance. In contrast, preliminary analysis presented at the 2024 HRP Investigators Workshop suggests worse performance of the ROBoT-r task in spaceflight analogs that implemented a sleep restriction paradigm relative to those that did not (Ivkovic et al., 2024). Future studies should focus on identifying specific cognitive domains vulnerable to spaceflight hazards that may directly impact successful performance of operationally relevant tasks.
g. [bookmark: _TOC_250021]Analog Missions of 2 or More Years
Available behavioral health evidence from spaceflight analog studies lasting 2 or more years, the notional duration of a Mars mission, is minimal. In Biosphere 2, an 8-member team was isolated on a 3.15 acre artificial, closed ecological system in Arizona for 2 years (September 1991 to September 1993). Although they were in a relatively lush and diverse environment—with access to television and radio, and daily contact via an observation window—the inhabitants of Biosphere 2 nevertheless experienced psychological stress (MacCallum & Poynter, 1995). The team split into 2 factions within 6 months, stolen food was hoarded, and daily tasks were reported as monotonous. One month after the midpoint, some crewmembers reported experiencing depression that was severe enough to interfere with their ability to complete daily tasks (Poynter, 2006). The severity of these behavioral and psychiatric responses was most likely due, in part, to a need for more rigorous psychological evaluation when selecting those who were best suited for the study. Problems that were experienced with Biosphere 2 included poor selection of participants and lack of adequate preparation and training. Extensive publicity also may have influenced the experiences of the Biosphere 2 team by sensationalizing them. Although the reader is cautioned about over-interpreting data and misapplying the study to spaceflight, the Biosphere 2 experience is included in this report because it is one of the few examples of very long-duration isolation and confinement.
Two-year assignments, which are common at the Russian Antarctic Station of Vostok, provide additional evidence that lengthier periods spent in isolation and confinement increase behavioral and psychiatric problems (Otto, 2007). Alcohol consumption contributed to the burning down of the main power-generating building, and to the death of a station physician due to alcoholic liver failure. The depth of psychological stress that was experienced by some at the Vostok station is vividly illustrated by the unsubstantiated legend of a wintering-over Russian male, who after losing a game of chess, murdered his opponent with an axe (Anthony, 2006; Wheeler, 1999).
These examples most likely do not generalize to astronauts and space travel due to the differences between the subject populations and astronaut populations as well as the differences in mission characteristics. However, these examples have been included to emphasize the increased risk of behavioral health and psychiatric problems that are associated with extended stays in highly ICE environments; such long durations are clearly at the outside boundary of our experience and evidence base.
h. [bookmark: _TOC_250020]Post-Expedition Cognitive and Behavioral Health
Most research on reintegration involves military personnel when they return home after service. Because of the potential confound of combat experience, this body of evidence was not considered for inclusion here. However, diary accounts and similar reports recount the difficulties experienced by individuals returning home from expeditions. One such event occurred in the last decade of the 1800s when renowned Antarctic explorer Amundsen sent one of his men, Johansen, home early for insubordination. Johansen later shot himself (Lugg, 2005).
In a case study of a 29-year-old man who circumnavigated the globe solo in a sailboat for 9 months, significant differences manifested in 2 factors of personality. Compared to pre-trip measures, agreeableness was significantly lower 180 days after the trip and remained stable at the lower level when measured 360 days after the trip. Conscientiousness also changed, although in the opposite direction. Levels of conscientiousness after the trip were higher than the level before the trip. Unlike agreeableness though, conscientiousness 360 days after the trip was lower than it was 180 days after the trip, although still significantly higher than the pre-trip measure (Kjærgaard et al., 2015) suggesting that conscientiousness might eventually return to pre-trip levels. This seems a reasonable assumption given that a lapse of conscientiousness is less likely to have life threatening consequences on terra firma than it would while traversing the world’s oceans alone. The individual’s level of disinhibition or tendency to lack impulse control (Patrick et al., 2009), increased significantly from pre-trip levels when measured 180 days after the trip, and was even higher 360 days after the trip (Kjærgaard  et al., 2015).


3. [bookmark: _TOC_250019][bookmark: _Toc172877404]Predictors and Contributing Factors to Behavioral Health
a. [bookmark: _TOC_250018]Personality as a Predictor of Success
1) Instrumentality and Expressivity
Viewing personality in terms of instrumentality and expressivity predicts successful selection and task performance in flight crews as well as in other aviation and space populations (Chidester & Foushee, 1991; Chidester et al., 1991; McFadden et al., 1994; Musson et al., 2004; Musson & Helmreich, 2005) and in the spaceflight analog environments of submarines, hyperbaric chambers, polar expeditions, and the military (Sandal et al., 1996; 1998; 1999).
2) The Big Five
A 1991 meta-analysis suggests that conscientiousness is positively related to job performance (defined as job proficiency, training proficiency, and personnel data) across occupations as varied as professionals, managers, sales agents, police, and skilled/semi-skilled personnel (Barrick & Mount, 1991). Whether this holds true in Antarctica and other ICE environments such as spaceflight is uncertain. Palinkas and colleagues (2000) found the opposite to be true in Antarctica, namely that better job performance was related to lower conscientiousness. However, these results could be artifacts of the sample or a function of how job performance was operationalized.
[bookmark: _TOC_250017]Assessments of individuals who seek expeditions to Antarctica suggests that ideal candidates for wintering-over in such an isolated and confined environment are relatively low neuroticism, need for order, and achievement motivation, as well as low levels of extraversion and conscientiousness (Palinkas et al., 2000). This corresponds with Biersner and Hogan’s (1984) findings that narrow interests and a low need for stimulation is also associated with good adjustment to wintering-over in the Antarctic. Rosnet et al. (2000) confirm that ideal individuals would be low on extraversion. In a third study, polar workers were found to place more highly than the normative group in all factors except neuroticism. Breaking these findings down by occupation reveals that scientists are lower than military personnel on extraversion and lower than technical/support staff on both agreeableness and conscientiousness. The next section addresses how personality traits may differentially contribute to adjustment differences between South versus North Pole winter-over crewmembers.
b. Personality as a Predictor of Adjustment
Antarctic workers score higher than Arctic workers in terms of extraversion, agreeableness, and conscientiousness (Steel et al., 1997). However, interpersonal conflict and tension is reportedly the greatest source of stress for individuals who are wintering-over in Antarctica (Natani & Shurley, 1974; Stuster et al., 2000). Individuals who are low in extroversion and assertiveness tend to adapt better, likely because they keep to themselves more and avoid confrontation (Rosnet et al., 2000). Three individual characteristics that are related to adaptation in isolated and confined conditions in Antarctica are: (1) high social compatibility, (2) high emotional stability, and (3) high task motivation (Gunderson, 1966b; Stuster, 1996). Gunderson (1966a, p.4) also found that “achievement needs, needs for activity, needs for social relationships and affection, aesthetic needs, needs for dominance or leadership, a sense of usefulness in one’s job, and control of aggressive impulses [are] particularly important for adjustment in Antarctic small groups”.
[bookmark: _TOC_250050]Polar explorers with positive personality traits, including absorption and positive expressivity, demonstrated greater well-being (Atlis et al., 2004). Psychological capital can also be used to assess the relationship between personality and well-being. Psychological capital is viewed as a higher-order construct, and individuals with positive psychological capital have high levels of hope, resiliency, optimism, and self-efficacy (Luthans, 2002; Luthans et al., 2007). Positive psychological capital predicts lower perceived stress (Avey et al., 2009), improved psychological adjustment (Lamp, 2013 as cited in Vanhove et al., 2014), and higher psychological well-being (Avey et al., 2010).
c. Resiliency, Hardiness, and Emotion Regulation
Resiliency can be defined as “a class of phenomena characterized by patterns of positive adaptation in the context of significant adversity or risk” (Masten & Reed, 2001, p. 75). Resiliency traces its roots to research on children who overcame adversity (e.g., alcoholic parents, disadvantaged economic conditions) and displayed healthy functioning. Resilience can mean many things to many people, and, it might be described as a trait, a process, or as an outcome. Indeed, Meredith and colleagues (2011) captured 104 definitions of resilience and noted that most of these definitions came down to 2 characteristics, which are very similar to how spaceflight experts define the 2 facets of resilience during spaceflight. One involves endurance or an ability to sustain when faced with unremitting stressors (e.g., low light, ambient noise, monotonous tasks). The second is focused more on recovering, or bouncing back, from acute stressors, such as an unscheduled EVA (Vanhove et al., 2014).
A resilient individual is one who is cognitively high functioning, has an internal locus of control, does not possess an overly reactive emotional style, and has strong social support (Miller, 2008). Miller’s list of characteristics suggests that resiliency has both innate components (e.g., temperament) and components that can be enhanced through training (e.g., emotion regulation, development of a social support network). Indeed, evidence-based and self-reflection-based resilience-building training programs have been effective in military environments (Crane et al., 2019; Joyce et al., 2018; Vanhove et al., 2014), suggesting that similar training in ICE environments, including spaceflight, might also be effective.
Ensuring crewmembers are resilient is not simply an issue for the individual crewmember. Others can behave in ways to bolster crewmember resilience. Organizational processes and resources offer an important dimension that can enhance resilience of its members. When interviewed, experts indicated that mission controllers, for example, can support crewmember resilience with honest and efficient communication, and by demonstrating an understanding of the stressors of spaceflight (Vanhove et al., 2014). Individually, crewmembers may act to support another’s resilience.
Resiliency has also been posited to be a team level phenomenon. Teams are particularly important for enhancing resilience in high-risk occupations (Adler, 2013). Team resilience has been conceptualized to be a psychosocial process that adapts as necessary to protect a group from negative effects of stressors that group members encounter together (Morgan et al., 2013). For more on resiliency in teams refer to the evidence book on the Risk of Performance and Behavioral Health Decrements Due to Inadequate Cooperation, Coordination, Communication, and Psychosocial Adaptation within a Team (Landon et al., 2016).
A construct closely related to resilience is hardiness. Hardiness was first characterized by Kobasa (1979) as a collection of related personality qualities or traits separating healthy executives under stress from unhealthy ones. Hardiness is conceptualized in terms of 3 related attitudes: commitment, control, and challenge. High-hardy individuals have a strong commitment to their values, goals, and capabilities, a greater sense of control or influence over what happens in their lives, and a perception of stressors as challenges to be mastered (Maddi & Kobasa, 1984).
Bartone (2006) has expanded this conceptualization and sees individuals high in hardiness as incorporating a strong future orientation, while at the same time learning from the past, and possessing a sense of humor. Hardiness is traditionally thought of as a trait and is sometimes referred to as “dispositional resilience” (Bartone, 2006), reflecting a generalized tendency to display resilient responses. Dolan and Alder (2006) view hardiness as a trait marker for resilience within the military. Britt and colleagues (2001) found that hardiness was associated with increases in perception of meaningfulness and viewing the military deployment as beneficial. However, hardiness may also be influenced somewhat through leadership in organizations and training (Bartone & Hystad, 2010). That is, hardiness has been shown to increase with more effective leadership within the organization (see e.g., Bartone, 2006), can be enhanced via training programs (Maddi 2007; Maddi et al., 1998), and is linked to performance outcomes (see e.g., Bartone et al., 2008; Eid & Morgan, 2006; Westman, 1990).
Studies have found that hardiness does play a role in keeping people healthy under stress. Although the mechanisms are not clear, hardiness is related to baseline high-density lipoprotein cholesterol levels (Bartone et al., 2009) and reduced blood pressure responses to stress (Contrada, 1989). High-hardiness, with a balanced profile, has also been linked to more moderate and healthier immune and neuroendocrine responses to stress (Sandvik et al., 2013).
Hardiness has been shown to be particularly protective with regard to the effects of military-related stressors on psychological health outcomes and performance under stressful circumstances.
Bartone (1999) found that hardiness moderated the effects of combat exposure on subsequent psychological well-being in U.S. Gulf War veterans. Hardiness has also been shown to be negatively related to posttraumatic stress in studies of Vietnam veterans (King et al., 1998), and to veterans returning from Operation Enduring Freedom and Operation Iraqi Freedom (Pietrzak et al., 2010). Hardiness predicts success in rigorous selection programs including those for U.S. military Special Forces (Bartone et al., 2008), Norwegian border patrol military personnel (Johnsen et al., 2013), and Norwegian military officers (Hystad et al., 2011).
[bookmark: _TOC_250016]Emotion regulation likely plays a role in the resilience and hardiness constructs. Emotion regulation refers to the cognitive process of detecting, attending to, interpreting, and responding to an emotion; it is the process by which humans modulate emotional experiences and their behavioral reactions to them. In this way, it is possible to experience an emotion, like frustration about a confusing procedure, but not allow that emotion to lead to a performance decrement or interpersonal conflict. As with resilience and hardiness, emotion regulation is considered a transdiagnostic construct (Fernandez et al., 2016), meaning it is believed to moderate behavioral health as a whole, rather than being specific to a diagnosis. The multi-step emotion regulation framework (see Gross, 2015) may be helpful in designing and implementing countermeasures to support adaptive regulation of emotion at various points in the cognitive process (Alfano et al., 2018). However, the construct has not been the subject of direct study in spaceflight or spaceflight analogs to date.
d. Sleep and Circadian Desynchrony 
It is well known that insufficient sleep alone can contribute to adverse behavioral and cognitive health (refer to the evidence report on the Risk of Performance and Health Decrements Due to Sleep Loss, Circadian Desynchronization, and Work Overload; Flynn-Evans et al., 2016). However, sleep deprivation in combination with other spaceflight hazards may affect behavioral health outcomes. For example, Moreno-Villanueva and colleagues (2018) assessed deoxyribonucleic acid (DNA) damage in blood cells collected from HERA crew after they underwent 39 hours of total sleep deprivation followed by a well-validated social stress test to induce psychosocial stress. Samples of their blood cells were also exposed to radiation. Sleep deprivation or psychological stress alone did not induce DNA damage but did modulate DNA damage in response to radiation. This study highlights the need for more studies investigating the impact of combined spaceflight stressors, particularly at the intersection of sleep, radiation, and stress.
e. Habitability and Environmental Design
The inability to resupply exploration missions poses a significant habitability challenge because options for leisure and sensory novelty diminish, placing a higher burden on the habitat design to supply those outlets. The Mars500 analog crew provides a rich source of anecdotal evidence regarding the importance of habitat interactions for behavioral health when resupply is unavailable. The crew used their creativity to periodically redecorate or “upgrade” their habitat, to entertain each other, and to create presents for other crewmembers using standard ‘onboard’ provisions. Although creative entertainment and social bonding with these provisions were not planned for, this example highlights the many possibilities for protecting behavioral health using habitat design elements (Peldszus et al., 2014).
Likewise, the Mars500 crew used the greenhouse for relaxation, as well as social bonding, both with other crewmembers and with loved ones back home. Flowers grown in the greenhouse became gifts for crewmates and virtual gifts for loved ones by sending pictures. One crewmember was even moved to order flowers to be delivered to their spouse (Peldszus et al., 2014), highlighting how habitat design can facilitate connectedness to home even with limitations in asynchronous communication.
Ongoing research in HERA missions is investigating how several other habitability factors impact behavioral and cognitive health. Data are being collected regarding the crew’s perceptions of various habitat configurations and spaces in HERA, which is partially aimed at investigating the behavioral health impact of loss of privacy, including the removal of private sleeping quarters, in confined living. To date, the psychological impact of habitability design factors has been notably absent in studies of Artic and Antarctic stations. This is a critical missed opportunity to study these important considerations in preparation for LDSE missions, especially because some stations, such as the British Antarctic Survey’s Halley-VI, have been explicitly designed with psychological and human factors principals to support sleep, mood, and social dynamics during the stressful winter-over period.
Habitat lighting is also being investigated by Lockley and colleagues (2019a; 2019b) to develop a dynamic lighting schedule (DLS) for the LED-based flexible SSLAs that are currently on the ISS. Recent data emerging from HERA campaigns suggest that the novel DLS was associated with fewer attentional lapses on the psychomotor vigilance task (Grant et al., 2024) and better performance on tasks of executive functions (Rahman et al., 2022) compared to performance in the standard static lighting. 
f. [bookmark: _Hlk109220917]Job/Task Design—Monotony, Boredom, and Meaningful work
Members of Biosphere 2 reported that finding sources of stress relief was a major part of working in the Biosphere (MacCallum & Poyntner, 1995). Likewise, the possibility of too much monotonous free time during long-duration spaceflight is a major concern. It has been long known that boredom is the worst enemy of polar explorers (Stuster, 1996). Meaningful work counteracts the negative effects of monotony and boredom. Meaningful work positively contributed to health and performance during polar expeditions (Leon et al., 2002; Leon et al., 2004; 2011; Palinkas & Browner, 1995) and submarine missions (Kimhi, 2011; Sandal et al., 1999). The benefits of crew autonomy may differ by personality and by culture. For example, during the Mars500 program, European crewmembers reported higher dysphoric mood during low autonomy than during high autonomy, whereas Russians reported generally the same mood in both situations. Regarding personality influences on autonomy, Ng et al. (2008) found that a leader’s self-efficacy was rated as more effective and better able to increase motivation by those they led in high autonomy versus those in low autonomy situations. Preliminary analyses presented at the 2024 HRP Investigators Workshop suggests that tasks that were rated as more meaningful in HERA and Antarctic analogs are associated with better psychological functioning (Landon et al., 2024). 
Family and Social Support
The role of family and social support in terrestrial spaceflight analogs has been largely understudied. Bell et al (2025) reported on perceived social support in spaceflight analog settings across several different possible sources of support, including crew, the public (through public outreach events), family, and organization. Overall perceived social support declined over time within missions ranging from 45 to 240 days; support from the public demonstrated the steepest decline over time while support from crew remained the highest and declined the least (see figure 4). Interestingly, higher ratings of social support from crew were also associated with lower ratings of evening stress, suggesting that support from fellow crewmembers may attenuate stress accumulated over the day. These findings highlight the decline in perceived social support over time and identify potential future targets to increase access to support networks to reduce negative behavioral health outcomes. Ongoing and future studies will further assess how perceived support is altered under conditions of lunar or Mars-like communication delays. 

[image: ]
Figure 4. Interaction between time and source of social support predicting perceived social support. Adapted from Bell et al., 2025.
1. Food System and Nutrition
Studies that examine the impact of caloric restriction in groups who are consuming low amounts of calories combined with high physical exertion (e.g., special operations forces and ultra-endurance athletes) provide an analog for the potential effects of caloric restriction on operational performance during spaceflight. These studies show that the biochemical effects of short-term caloric restriction (i.e., 7 days or less), usually defined as reducing daily caloric intake approximately 10–40%, include decreased glucose, leptin, insulin-like growth factor 1 (IGF-1), BDNF, and α-klotho; increased cortisol; and thyroid hormone dysregulation (Areta et al., 2021; Beckner et al., 2021; Guezennec et al., 1994; Koehler et al., 2016; Loucks & Callister, 1993). Many of the biochemical changes caused by short-term caloric deficits are associated with brain changes. For example, decreased glucose is associated with reduced cerebral blood flow; decreases in IGF-1 and BDNF are associated with reduced neuroplasticity; and decreased α-klotho can lead to white matter lesions in the brain (Dyer et al., 2016; Kowianski et al., 2018; Kuriyama et al., 2018). These brain changes increase the risk for cognitive deficits. After as few as 2 days, short-term caloric restriction is associated with cognitive effects such as confusion, slower processing speed, and decreased vigilance, working memory, executive functions (e.g., set-shifting and inhibition), and visual spatial learning (Beckner et al., 2021; Giles et al., 2019; Stahle et al., 2011).
Other effects of short-term caloric restriction with potential implications for operational performance include adverse physical changes such as decreases in immune functioning, body mass, fat-free mass, muscle mass and vigor, and increases in fatigue and perceived exertion during physical tasks (Giles et al., 2019; Nindl et al., 2007). Mood changes induced by caloric restriction, such as increased tension, depression, and anger, can also exacerbate adverse physical and cognitive effects (Giles et al., 2019; Karl et al., 2015).
Studies attempting to compensate for energy imbalance in various ways have yielded mixed results. Proposed countermeasures include a Mediterranean-style diet; providing macronutrients such as protein, carbohydrates, or caffeine; or facilitating food intake by making food more palatable and easier to eat (Areta et al., 2021; Bergouignan et al., 2016; Charlot et al., 2021; Conkright & Deuster, 2019; Esgunoglu et al., 2021). It is unknown if these countermeasures are effective or how long it takes the body to recover. 
Research conducted in analogs of the isolation conditions of spaceflight has demonstrated that limiting variety and fresh foods, such as replacing a daily meal with a high-density food bar, is associated with weight loss and adverse behavioral health trends (Sirmons et al., 2020). Such food-trades may be acceptable during short-duration operations but can present greater risk for long-duration exploration missions. If crop plants are grown during a mission, this could offer the crew a source of fresh foods and could provide them with meaningful work and a connection to Earth. There remains little debate on the acceptability of crop plants to help enhance future food systems during exploration missions. Crewmembers routinely share, through platforms such as social media and journaling, the benefits of having fresh foods available throughout their long-duration missions on the ISS. Terrestrial research indicates that plants and natural settings are effective sources of psychological restoration (Berto, 2014), and these benefits may partially extend to viewing green natural settings via a window or pictures (Horiuchi et al., 2014; Ryan et al., 2014), such as viewing plants in the enclosed advanced plant habitat on the ISS. Research has shown that when indoor plants are introduced into academic and office settings, this can improve cognitive, behavioral, and subjective performance (Gilchrist et al., 2015; Kim et al., 2018; Lin et al., 2013; Nieuwenhuis et al., 2014). Research further indicates that the presence of live plants may improve surgical recovery times and pain management, and reduce subjective stress (Beukeboom et al., 2012; Park & Mattson, 2009). Substantial anecdotal evidence exists, as reviewed in sections prior, that plant growth during spaceflight enhances behavioral health. 
Genetic Diversity
Human populations are considerably diverse in genetic background and have different nutrition and lifestyle factors that may affect sensitivity and reactions to radiation exposure. Individual factors of potential importance are genotype and epigenetic profiles, prior radiation exposure, and previous head injury such as concussion. Age, sex, and species differences clearly affect outcome measures for radiation responses (Villasana et al., 2016). Additionally, genetic variation at specific loci, such as the apolipoprotein E gene (ApoE), controls the age of onset of Alzheimer’s disease and the risk for atherosclerosis, and the frequencies of ApoE pro-disease alleles in the population are large. Several psychiatric disorders, such as bipolar disorder and major depressive disorder, have high heritability, whereas studies investigating human genetic variations are less conclusive (Gordovez & Mahon, 2020; Kendall et al., 2021; Rasic et al., 2014). A summary of how genetic background affects radiation-induced changes in animals is provided in the Other Organisms Evidence for Radiation Effects on the Central Nervous System section below. 
Radiation Exposure: Observations from Accidental Human Exposures and Radiotherapy
Systematic, controlled experimental exposures of humans to low doses of radiation are not possible for obvious ethical reasons. However, certain radiotherapy protocols and accidental exposures to human populations provide limited data on outcome measures can be studied in detail in animal models. These observations provide a baseline for interspecies comparisons that will aid in scaling animal-based observations to humans.
Clinical CNS outcomes are seen in adults after large radiotherapy doses (>45 Gy), which are much higher than would occur during long-duration space missions. Behavioral changes, such as fatigue and depression, impairments in cognitive functioning, language acquisition, visual spatial ability, memory, and executive functioning, as well as changes in social behaviors, occur in many patients undergoing irradiation for cancer therapy (Greene-Schloesser 2012), and neurocognitive effects are observed, especially in children (Schultheiss et al., 1995; biological effects of ionizing radiation [BEIR-V 1990]); however, the clinical doses are much higher and inhomogeneous than would be experienced in the space environment. Furthermore, evidence suggests most cognitive changes in brain tumor patients can be attributed to the tumor directly (Laack & Brown, 2004) and patients are under emotional stress from their diagnosis. Consequently, it is unlikely that risks of adverse CNS effects due to space radiation can be inferred directly from the side effects of therapy. However, many of the physical and molecular changes that initiate mechanisms leading to adverse CNS effects are the same for radiotherapy and space radiation exposure and may result in similar steps in pathogenesis.
Atomic bomb and Chernobyl accident victims who received low to moderate doses of radiation (≤ 2000 mGy) showed evidence of memory and cognitive impairments, and they are more frequently seen medically for psychiatric disorders and exhibit altered electroencephalographic patterns (Bromet et al., 2011; Ron et al., 1982; Hall et al., 2004; Ishikawa et al., 1981, Mickley et al., 1989; Yamada et al., 2002, 2009; Loganovsky & Yuryev. 2001, 2004). These studies are limited by uncertainties in individual dosimetry and cultural inhibitions regarding reporting of mental disorders. A study of A-bomb survivors by Yamada et al. (2009) found no increased risk of dementia, but this study was limited by the small sample (2,000 subjects), short observation period, and difficulties in classifying dementia. A recent review and meta-analysis of 16 cohorts of individuals occupationally exposed to ionizing radiation (nuclear workers and uranium miners, nuclear weapons test participants, and medical workers) reported a standardized mortality ratio of 0.86 (CI: 0.79–0.93) for mortality of diseases of the nervous system (Lopes et al., 2022). However, the overall excess relative risk of Parkinson’s disease mortality and morbidity from 4 studies of nuclear industry workers and medical workers was 0.11 (CI: 0.06, 0.16) (Lopes et al., 2022). A significant excess relative risk mortality from mental disorders was detected in a study of over 300,000 nuclear workers from France, the United Kingdom, and the U.S. (excess relative risk/Sv = 1.30, 90% CI: 0.23, 2.72). In addition, over 50% of the deaths from mental disorders were related to dementia (Gillies et al., 2017). Furthermore, a study of over 20,000 Russian Mayak workers indicated a possible radiation dose-dependent increase in the incidence of Parkinson’s disease (excess relative risk/Gy = 1.02, 95% CI: 0.59, 1.63) (Azizova et al., 2020). Analysis of individual cohorts of workers in the U.S. who were occupationally exposed to ionizing radiation, including workers at the Los Alamos National Laboratory and medical radiation workers, did not detect any ionizing radiation-related increases in mortality from dementia, Alzheimer’s disease, Parkinson’s disease, and other motor neuron diseases (Boice et al., 2022; 2023). The Million Person Study aims to follow one million U.S. workers and veterans under occupational monitoring for radiation exposure to evaluate the long-term health effects. Most recently, a meta-analysis of half their intended cohort revealed a significant excess relative risk of Parkinson’s Disease mortality at 100 mGy exposure was 0.17 (CI: .05, .29) compared to control cohorts (Dauer et al., 2024). Future analyses emerging from this study with larger samples and additional neurodegenerative outcomes will continue to elucidate long-term health risks of mission relevant radiation exposure. 
Overall, the human data indicate that behavioral changes and increased incidence of late degenerative diseases are attributable to radiation exposure, however, the dose-response relations are largely unknown and the data are limited to low-LET radiation unlike the charged particle environment of space.
4. [bookmark: _TOC_250015][bookmark: _Toc172877405]Prevention and Treatment Countermeasures
a. [bookmark: _TOC_250014]Prevention
1) Biomarkers
Biomarkers are objective indicators of normal or pathologic biological processes. In the context of spaceflight, they can be leveraged to detect or predict operationally meaningful changes in cognitive and behavioral outcomes such that prevention and treatement countermeaures can be deployed to mitigate risk. The HFBP Element’s research aims to identify and assess the efficacy of a suite of biomarkers that includes physiological, biological, or behavioral indicators that can predict adverse reactions to spaceflight stressors. A question remains as to whether biomarkers, if found to be sufficiently efficacious, would be best used during selection (e.g., resilience factors) or for monitoring and to individualize countermeasures during expeditions. Assessable biomarkers could be metabolites, cytokines, etc. in saliva, urine, or blood that can indicate neuroinflammatory processes, imbalances in signaling molecules such as neurotransmitters or precursors, glucocorticoids, or oxidative stress. Parameters measured by noninvasive imaging could also serve as biomarkers. 
Several biomarker investigations have targeted sleep and circadian desynchronization because they induce significant secondary effects to cognitive performance, emotional adjustment, and psychosomatic stress responses. For example, baseline scores from the PVT have been used to identify individuals who are resilient and those who are non-resilient to attention failure rates after laboratory-based sleep restriction protocols (St. Hilaire et al., 2019; Yamazaki et al., 2022a). Several other candidate biomarkers that could indicate a susceptibility to neurobehavioral decrements from sleep loss during spaceflight are also being investigated (for reviews see Goel, 2015 and Goel & Dinges, 2011). Yamazaki et al (2022b) reported that pre-mission left ventricular ejection time differentiated those individuals who were resilient or vulnerable to decrements in psychomotor vigilant attention and increased psychological stress in response to a sleep restriction paradigm implemented in a 14-day HERA Campaign. The authors also noted other potential biomarkers of interest, including pre-mission heart rate, stroke volume, and cardiac index. Uyhelji et al. (2018) used microarrays and bioinformatics analyses to explore candidate gene expression biomarkers associated with differences in vulnerability to neurobehavioral impairment from sleep loss (11 healthy adults undergoing 62 h of total sleep loss). A total of 212 genes changed expression in response to sleep loss (most exhibiting down-regulation), whereas 28 genes were associated with neurobehavioral deficits in PVT performance. Results supported previous findings associating total sleep loss with immune response and ion signaling, and revealed associations between novel candidate biomarkers, such as the Speedy/RINGO family of cell-cycle regulators, and inter-individual vulnerability to PVT performance deficits due to sleep deprivation (Uyhelji et al., 2018). Notably, evidence suggests that resilience to sleep loss in one cognitive domain is not conserved across other domains of cognition (Van Dongen et al., 2004); therefore, multiple predictive biomarkers may be needed to adequately predict holistic cognitive resilience. Additional information on this subject is included in the evidence book for the Risk of Performance Decrements and Adverse Health Outcomes Resulting from Sleep Loss, Circadian Desynchronization, and Work Overload (Flynn-Evans et al., 2016).
Dinges and colleagues (2022) are currently conducting a multidisciplinary, multi-site analog study aimed at identifying biomarkers predicting resilience to spaceflight stressors. These investigators are leveraging a full set of behavioral health and performance measures administered before, during, and after analog missions in university settings, HERA, and in Antarctic expeditions to determine if pre-mission indicators of resilience can be identified and leveraged to optimize behavioral health during spaceflight. 
[bookmark: _Hlk45799879][bookmark: _TOC_250013]Although many molecular, structural, and functional alterations in CNS activity have been quantified after low doses of radiation, the complexity of the brain, its redundancy, its distributed processing, and its capacity for adaptation may work together to compensate for damage to structures or disruption of processes. Thus it is important to assess CNS responses at the system level using behavioral testing to determine whether function has been altered by the interplay of contributing responses. Some biomarkers and bioindicators of detrimental behavioral and cognitive outcomes in animals may also be applicable to human spaceflight. See Other Organisms Evidence for Radiation Effects on the Central Nervous System section below. 
2) Traditional Prevention Countermeasures
[bookmark: _Hlk109995939]Many of the same types of countermeasures used in space are used in ground-based applications. Aerobic exercise is a critical and multifaceted countermeasure with established effectiveness in reducing depression and anxiety. The strongest evidence for its effectiveness comes from individuals with subclinical mood disorders and anxiety symptoms (see Salmon, 2001), which is the most likely manifestation during spaceflight. Antarctic over-winterers who actively engaged in physical activity showed steadier moods over an 8-month mission than their less-active crewmates (Abeln et al., 2015). A similar beneficial trend in mood and motivation was noted in the Mars105 analog crew, although the effect did not reach statistical significance likely due to the small sample size (Schneider et al., 2010).
Sustaining optimal motivation and engagement in high-frequency exercise over the course of a long-duration spaceflight mission may require adaptations to the current exercise regimen for the ISS. A preliminary study found enhanced enjoyment and self-efficacy from interval aerobic exercise as opposed to a steady state exercise program (Samendinger et al., 2019). This paradigm is currently being further explored among HERA crews (Simpson, 2019) in a study examining behavioral health, cognitive performance, fatigue, sensorimotor, and immune functioning outcomes from a structured interval exercise regimen, as well as a guided imagery augmentation.
Other traditional countermeasures include providing opportunities to stay connected through electronic media, a variety of leisure activities, and dietary variety. In a simulated Mir study, crew anxiety, total mood disturbance, and overall crew tension was significantly lower after the crew received these kinds of additional supplies (Stuster, 1996). Many measures such as these to support behavioral health during spaceflight rely on synchronous communications and the ability to resupply the ISS with relative consistency. However, resupply and ground-crew communication capabilities will be limited or not possible for deep space exploration. A need exists to adapt current countermeasures to support autonomous operations and to develop new ones to supplement those that cannot be adapted. Additional means of preventing adverse behavioral and cognitive changes that might one day be of use during spaceflight will be first investigated in ground-based analogs. These are discussed below.
3) Unobtrusive Monitoring
Current behavioral health monitoring methods include self-report surveys as well as cognitive and behavioral tasks that require significant crew time, operational support, and payload integration. These are less feasible in future Moon and Mars missions where crew time will be limited, and vehicle size will limit the onboard capabilities of many of these assessments. Self-report measures are also notoriously inaccurate, and it has been suggested that commercial and military pilots, as well as spaceflight crewmembers, underreport or are reluctant to report behavioral health symptoms (Black et al., 2017; Lollis et al., 2009; Marsh et al., 2010). For these reasons, sole reliance on these traditional methods for prevention and monitoring may no longer be feasible or yield an underestimate, thus delaying or hindering implementation of otherwise effective countermeasures and treatments.
The HFBP Element’s research strategy is focused on developing unobtrusive monitoring that requires no input from an astronaut or any of their time. Valid, feasible, and acceptable tools that unobtrusively monitor the crewmembers should provide real-time, meaningful feedback regarding key indicators of behavioral health that will help the autonomous crew of the LDSE missions to implement countermeasures. Facial expressions and voice (speech and tone) are possible targets for such unobtrusive technologies.
Dr. Dinges’ team at University of Pennsylvania have studied facial recognition technology. Their optical computer recognition (OCR) system (Dinges et al., 2005) uses cue integration-based tracking to capture both rigid and non-rigid parts of the face. The concept is that facial tracking can identify phenomenon such as eyelid closures, positive, neutral, and negative emotional expressions, which could then be extrapolated to determine when astronauts are experiencing levels of stress, fatigue, and emotion that could disrupt effective performance. At last publication, the OCR performed at 68% accuracy, and if further validated in the future, such a system could provide meaningful feedback to astronauts and crew surgeons, allowing them to implement countermeasures as deemed necessary (Dinges et al., 2007). Although the OCR system has been under development and has undergone some initial testing in spaceflight analogs (the 105- and 520-day Russian Mars chamber studies conducted 2009 through 2011), the results have not yet validated the tool’s reliability, sensitivity, and specificity. Part of the challenge for OCR as an unobtrusive measure is that humans not only use facial expressions as emotional cues to interpret our social surroundings, but also use perceptual and contextual factors to remove ambiguities and delineate our understanding (Carroll & Russell, 1996). To fully capitalize on this technology, emotional context must be fully understood and emotional biases parsed out to identify valid and reliable ways to understand attributions of affect within the social-emo–tional context (Marian & Shimamura, 2012).
Salas (2018) monitored lexical indicators to identify changes in cognitive, emotional, and social functioning as a means of predicting performance decrements. Data were collected in HERA and NEEMO 18. Findings were limited by a lack of variability in emotional endorsements on self-report indices, although the STRESSnet system the investigators developed was able to discriminate high and low workload days and was sensitive to task and non-task-based communications. The total system shows some promise, but further study is needed to refine it. The evidence report Risk of Performance and Behavioral Health Decrements Due to Inadequate Cooperation, Coordination, Communication, and Psychosocial Adaptation within a Team (Landon et al., 2016) discusses results from the Miller and Wu investigator teams who used automated analysis of speech to detect psychosocial states, including positive and negative valence from a team perspective.
4) Delays in Communication
[bookmark: _Hlk171428383]In anticipation of the delays in communication that will occur during exploration missions (up to 22 minutes one way for Mars), the HFBP Element’s research has begun examining the effects of such a delay through a series of spaceflight and spaceflight analog studies. Delays are currently estimated to range from 4–12 seconds one-way on lunar missions and up to 22 minutes one-way for Mars missions. An initial study was conducted, which included tasks that varied in their levels of novelty and criticality along with variations in the length of communication delays. An initial feasibility study was conducted in the NEEMO facility using 5- and 10-minute communication delays (Palinkas et al., 2014). During this initial study, the communication delays affected the ability of the crew to coordinate during emergency scenarios with a remote mission control group. However, the quality of team performances remained relatively steady for any one-way delay of 5 minutes or longer. Another study was conducted for 4 weeks and involved the astronauts on the ISS Increment 39/40 as well as capsule communicators (CAPCOMs)[footnoteRef:12] and Flight Directors. Initial analyses indicate negative impacts on individual well-being (due to increased stress and frustration) and on team performance resulting from reduced efficiency during even relatively short communication delays (Kintz & Palinkas, 2016). These negative effects were exacerbated when the teams performed tasks involving a high level of interdependence between the crew and the ground personnel. Along similar lines, another recently completed study focused on developing and testing protocols for asynchronous communication during spaceflight operations, the protocols were tested in the NEEMO and HERA analog environments (Mosier & Fischer, 2016). Crews not trained in the asynchronous communication protocols reported less communication and less effective communication than trained crews, citing loss of shared perspective on communications and insensitivity to the timing of communications as the primary factors. Communication delays are a concern for the Behavioral Health risk with respect to delivery and/or provision of behavioral health countermeasures or treatments for crewmembers. Several ongoing HRP-funded studies in analogs of spaceflight are investigating how lunar and Mars communication delays affect communication between the crew and their family and friends (Dev, 2024; Bell, 2021), mission control personnel (Landon, 2024; Holden, 2024), and medical support personnel (Fischer, 2024).  Other investigations are being conducted into the effect of delays in communication at a team level (see evidence report on the Risk of Performance and Behavioral Health Decrements Due to Inadequate Cooperation, Coordination, Communication, and Psychosocial Adaptation within a Team (Landon et al., 2016).5)Resilience and Behavioral Health Self-Management [12:  The CAPCOM is the Capsule Communicator, traditionally another astronaut in mission control, who communicates information to the astronauts in the spacecraft. It is believed that a veteran astronaut can communicate in a manner that the other astronauts can clearly understand.] 

The military has conducted decades of research on the psychological aspects associated with the stressors of daily life in the military and occasional deployments to ICE environments (see e.g., Sinclair & Britt, 2014). The approaches vary across studies, but most assess aspects of evidence-based therapy techniques, such as cognitive restructuring, mindfulness, and various other specific sets of skills. Results of the array of resilience training approaches generally show benefits (Leppin et al., 2014; Vanhove et al., 2016), at least in the immediate post-intervention period. However, mixed findings and emerging evidence suggest that less emphasis on modular or discrete skills and focus on training self-reflection yields longer lasting results (Crane et al., 2019).
Focusing on all phases of a mission, William Brim at the Uniformed Services University of Health Sciences, Center for Deployment Psychology is reviewing military research associated with the role families play in promoting and maintaining behavioral health of members of the military. This area will be important to consider when crewmembers reintegrate after returning home from an exploration mission, and when supporting the behavioral health of the crewmembers’ families during an extended mission.
Methods of providing astronauts with information on their own well-being are currently being investigated. Such tools will inform astronauts about their current behavioral health status and could provide countermeasures to prevent and/or treat adverse cognitive or behavioral symptoms.
An increasingly popular approach that is fast becoming one of the most widely used psychological interventions is mindfulness-based stress reduction. Mindfulness is an introspective process that focuses on increasing “awareness” with “clear comprehension” to reduce “mind wandering” and increase “sustained attention” (Bishop et al., 2004). It stems from eastern spiritual practices, primarily Buddhism (Barinaga, 2003). Systematic reviews of mindfulness-based stress reduction training have found it moderately effective. Khoury et al. (2015) systematically reviewed 29 studies that implemented mindfulness protocols to over 2600 healthy adults collectively to evaluate the efficacy, mechanisms of actions, and moderating variables for non-clinical populations. They found mindfulness-based stress reduction is highly effective for reducing stress, is moderately effective for reducing anxiety, depression, and distress and improving the quality of life, and is only slightly effective for reducing burn-out. Concerns exist regarding the methods with which mindfulness interventions are delivered, and appeals have been made to standardize and validate the approaches. Some evidence suggests that the “state” and “practice” of mindfulness enhances cognitive appraisal and therefore may promote the ability to self-regulate emotions more effectively (see also Garland et al., 2014, for an appraisal of the neurocognitive processes targeted by mindfulness-based interventions). Bishop (2002) reports that randomized clinical trials have confirmed the meditative component decreases stress and increases one’s sense of emotional well-being. Mindfulness is of particular interest for BHP, not only for reducing stress, but also for its putative ability to influence interpersonal emotional reactions (Grecucci et al., 2015). However, critics of mindfulness-based approaches question its methodological soundness (see e.g., Caspi & Burleson, 2005; Davidson & Kaszniak, 2015), while others have identified dispositional variations in mindfulness and question whether it may exist as a distinct trait (Anicha et al., 2012). Indeed, those that reported higher dispositional mindfulness at baseline reported lower stress over time in an Antarctic winterover expedition (Pagnini et al., 2024), suggesting that individuals who favor mindfulness may be less likely to develop negative behavioral health outcomes even when no structured intervention is introduced.
Mollicone (2011; 2012) spearheaded an effort to develop a prototype tool (informally known as a Dashboard) to monitor individualized behavioral health. This dashboard integrated all behavioral health indicators, including physiological signals such as heart rate and heart rate variability and behavioral signals such as sleep wake patterns. The combined data provides an overview of well-being that can be tracked over time. Additional behavioral health signals can be added to the dashboard as they are developed (Mollicone, 2011, 2012). The future use of the dashboard is uncertain because most behavioral health indicators recorded on the dashboard are currently documented in electronic medical records. In addition, efforts are being made to ensure behavioral data, collected via the standard measures suite, will be integrated into the medical systems for future spaceflight missions. At present, the dashboard tool is being used to address the sleep risk (refer to the evidence report on the Risk of Performance and Health Decrements Due to Sleep Loss, Circadian Desynchronization, and Work Overload (Flynn-Evans et al., 2016).
6) Cognitive Monitoring and Prevention of Performance Decrements
The Cognition test battery (Basner et al., 2015) continues to be used in various spaceflight analogs (e.g., Antarctic winter-overs, elevated CO2 conditions, HDBR, medication use). Research is being conducted to refine the Cognition test battery and interpret the data in an effort to develop a comprehensive software-based neurocognitive toolkit that can be transitioned to operational use. Additional computerized operational performance assessment tools that are being studied in various ICE environments include the ROBoT-r, which simulates operation of the Canadarm-2 and a lunar lander based on the NASA Constellation Program Altair (Hainley et al., 2013).
In addition to monitoring tools, a limited number of preventative measures exist to mitigate the risk of adverse cognitive performance. Physical exercise is associated with healthier cerebral vasculature (Bullitt et al., 2009; Steventon et al., 2019) and increased expression of BDNF (Liu & Nusslock, 2018), which is implicated in neurogenesis. Indeed, increased hippocampal volume and improved memory performance is observed in older adults who exercise regularly (Erickson et al., 2011), as is improved executive functioning (Colcombe & Kramer, 2003). Evidence also indicates that aerobic activity may improve recovery from brain injury and the cognitive effects of cancer treatment (e.g., radiotherapy or neurotoxic chemotherapies) (Riggs et al., 2017; Robertson et al., 2017; Zimmer et al., 2016). No acute cognitive benefit from exercise was found among a small sample of Antarctic over-winterers (Abeln et al., 2015), In contrast, improved cognitive performance was associated with active running conditions of an exercise intervention in the Mars500 study (Schneider et al., 2013). Nevertheless, regular engagement in exercise may still help to prevent or moderate long-term risks of cognitive deficits during spaceflight, in addition to the established acute mood benefits. Further study of exercise as a measure to mitigate cognitive deficits is needed in spaceflight analog settings and during spaceflight, especially to determine whether neuroimmune benefits are replicated in these environments. These efforts were recently completed in several spaceflight analogs, including HFBP Element-funded studies in HERA Campaign 6 and NEK SIRIUS21, and data analysis and publication is underway.
Many nutrients affect cognitive function and may be leveraged as a countermeasure to counteract decrements. Omega-3 fatty acids, for example, increase cognitive performance, mitigate cognitive decline in older adults, and are used to treat patients with attention deficit hyperactivity disorder and mood disorders (Freeman et al., 2006; Nilsson et al., 2012; van Gelder et al., 2007). Rodent studies have shown that omega-3 fatty acids, curcumin, and flavonoids all ameliorate cognitive decay and promote cognitive function (Cole et al., 2005; Hashimoto et al., 2005; van Praag et al., 2007). In addition, vitamin D, vitamin E, and antioxidants delay cognitive decline in older adults (Perkins et al., 1999; Przybelski & Binkley, 2007; Wengreen et al., 2007). Because vitamin D and omega-3 fatty acids are involved in the production of serotonin, a neurotransmitter that is linked to mood, deficiencies in these nutrients have been associated with depression, schizophrenia, and other psychiatric disorders (Patrick & Ames, 2015). Evidence from Antarctic over-winterers indicates that vitamin D can reduce their risk of latent virus reactivation and this effect was strongest in those with higher cortisol stress responses (Zwart et al., 2011). Ongoing research on HERA crews is further examining dietary strategies to counter alterations in immune function and gut microbiome that have bidirectional links with psychological stress (Douglas, 2019). Dietary countermeasures are also being explored for their potential to mitigate or protect against the deleterious effects of radiation, which is tightly linked to oxidative stress, however, the development of measures to counter CNS damage is dependent on further understanding of radiation-induced CNS damage. Observations in animal models are discussed in the Radiation Exposure Considerations section.
Concern about the potential detrimental effects of antioxidants was raised by a metadata study of the effects of antioxidant supplements in the diet of normal subjects (Bjelakovic et al., 2007). The authors did not find statistically significant evidence that antioxidant supplements have beneficial effects on mortality. On the contrary, they concluded that β-carotene, vitamin A, and vitamin E seem to increase the risk of death. Concerns are that the antioxidants may allow rescue of cells that sustain DNA mutations or altered genomic methylation patterns after radiation damages their DNA, which can result in genomic instability. An approach that promotes apoptosis of damaged cells may be advantageous for chronic exposures to GCR.
Dietary measures to mitigate cognitive and behavioral health risks are still nascent but are important because they represent a countermeasure that is highly relevant to one of the most salient topics to the astronauts (i.e., food acceptability). The HFBP Element will continue exploring the connection between diet and protection from ionizing radiation, remaining vigilant for cross-discipline collaborations.
7) Virtual Training and Leisure Environments
As virtual reality (VR) technology continues to evolve, the possibility of using it as a preventative or treatment measure likewise increases. If efficacious, VR would be very beneficial during deep space exploration missions because VR devices can deliver a sensory rich experience, they are autonomous, and they are relatively small in mass and volume. 
Virtual environments could be used for training before or during flight. Dorneich (2018) is currently investigating an adaptive VR-based environment for stress inoculation training to prepare astronauts for onboard emergency situations. The stress inoculation paradigm may better prepare astronauts to respond to an in-flight emergency, such as a fire, by enhancing procedural learning in a high-fidelity virtual simulation that may reduce temporary cognitive decrements related to acute stress (e.g., attention, memory recall, judgement and decision making). A review of similar virtual training environments indicates they are effective, although larger scale clinical trials and other nuanced refinements are still needed (Serino et al., 2014). A more recent study is developing a combined 6 degrees of freedom rendezvous and docking autonomous intelligent tutor system, a haptic feedback intervention, and multi environment virtual trainer as a countermeasure tool to acquire and retain operational skills that are critical for exploration class missions. 
VR technology may also be able to promote optimal exercise engagement during flight (a behavioral health countermeasure in itself), while simultaneously providing a new source of leisure and sensory novelty that does not require resupply or ground communication. Ongoing research is being conducted in spaceflight analogs and in the laboratory to assess whether VR can improve enjoyment and increase motivation to perform the exercise regimens that will be required during exploration missions. Although a preliminary study found that a virtual exercise partner provided no motivational enhancement (Samendinger et al., 2019), other VR exercise enhancements may yet be promising and warrant investigation.
Virtual environments are also being considered as a method of augmenting the limited social environment during spaceflight. ANSIBLE, short for a network of social interactions for bilateral life enhancement, uses socially intelligent virtual agents (avatars) to alleviate environmental stressors through social interactions in a virtual environment. ANSIBLE was designed to facilitate asynchronous communications with Earth and to provide the social interaction necessary for human well-being (Wu et al., 2016). A preliminary 12-month study in the Mars500 analog provided evidence that ANSIBLE may enhance perceptions of closeness with friends and family outside the simulation (Ott et al., 2016). Although no intra-crew effect was found, boosting social relatedness with loved ones back home is still critical to support behavioral health during a mission and reintegration after a mission. 
b. [bookmark: _TOC_250012]Treatment
1) Development of In-mission Measures to Monitor and Treat Adverse Cognitive or Behavioral Changes and Psychiatric Disorders Leading to In-Mission Health and Performance and Long-Term Health Effects
Treatment of adverse cognitive and behavioral changes and psychiatric disorders during long-duration spaceflight will be very different than treatments currently available to ISS crews. On the ISS, astronauts and crews have real-time audio and video capabilities. Thus, any psychological intervention, should it be required, could be performed essentially as it is on Earth, albeit with the 2 parties physically separated (cf., telemedicine). During a long-duration exploration mission, however, delays in communication will make real-time therapy between a crewmember and a psychologist or psychiatrist impossible. To address the possible need for psychological therapy when communication delays exist, Anderson and colleagues (2016) assessed the Virtual Space Station (VSS) suite of computerized, interactive therapeutic modules during an 8-month HI-SEAS III mission. The VSS system was designed to help astronauts detect, prevent, and treat any psychological and social problems that might arise during long-duration spaceflight. The VSS is a compilation of self-guided, self-help modules based on evidence-based therapeutic approaches pulled from cognitive-behavioral therapy for problem-solving treatment and other skills. Acceptability of the VSS suite was mixed in the HI-SEAS crew (Anderson et al., 2016); the conflict and stress modules were rated highly, whereas other modules were found to be less acceptable. When the computerized problem-solving treatment component was examined in a randomized controlled trial it reduced moderate depression symptoms to a mild level in just 3 weekly sessions (Sandoval et al., 2017). 
Rose (2018) conducted a laboratory-based clinical trial of the effects of an autonomous computerized cognitive behavior therapy treatment package called This Way Up versus the effects of teletherapy that simulated PPCs on the ISS. These laboratory studies build on current empirical findings regarding the efficacy of periodic face-to-face sessions with a psychologist combined with more frequent computer based cognitive behavioral therapy. Results suggest that the autonomous cognitive behavior therapy treatment package was equally as effective as traditional sessions with a psychologist. This line of research offers a promising application in spaceflight as longer duration missions with communication delays alter the paradigm for PPCs. 
Other tools that can be used alone or as part of an overall therapy plan are also being investigated. As mentioned previously, SMART-OP is designed as a self-directed interactive computer program that uses cognitive behavioral principles to train astronauts to detect, prevent, and manage stress during spaceflight. Although SMART-OP is anticipated to be used primarily for preflight training, it will remain available for additional training or interventions during flight. In randomized controlled trials, the use of SMART-OP was linked to reduced stress and greater perceived control over stress in healthy controls and reduced stress in flight controllers after stressor events (Rose et al., 2013; Rose et al., 2019).  
 
Autonomous operations during LDSE missions and the inability to quickly return to Earth dictate that additional treatment options need to be developed to mitigate a significant behavioral health condition, should it arise during the mission. Pharmacologic treatment could be added to the packages previously discussed. The psychiatric medication formulary will need to be selected to contend with numerous clinical, engineering, and pharmacokinetic factors, such as side effect profiles, dose/supply requirements, radiation effects on the medications, and absorption alterations due to physiological changes (Friedman & Bui, 2017).
Non-invasive transcranial stimulation technologies are also an intriguing approach to treat adverse cognitive and behavioral changes and psychiatric disorders. Transcranial magnetic stimulation (TMS) has established benefits for treating depression and several other psychiatric conditions (see e.g. Voigt et al., 2019). Although no research has indicated any meaningful cognitive benefit of TMS, no evidence of harm has been found from this procedure (Lage et al., 2016; Martin et al., 2016). However, if TMS or other transcranial stimulation technologies are determined to be needed, relevant, and feasible for spaceflight, much research and development would be needed before this technology meets the safety, efficacy, mass/volume, and other constraints.
2) Development of Post-Mission Measures to Monitor and Treat Adverse Cognitive or Behavioral Changes and Psychiatric Disorders Leading to In-Mission Health and Performance and Long-Term Health Effects
The effects of an ICE environment can persist long after individuals return from that environment. At times, an ICE environment can induce physiological changes such as neuro-structural and immune system changes. Research is currently examining the impact of such environments on humans and on rodents.
HDBR mimics the physiological changes that occur during spaceflight and affords a unique controlled environment for conducting experiments. Functional magnetic resonance imaging (MRI) data is being collected from astronauts before and after spaceflight to compare with laboratory HDBR study findings (Seidler, 2019). At Concordia station in Antarctica, Basner (2019b) used functional MRI to examine a variety of anticipated changes during a winter-over. Specifically, neuro-structural, cognitive, behavioral, physiologic, and psychosocial changes are being assessed in Antarctic crewmembers and results are being compared with values in a control population. The investigator’s aim is to better understand the changes that occur and the length of time for which those changes might persist. Data collection for this investigation is complete and results are pending publication. 

[bookmark: _TOC_250011][bookmark: _Toc172877406]SUMMARY
Based on past experiences during spaceflight, various types of behavioral and psychiatric conditions are expected to be a risk for future LDSE missions (Table 6). So far current selection and countermeasure strategies have prevented the occurrence of any behavioral health emergencies during spaceflight that could have jeopardized mission success. However, given that future exploration missions will be characterized by longer durations and distances from Earth, behavioral health emergencies or significant elevations in negative affective symptoms could occur and studies conducted in environments analogous to these missions are required to assess this risk.
The HFBP Element is directing research focused on identifying and minimizing any potential risk of cognitive or behavioral changes or psychiatric disorders that could occur during an exploration mission. These endeavors, along with other investigations in environments analogous to spaceflight conditions that were not instigated by NASA, have been discussed in this evidence report.

Table 6. Behavioral and psychiatric conditions that have occurred during spaceflight 
	
Condition
	Occurred During Spaceflight

	
	YES
	NO

	Behavioral/Psychiatric Emergency
	
	

	Anxiety – Diagnosed
	
	

	Anxiety – Signs and Symptoms
	
	

	Depression – Diagnosed
	
	

	Depression – Signs and Symptoms
	
	

	Asthenia – Signs and Symptoms
	
	

	Psychosomatic Responses
	
	

	Salutogenic Responses
	
	

	Successful Psychosocial Adaptation
	
	

	Poor Psychosocial Adaptation and Disorders
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[bookmark: _Toc172877407]OTHER ORGANISMS EVIDENCE FOR RADIATION EFFECTS 
[bookmark: _Toc172877408]ON THE CENTRAL NERVOUS SYSTEM 

1. [bookmark: _Toc172877409][bookmark: _TOC_250010]Overview 
The radiation environment of the solar system is comprised of the full solar electromagnetic spectrum and a complex mixture of charged particles derived from sources inside and outside of the solar system. Electromagnetic radiation (X-rays, gamma rays, ultraviolet light) is a negligible contributor to human exposure because spacecraft materials effectively shield against this type of radiation. As for energetic charged particles, there are 4 primary sources: (1) GCR; (2) solar radiation from the Sun in steady state; (3) short-lived, but unpredictable SPEs; and (4) trapped radiation belts (Van Allen belts) around the Earth. The sum of these 4 time-varying sources determines the radiation at the surface of space vehicles or space suits, and the complex interactions of the radiation with the spacecraft and space suit materials determines the environment at the surface of an astronaut’s body. A full description of this environment and the biophysical properties of charged particles is outside the scope of this section but detailed information can be found in online documentation from the Space Radiation Element (https://www.nasa.gov/hrp/elements/radiation), the NASA-hosted encyclopedia-like website THREE (The Health Risks of Extraterrestrial Environments, https://three.jsc.nasa.gov/), and a short review by Nelson (2003). The essential feature of cosmic rays or high-LET radiations is that they deposit their energy in dense linear cylindrical “tracks” of lateral dimensions on subcellular scales but with longitudinal dimension of up to a meter. Within tracks, high local ionization densities can produce clustered damage to molecules and cellular structures that evade repair mechanisms. This can lead to significant biological responses at doses well below those of X-rays or other low-LET forms of radiation.
Table 7 (modified from Simonsen et al., 2020) summarizes estimates of mission doses of space radiation exposures, linked to NASA design reference missions (DRMs), expected at solar minimum conditions. Although these estimates offer a useful guideline, the exact dose a crewmember will receive is highly dependent on exact parameters of a given mission, such as detailed vehicle and habitat designs, and mission location and duration. Time in the solar cycle is also a large factor contributing to crew exposure, with highest GCR exposure occurring during periods of minimum solar activity. The lowest GCR exposures occur during periods of maximum solar activity when the heightened magnetic activity of the Sun diverts some cosmic rays; however, during maximum solar activity, the probability of a SPE is higher. SPEs, which vary in magnitude and frequency, will obviously also contribute to total mission doses so it is important to note that total mission exposures are only estimates. 
Table 7. Summary of probable space radiation exposures during exploration missions
	Exploration Mission
	Mission Duration
	NASA DRM
	Dose (mGy)
	Dose Equivalent (mSv)*

	ISS in LEO
	6 months
	Low Earth Orbit
	30–60
	50–100

	ISS in LEO
	1 year
	Low Earth Orbit
	60–120
	100–200

	Sortie to Gateway
	30 days
	Lunar Orbital
	20
	55

	Lunar Surface Mission**
	42 days
	Lunar orbital + Surface
	25
	70

	Sustained Lunar Operations
	1 year
	Lunar Orbital + Surface
	100–120
	300–400

	Deep-Space Habitat
	1 year
	Mars
	175–220
	500–650

	Mars Mission
	650 – 920 days
	Mars
	300–450
	870–1200


Note: Table modified from Simonsen et al, 2020 to include linkage to NASA DRM categories defined in Table 1. Conversion of dose to gray equivalent uses RBE values recommended by NCRP No. 132 (Townsend & Fry, 2002). ICRP = international Commission for Radiological Protections; ISS = International Space Station; LEO = Low Earth Orbit; NCRP = National Council on Radiation Protection; RBE = relative biological effectiveness; DRM = Design reference mission 
*Both NASA-defined quality factors and ICRP 60 quality factors considered in range of estimates (Veinot & Hertel, 2005).
**Assumes 2 weeks on the surface

To put these values in perspective, the exposure for a typical person to natural background radiation is about 3.6 mSv per year, a chest X-ray is about 0.1 mSv, and a cranial computed tomography scan is about 50 mSv (“Orders of Magnitude” chart, Office of Science, U.S. Department of Energy; 24-Jan-2005“,).https://www.nrc.gov/docs/ML1209/ML120970113.pdf
High atomic number and energy (HZE) particles can produce substantial radiation-chemistry-induced biochemical changes as they pass through many spatially connected cells, and low levels of chemical changes in the cylindrical volume surrounding their path. It seems reasonable to assume that this damage might disrupt the function of the CNS, which depends greatly on maintaining the spatial organization of neurons and synapses and the ability of non-neuronal cells to bidirectionally communicate with neurons. In addition to the direct effects of space radiation on the CNS, radiation exposure to other parts of the body could affect CNS function, for example via the vagus nerve, the gut-liver-brain axis, and/or immune system. Because humans cannot be ethically exposed to radiation, animal surrogates have been used to develop an understanding of radiation effects.
[bookmark: _Hlk147833484]Risks to the CNS from radiation exposure include impairment of cognition and/or performance that could compromise a mission, enhance morbidity, or decrease latency to late degenerative diseases. There are currently no common standards for defining significant impairments or decrements to cognition or performance in high performing astronauts. However, NASA has identified “doses of concern” that subject matter experts have suggested as placeholders for permissible exposure limits. These correspond to doses at the hippocampus and are set for periods of 30 days, 1 year, or a career, with values of 500, 1,000, and 1,500 mGy, respectively (NASA-STD-3001, Volume 1, Revision C). For exploration mission planning, preliminary dose limits for CNS risks are based largely on experimental results from animal models; however, further research is needed to validate and quantify these risks and to refine values for dose limits. Because the relative biological effectiveness values for CNS effects are currently unknown, a physical dose (absorbed dose) limit is used with an additional requirement for particles with atomic number Z > 10. For particles with Z > 10, requirements limit the 1-year and the career doses to 100 mGy and 250 mGy, respectively. NASA uses computerized anatomical geometry models to estimate the body self-shielding at the hippocampus. Acceptable limits need to be considered in the context of the whole body because indirect effects from exposure of other organ systems may impact the CNS. Likewise, as missions extend further into our solar system the contribution from additional stressors associated with the decreased reliance on Earth will play a larger role and must be considered. 
Animal studies using doses < 500 mGy of HZE ions as represented in natural GCR, show variable and often non-linear responses for outcome measures that depend on animal model, age, sex, radiation type and testing paradigm (Kiffer et al, 2019a). Furthermore, large interindividual variations in effect susceptibility are observed. Acute particle doses >250 mGy generally lead to measurable changes in reported endpoints (Cekanaviciute et al., 2018). Moreover, the interaction between the effects of space radiation with other conjoint stressor exposures, for example disturbed sleep, show effects at doses of 150 mGy (Britten et al, 2020b; 2021). However, the significance of this data for astronaut performance or behavioral outcome morbidity needs to be established. Other spaceflight hazards can lead to similar effects and it may not be possible to isolate the impact of specific spaceflight factors. Acute doses of particles of ~100 mGy accelerate neurodegenerative pathologies in disease-prone animal models, suggesting possible consequences for susceptible individuals (Liu et al., 2019). Measures of critical operational performance and associated experimental models have not been identified. Given the lack of sufficient evidence for relevant radiation-associated CNS effects, projecting significant clinical outcomes and risk for the astronaut population is not possible. More data is required to characterize the risk.
In general, translational research using ground models has demonstrated that HZE particles can disrupt the neural circuitry of the brain and compromise cognitive function for extended intervals after exposure (Parihar et al., 2018; Kiffer et al. 2019a). Electrophysiological parameters in irradiated animals show altered excitability, plasticity, and intrinsic membrane properties in the hippocampus, prefrontal cortex, and perirhinal cortex, along with associated short- and longer-term deficits in cognitive functioning (Rabin et al., 2015a; Parihar et al. 2018). Research, predominantly with acute exposures of monoenergetic single particle beams, has identified radiation-induced synaptic and neurophysiological changes in cortical neurons and neuron ensembles associated with decrements in behavioral performance. Exposure to HZE particles at low doses (100–500 mGy) induces neurocognitive deficits in several mouse and rat behavioral paradigms, whereas exposures to equitoxic doses of more than 2000 mGy of low-LET radiation (e.g., gamma rays and X-rays) do not necessarily show similar effects. Rats exposed to space mission equivalent doses of radiation have short-term and sustained deficits in behavioral performance (Davis et al., 2014; Hienz et al., 2008; Liu et al., 2019). Most behavioral performance metrics in animal studies reflect spatial memory, operant learning, motor coordination, fear/negative affect responding, anxiety, and social behavior, with memory being the predominant focus of most research because the hippocampus is known to be radiosensitive. However, the threshold for performance deficits from exposure to HZE ions depends on both the physical characteristics of the particles, the strain of the animal, sex, age at exposure, and the evaluation time after radiation (Krukowski et al., 2018a; Liu et al., 2019; Whoolery et al., 2017). In addition, radiation dose-responses have been described as non-linear (e.g., U-shaped) for some outcome measures, and responses elicited by different particles may be opposing, which presents problems for estimating the effects of simultaneous exposure to multiple particles and interpreting relative biological effect values. Some evidence indicates that radiation exposure increases the risk of neurodegenerative disease, although these findings come from genetically altered animals (e.g., disease models) (Cherry et al., 2012; Vlkolinský et al, 2010; Liu et al., 2019), meaning the evidence of risk is in conjunction with a genetic predisposition: so far, no radiation-induced changes in neurodegenerative disease markers have been found in wild-type mice (Wang et al., 2014).
An important limitation of studies using charged particles is the lack of dose protraction consistent with the steady low dose-rate of the space environment, and the biological consequences of complex mixed-radiation exposures during long-duration deep space missions are still uncertain. Some ongoing studies are addressing these issues. Recent technical upgrades at the NASA Space Radiation Laboratory have been implemented to enable a limited simulation of the GCR environment using multiple HZE particles in rapid succession to replicate the fluence and LET characteristics of the space radiation field (Simonsen et al., 2020). Currently NASA has defined standard “simplified” 6-ion/energy GCR simulation (simGCRsim) and “full” 33-ion/energy GCR simulation fields (GCRsim) that can be delivered to a 60 x 60 cm beam area in 20 or 90 minutes, respectively. These exposures can be repeated up to 6 days per week for 4 weeks to simulate protracted exposures. Initial investigations indicated that a single exposure to a simulated GCR field perturbs the activity of the hippocampal network in mice and disturbs learning, memory, and anxiety behavior (Klein et al., 2021b). Krukowski et al. (2018a) reported that exposure to mission-equivalent doses (150–500 mGy) of a custom 3-ion simulated GCR field (60% 1H, 20% 4He, 20% 16O) induces cognitive and behavioral deficits (diminished social interaction, increased anxiety-like phenotype, and impaired recognition memory) in male mice that were assessed up to about 3 months after exposure, whereas female mice did not display any cognitive or behavioral deficits after the same exposure. In contrast, a 750 mGy dose of the full GCRsim field did not affect measures of activity, anxiety, or recognition memory in male mice at 6 months after exposure, whereas sociability deficits were detected in these animals (Kiffer et al., 2022). 
Recent studies have assessed the effects of a protracted exposure of low dose 252Cf mixed-field neutrons and photons as an analog of the low dose-rate exposures to space radiation (Borak et al., 2021). After 6 months of exposure to this low dose and low dose-rate (1 mGy per day) radiation environment, mice had deficits in behavior (social avoidance, anxiety, impaired fear extinction memory, and decreased learning and memory performance) that were associated with the cellular and circuit-level alterations in hippocampal and medial prefrontal cortex function, and also what appears to be generalized disruptions of CNS function (Acharya, et al., 2019; Krishnan et al., 2021). These neutron exposures were selected because of the capability to chronically expose animals to a form of high-LET radiation at mission relevant dose-rate and durations of exposure, which would be cost and operationally prohibitive using particle accelerators. A disadvantage of the neutron model is that neutrons do not generate the long tracks with wide secondary electron (delta ray) penumbras that HZE particles induce, but rather they generate short-range (microns) recoils of 1H and 16O particles at their Bragg peaks and without significant delta ray contributions. Late (540–640 days after the start of exposure) small effect size indicated an association between this chronic neutron exposure and results of customized behavioral assessments (Perez et al., 2020). Rats exposed to these low dose, low dose-rate neutron exposures had impaired executive functions that were further exacerbated by sleep deprivation (Britten et al., 2021). Results indicate that this neutron exposure disrupts many of the same CNS elements as acute exposure to simulated GCR, although not always in an identical manner. Furthermore, acute exposures to the same low dose (180 mGy) of neutron radiation also led to suppressed hippocampal synaptic signaling, and decreased learning and memory in male mice, demonstrating that similar nervous system hazards arise from neutron irradiation regardless of the exposure time course (Klein et al., 2021a). 
In summary, animal studies using particle doses < 500 mGy, which is the upper bound of Mars DRM exposures, show variable and often non-linear responses. In addition to dose, radiation responses depend on animal model, age, sex, radiation type, and testing paradigm. Furthermore, large interindividual variations in effect susceptibility are observed. Three good reviews of current findings on radiation-induced effects on the CNS are those of Desai et al. (2022), Kiffer et al. (2019a), and Cekanaviciute et al. (2018): these reviews also consider some impacts of non-radiation spaceflight stressors. 
The following sections reviews studies documenting disruption of a variety of behaviors, such as memory, in response to exposure to mission relevant doses of radiation. Appendix A includes a detailed review of literature investigating the radiation induced physiological effects to the CNS that may lead to these observed changes in behavior. The following are highlights of CNS responses to space-like radiation exposures described in Appendix A.
· Persistent reduction in neurogenesis in subgranular zone:
· Neuron, astrocyte, and oligodendrocyte loss associated with increased activated microglia
· Persistent oxidative stress and low-level inflammation induced in vivo and in vitro
· Minimal gross histopathological changes
· MRI-detectable changes in white and grey matter regions with magnetic resonance spectroscopy-detectable cell death signatures 
· Persistent reduction of dendritic complexity and spine number
· Altered synaptic structure, ion channels, and extracellular matrix
· Altered intrinsic nerve membrane properties: input resistance (Rin), resting membrane potential, and miniature excitatory postsynaptic potentials (mEPSP)
· Time-dependent changes in synaptic function (excitability and plasticity):
· Pre- and post-synaptic targets
· Decrements in long-term potentiation and depression (LTP and LTD) (field specific)
· Inhibitory cell-type specific
· Late loss and restoration of endothelial cells and capillaries
· Blood-brain and blood-retina barrier defects
· Persistent activation of microglia in a sex-dependent fashion with males more radiosensitive
· Drug induced temporary depletion of microglia post irradiation blocks behavioral impairments
· Altered gene expression and epigenetic markers
· Changes in neurotransmitter physiology
· Infiltration of peripheral monocytes acquiring activated microglia phenotype
· Accelerated amyloid and tau deposition (sex specific)
· Non-linear responses observed at space mission-equivalent dose range and as low as 10 mGy:
· Adaptive responses for cytokines
· U-shaped dose responses
· Does not scale monotonically with LET
· Effects observed are dependent on radiation type, dose, dose-rate, sex of animal, and age at irradiation and analysis
Although it has been shown that low doses of radiation induce many molecular, structural, and functional alterations in the CNS, the complexity of the brain, its redundancy, its distributed processing, and its capacity for adaptation may work together to compensate for damage to structures or disruption of processes. Therefore, it is important to assess CNS responses at the system level by behavioral testing to determine whether function has been altered by the interplay of contributing responses. 
[bookmark: _Toc118383039]To date, no well-vetted approach to extrapolate or scale existing observations  animals to possible space radiation-induced cognitive and performance degradation or late CNS effects in astronauts has been developed (Zawaski et al. 2021; Nelson et al. 2021—NASA Space Biology decadal survey papers). However, organizing radiation-induced changes according to adverse outcome pathways and NIMH’s RDoC behavioral domains (Ankley et al., 2010; Leist et al., 2017; Insel et al., 2010) that reflect pathologies occurring in humans, and augmenting these data using new approaches in systems biology may offer exciting tools to address this challenge. A new research focus is determining effects of combined stressors such as radiation, sleep deprivation, social isolation, simulated microgravity using hind-limb unloading (HLU), and increased gravitational force experienced during gravity transitions.
2. [bookmark: _Toc172877410]Radiation-Induced Behavioral Effects
1. Overall Observations 
It is becoming increasingly evident that high-LET radiation affects cognition and behavior. Rodents irradiated with acute and chronic doses of HZE particles have altered cognition and behavior that involve learning and memory, anxiety, locomotion, attention and motivation, social behavior, and fear/startle responses (See reviews by Cekanaviciute et al., 2018 and Kiffer et al., 2019a). Even sparsely ionizing particles can disrupt the neural circuitry of the brain and compromise cognitive function over surprisingly protracted intervals after exposure.
Behavioral effects are difficult to quantify, and it is well established that behavioral outcomes are dependent on the animal species, strain, age, sex, and assessment method used (Buckner and Wheeler, 2001). For example, spatial learning and memory tests, such as the Barnes maze and Morris water maze, may be more reliable in mice versus rats (Raber et al., 2004; Shukitt-Hale et al., 2003, 2000). The age at evaluation and at irradiation affects the responses to HZE particles (Rabin et al. 2012) and X-rays (Forbes et al., 2014) as reported above. Sex and genotype (e.g., ApoE allele and ataxia-telangiectasia mutated [ATM] protein kinase) are important variables (Acevedo et al., 2008; Benice and Raber, 2009; Haley et al., 2012; Higuchi et al., 2002; Villasana et al., 2006, 2010a, 2011; Yamamoto et al., 2011; Yeiser et al., 2013; Johnson et al., 2014). Additionally, observations comparing head only-, body only-, or whole-body-irradiated animals demonstrate a significant role for the soma in determining behavioral responses (Rabin et al., 2014a). Finally, extrapolation of animal behaviors to humans is a challenging task due to the lack of human data, differences in functions of different brain regions, and vast differences in abilities, however some behavioral test analogs exist, such as the novel image novel location test (Piper et al. 2011) and the PVT (Davis et al., 2016). Memory island (Piper et al., 2011) and mnemonic similarity (Stark et al., 2015) tasks may also be suitable for extrapolation purposes using stressors such as sleep disruption. Methods to estimate risk must take these considerations into account. Despite these cautions, published studies provide convincing evidence that space radiation affects the behavior of animals in a complex manner dependent on dose and radiation quality, although how these findings directly translate to humans is not yet known. 
Overall, whole-body or head-only irradiation reliably elicits quantifiable behavioral impairments in rodents at doses ≥ 500 mGy, which may appear acutely or develop over many months. With the caveat that brain functions are not strictly localized to specific anatomical regions, most observations to date have interrogated hippocampus-dependent memory, cortex-dependent executive function and cognition, and amygdala-dependent anxiety and fear. Recent experiments have detected behavioral changes at doses < 500 mGy and, in some cases, below 50 mGy. The lowest reported doses that disrupt cognitive performance have been in rats exposed to 0.1–0.25 mGy of 4He particles, depending on the specific task (Rabin et al., 2019b). Most tests have been performed on irradiated young adult inbred animals tested 1–3 months after exposure. 
The most commonly employed tests include the Morris water maze and Barnes maze (Britten et al., 2012; Villasana et al., 2010b), variants of novel object recognition (NOR) tasks (Casadesus et al., 2004; Kumar et al., 2013; Shukitt-Hale et al., 2000; Tseng et al. 2013), and contextual fear conditioning (Raber 2013, 2011b) for hippocampus-dependent memory (especially spatial memory) but with strong associations with the cortex as well. Cognitive behaviors more closely associated with the frontal cortex include operant conditioning (Rabin et al., 2007; Rice et al., 2009), attentional set shifting (Britten et al., 2014; Lonart et al., 2012), and PVT (Davis et al., 2015). Anxiety and fear are commonly assessed with open field tests, light-dark box, and elevated plus or zero mazes (e.g., Kumar et al., 2013). Many other tests have been employed as well, such as acoustic startle (Haerich et al., 2005; Garrett et al., 2022), tail suspension, forced swim test, rotarod, string pulling, grip strength, and balance beam, representing sensory gating, depression or helplessness, and motor coordination and strength. 
Radiation types investigated to date for behavioral effects include X-rays, gamma rays, electrons, the HZE particles 1H, 4He 12C, 16O, 28Si, 48Ti, and 56Fe with energies from 150 MeV/n to 5 GeV/n and neutrons. Dose responses have been described as linear or non-linear (e.g., U-shaped), and responses elicited by different particles may be opposing, which presents problems for estimating the effects of multiple ion exposures and interpreting relative biological effect values. Kiffer and colleagues recently completed a comprehensive review of behavioral and cognitive changes in animals that were irradiated with either a single type of HZE particle (e.g., 56Fe, 48Ti, 28Si, 16O, 12C, 1H) or a mixed radiation field (Kiffer et al., 2019a). Figure 5 below from Cekanaviciute et al. (2018) review depicts the variety of studies of memory with different particles, times, and doses.
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Figure 5. Development of memory impairments after exposure to HZE ion or simulated GCR. Ovals, novel object recognition. Squares, spatial memory (Morris water maze, Barnes maze, Radial Arm maze). Triangles, fear conditioning. (Gy) listed inside the shapes. Grey color, negative data (showing no impairment). White, positive. All findings are in males unless noted otherwise. All studies but one were conducted on mice. Adapted from Figure 1 of Cekanaviciute et al. 2018.
Recent studies have described behavioral responses after exposure to mixed-radiation fields produced by the GCRsim irradiation protocol at NASA Space Radiation Laboratory, which are more relevant to space radiation exposures. An initial investigation indicated that a single exposure to GCRsim induces long-term cognitive and behavioral deficits in male mice (diminished social interaction, increased anxiety-like phenotype, and impaired recognition memory), whereas female mice did not display any cognitive or behavioral deficits after the GCR exposure (Krukowski et al., 2018a). A second investigation of the effects of simGCRsim (6-ion combination) on mouse behavior and cognition reported sex-specific impairments of several behaviors after acute doses of 500 mGy and above, but not after 250 mGy (Raber et al., 2020), which suggests that both sex-independent effects and sex-dependent effects of complex HZE particle exposures are possible. Mice exposed to 1H particles (100–100 mGy) and re-irradiated with 1H (100 mGy) and/or 56Fe (500 mGy) either 1 month or 3 months after the initial 1H exposure had chronic cognitive impairment as assessed by a novel object recognition (NOR) task (Raber et al., 2016a). This was not observed in mice irradiated with 56Fe alone and suggests that the order and timing of HZE particle exposure may significantly affect outcomes.
Anxiety-like Behavior
The radiation dose needed to produce a measured increase in levels of anxiety is a function of age at the time of irradiation and is lower for rats that were irradiated at 7 and 12 months of age (500 mGy) than for rats irradiated at 2 months of age (2,000 mGy) (Rabin et al., 2007). Ten days to 3 months after 2-month-old Sprague-Dawley rats were irradiated (head only) with 4He particles (1,000 MeV/n, 10–100 mGy), the lowest dose (10 mGy) affected performance in the elevated plus maze (Rabin et al., 2015a). 
Mice exposed to 300 mGy of a simGCRsim spent about the same amount of time in the open arms during the elevated plus maze as the non-irradiated mice, but showed anxiety-like behavior by avoiding long entries into the open arms (Klein et al., 2021b). One year after exposure to 50 or 300 mGy of 400 MeV/n 4He particles, 6-month-old C57Bl/6 mice exhibited fewer arm entries in the elevated plus maze and less time in the open arms indicating increased anxiety (Parihar et al., 2018). Specific differences in ApoE alleles in mice correlated with outcomes in open field activity and in the elevated zero maze after exposure to 1,000 and 2,000 mGy of 56Fe particles (Yeiser et al., 2013). Male and female wild-type littermates of 4-month-old Alzheimer’s disease-like transgenic mice showed no anxiety effects in the elevated plus maze 1.5 months after exposure to 100 or 500 mGy 1 GeV/n 56Fe particles (Liu et al., 2019). 
Two-month-old male white outbred Kv:SHK mice irradiated with 12C particles (700 mGy; 450 MeV/n) developed elevated anxiety as determined by less center time spent in an open field (Sorokina et al. 2021). A 150 or 500 mGy dose of mixed particles (60% 252 MeV/n 1H, 20% 249 MeV/n 4He, and 20% 594 MeV/n 16O) induced no deficits in female mice when examined in open field 45 days later, whereas the male mice that were irradiated with 500 mGy spent less time in the center of the open field (Krukowski et al. (2018a). No impairments to elevated plus maze or open field behaviors were detected in 6-month-old male C57Bl/6 mice after a 750 mGy exposure to a full GCRsim (Kiffer et al., 2022). The percentage of time mice spend in the center of an open field 4 months after they were irradiated with gamma rays increased after 500 or 1,000 mGy doses but was reduced after a 2,000 mGy exposure: no effects were detected 12 or 18 months after exposure (Garrett et al., 2022). 
Depression-Like Behavior
The Porsolt forced-swim test is a test of behavioral despair or helplessness in rodents that is used to assess depressive-like behaviors. Animals are placed in a cylinder of water sufficiently deep that they must swim or float. The fraction of time that they “give up” struggling to escape is quantified as learned helplessness. When this test was conducted on 4–6-month-old female and male B6D2F1 mice 2 months after 250, 500, or 2,000 mGy exposure to a mixed particle field (20 % 250 MeV/n 16O particles, 20 % 240 MeV/n 28Si particles, and 60 % 1 GeV/n 1H particles), the mice that received the 500 mGy dose, but not those that received the 250 or 2,000 mGy doses, showed increased depressive behavior (Raber et al., 2019). A 50 or a 300 mGy dose of simGCRsim did not alter depression-like behavior in C57Bl/6 mice, as assessed in the forced-swim test (Klein et al., 2021b), whereas C57Bl/6 mice irradiated at 6 months of age with 50 or 300 mGy of 400 MeV/n 4He particles exhibited increased floating time in the forced-swim test 1 year after exposure, which is indicative of increased helplessness or depression-like behavior (Parihar et al., 2018).
A complementary test, the tail suspension test, has also been used to assess depression-like behavior. Male and female wild-type littermates of 4-month-old Alzheimer’s disease-like transgenic mice showed no depression-like or learned helplessness effects in the tail suspension test 1.5 months after exposure to 100 or 500 mGy 1 GeV/n 56Fe particles (Liu et al., 2019). 
Conditioned Taste Aversion (CTA)
Evidence exists that deficits in CTA are induced by very low doses of HZE particles (Hunt et al., 1989; Rabin et al., 1989, 1991, 1994, 2000). The CTA test is a classical conditioning analysis that assesses avoidance behavior that occurs when ingestion of a normally acceptable food item is associated with illness (Riley and Tuck 1985). CTA involves the amygdala and insular cortex, and dopaminergic, cholinergic, and glutamatergic neurotransmitters, as well as the expression of mitogen-activated protein kinase (MAPK) and cyclic adenosine monophosphate-responsive element binding signaling pathways. The effects of radiation on CTA in Sprague-Dawley rats are somewhat LET-dependent and 56Fe particles are the most effective of the various low- and high-LET radiation types that have been tested (Rabin et al., 1989, 1991). Doses as low as 200 mGy of 56Fe particles can impair CTA. 
Learning and Memory
1) Spatial Memory
Mazes are used to assess hippocampus-dependent spatial memory because they require animals to learn to find an escape location (which may remain in one location or be moved) by referencing distant visual cues. The Morris water maze and Barnes maze both have an element of fear motivation from being in water or in a bright, elevated, and sometimes noisy location. Variants of the NOR test also address spatial memory and are discussed in sections below.
Rats exposed to 1,500 mGy of 1 GeV/n 56Fe particles had cognitive impairments in the Morris water maze one month after irradiation that were analogous to decrements observed in aged rats. The authors suggest that increased oxidative stress may be responsible for the induction of both radiation- and age-related cognitive deficits (Shukitt-Hale et al., 2000). Escape latency time in the Barnes maze was increased (impaired performance) in young male Wistar rats 3 months after head-only doses ≥ 200 mGy of 56Fe particles and only after >10,000 mGy but ≤ 13,000 mGy of X-rays (Britten et al., 2012). The investigators later determined that spatial memory impairments occur at even lower doses of 56Fe particles (50 to 200 mGy) (Britten et al., 2016a). A 50 mGy dose of 48Ti particles also led to a significant increase vs sham-irradiated controls in the percentage of rats that have impairment of spatial memory performance, suggesting that 1 GeV/n 48Ti particles may be more potent at inducing neurocognitive impairments than 1 GeV/n 56Fe particles (Britten et al., 2016a; 2017). A 1,500 mGy dose of 1 GeV/n 56Fe particles impaired rats’ spatial memory, as assessed in the 8-arm radial maze (Denisova et al., 2002). 
Wyrobek and Britten (2016) reported individual variations in dose response for spatial memory learning among outbred Wistar rats: bad learners had significant learning deficits after exposure to 50–200 mGy of 56Fe particles, whereas good learners had no detectable deficits at any dose. Therefore, genetics can affect spatial memory learning, and low dose exposures appear to preferentially impact poor learners. Mission relevant doses of 1 GeV/n 56Fe particles reduced the mean spatial memory performance in rats at 3 months after exposure and increased the proportions of poor performers 2- to 3-fold (Britten et al., 2016a). However, performance of a substantial fraction of animals exposed to each dose was no different than sham-irradiated animals, suggesting that individualized metrics of susceptibility or resistance to radiation-induce changes in neurocognitive performance will be advantageous for developing probabilistic risk assessment models for HZE ion-induced neurocognitive impairment. 
Significant differences were observed in spatial learning response of male and female mice after they were exposed to HZE particles. C57BL/6J wild-type male mice irradiated (whole body) with 100 or 1,000 mGy of 300 MeV/n 28Si particles at 3 months of age had enhanced spatial learning in the Barnes maze 4 months after exposure that was not seen in female mice under the same exposure and time conditions; however, female and male C57BL/6J mice had enhanced spatial learning 20 months after exposure to 500 mGy of 300 MeV/n 28Si particles (Raber et al., 2017). Haley et al. (2013) reported that NOR performance was impaired in both male and female C57Bl/6J mice 2 weeks after exposure to 100–500 mGy of 600 MeV/n 56Fe particles, but water maze performance was unaffected. Sorokina et al. (2021) reported that 2-month-old male SHK mice irradiated with 700 mGy 450 MeV/n 14C particles develop an impairment in hippocampal-dependent memory retention (as assessed in the Barnes maze) but not in recognition memory (as assessed by NOR). 
Patel et al. (2017) irradiated C57BL/6 male mice with 1,000 or 2,500 mGy of 137Cs gamma rays, or 100 or 1,000 mGy of 1 GeV/n 1H particles, 300 MeV/n 28Si particles, or 600 MeV/n 56Fe particles and assessed behavior outcomes 5 and 9 months after irradiation. Spatial memory, as assessed by the forced choice T Maze with a 24 h latency, was inhibited 5 months after 1,000 mGy of gamma rays and 100 mGy of 56Fe particles, but no significant changes were observed 9 months after any of the other radiation exposures. No spatial memory effects, as assessed in the forced choice Y maze with a 24 h latency, were detected in male or female wild-type littermates of 4-month-old Alzheimer’s disease-like transgenic mice 1.5 months after they received a 100 or 500 mGy exposure of 1 GeV/n 56Fe particles (Liu et al., 2019). 
X-ray irradiation impaired NOR in female and male C57Bl/6J mice after doses as low as 100 mGy, whereas no effects were detected for spatial memory retention in the water maze for the same animals, illustrating how different behavioral tests may differ in sensitivity in the same animals (Wang et al., 2014). C57Bl/6 mice exposed to 50 or 300 mGy of 4He particles and tested in the platform relocation water maze 1 year later were able to learn the platform location but took longer to locate it and spent less time in the target quadrant than unirradiated mice (Parihar et al., 2018). Water maze performance was impaired in C57Bl/6 mice after 300 mGy of a 5-ion GCRsim but not after 50 mGy dose of the same GCRsim (Klein et al., 2021b). Water maze training and memory retention over 24 h were unimpaired in female cluster of definition (CD)1 mice 3 months after they were exposed to 750 mGy of 250 MeV/n 1H particles (Simmons et al., 2022). Similarly, in the forced choice Y-maze test with a 4-h inter-trial retention time, the irradiated and control animals showed similar preference for the novel arm indicating no significant effects on short-term spatial memory.
Yeiser et al. (2013) reported that ApoE isoforms modulated the impairment of water maze performance induced by 1,000 and 2,000 mGy cranial exposures of 56Fe particles. ApoE E3 allele mice are more susceptible than E2 or E4 mice to these water maze impairments.
Recent data indicates that persistent compensatory process(es) may outlast radiation-induced impairments and sequelae in male and female mice (Miry et al., 2021). An initial 2–3-month period of impairment in neurogenesis, synaptic plasticity, and learning was recorded after exposure to 100, 500, or 1,000 mGy of 600 MeV/n 56Fe, followed by a 6–20-month period of improvement in spatial learning deficits, as assessed using the active place avoidance task and Barnes maze, which were concomitant with a dramatic rebound in adult-born neurons. If persistent repair or compensatory processes are commonly engaged after radiation exposure this phenomenon would have been missed because most investigations do not extend to such late time points. Garrett et al. (2022) used the spontaneous alternation version of the Y-maze to examine spatial working memory over a long time-course (4–18 months) in gamma-irradiated hybrid mice. Although female mice showed no radiation response, males exhibited impaired memory 4 months after exposure but not at 12–18 months after exposure, suggesting the presence of repair or compensatory processes. 
Krukowski et al. (2021) used the radial arm water maze to measure spatial learning in mice 5 months after 500 or 1,000 mGy exposures to simGCRsim. In this forced-swim behavioral test, animals must locate a platform hidden under opaque water in one of 8 arms of the maze using navigational cues. The number of arm entry errors is used as a metric of spatial learning. Male mice exposed to 500 mGy of radiation made more errors than the sham-irradiated male mice, whereas no impairments were detected in the 1000 mGy group. No impairments in spatial learning were detected in any of the irradiated female mice. 
2) Fear Memory
Whole-body irradiation of C57Bl/6 mice with 500 or 1,000 mGy 600 MeV/n 56Fe particles resulted in impaired contextual fear conditioning (hippocampus-dependent) but not cued fear freezing (amygdala-dependent), which correlated (cued fear freezing) with expression of the behaviorally induced immediate early gene, Arc, in the dentate gyrus (DG) (Raber et al., 2013). Similar tests of 600 MeV/n 28Si particles elicited an enhancement of contextual fear freezing after 250 mGy but not 1,000 mGy—evidence of an inverted U-shaped dose response (Raber et al., 2014, 2016b). When 6–7-month-old B6D2F1 female and male mice were irradiated with 200–1,600 mGy of 1 GeV/n 1H particles, 263 MeV/n 28Si particles, 1 GeV/n 48Ti, or 250 MeV/n 16O particles and tested for contextual and cued freezing, no effects were observed for 1H or 48Ti, whereas the 1,600 mGy of 28Si impaired contextual freezing (Raber et al., 2015b), and 400 mGy or 800 mGy but not 1,600 mGy of 16O enhanced cued fear memory (Raber, 2015a), indicating the amygdala might be particularly susceptible to effects of 16O particle exposure. This contrasts with the enhancement of freezing observed in C57Bl/6 mice after exposure to 250 mGy 28Si particles and illustrates contributions of strain and particle type on cognitive outcome measures. C57Bl/6 mice irradiated with 0–2,000 mGy of 1 GeV/n 1H particles had no change in contextual fear up to 12 months after exposure (Sweet et al., 2014). When sex differences on contextual fear memory were measured 3 months after brain-only exposure to 56Fe particles (600 MeV/n; 1,000, 2,000, or 3,000 mGy), contextual fear conditioning was impaired in female mice and was improved in male mice (Villasana et al., 2010b). No contextual fear memory effects with a 24 h latency were detected in male or female wild-type littermates of 4-month-old Alzheimer’s disease-like transgenic mice 1.5 months after they were exposed to 100 or 500 mGy of 1 GeV/n 56Fe particles (Liu et al., 2019). Enhanced contextual fear memory and enhanced synaptic plasticity in the CA1 region of the hippocampus were detected in C57BL/6J male mice 3 months after they were exposed at 3 months of age to 250 mGy of 28Si particles (Raber et al., 2014); this cognitive effect was not seen after 1,000 mGy exposure to 28Si. In contrast, when 6-month-old B6D2F1 female and male mice were irradiated with 28Si particles (263 MeV/n; 400, 800, or 1,600 mGy), contextual fear memory was impaired at the 1,600 mGy dose; at lower doses, trends towards impaired contextual fear memory were seen but they did not reach significance (Raber et al., 2015b). Although the energies and doses used were different in these 2 studies (Raber et al. 2104; 2015b), these data highlight the importance of genetic background in modulating the effects of space radiation. When 6-month-old B6D2F1 female and male mice were irradiated with 40Ca particles (942 MeV/n; 165, 330, or 1,320 mGy), and assessed 3 months after exposure, response to the shock during training was altered in females only at all 3 doses (Raber et al., 2016c).
Kugelman et al. (2016) irradiated C57Bl/6 mice with 1,000 mGy of X-rays 2 hours after fear conditioning, and 24 h after training, and tested the mice for recall of training. Radiation exposure dramatically increased subsequent contextual fear memory and the increased fear memory was associated with less c-Fos positive cells in the infralimbic region, suggesting an important role for the infralimbic region in radiation-enhanced contextual fear memory. Three-month-old B6D2F1 mice irradiated with 4He particles (250 MeV/n; 210, 420, or 1,680 mGy) had changes in behavioral and cognitive performance 3 months later, as assessed using the passive avoidance test, and the 420 and 1,680 mGy exposures reduced the levels of the dendritic marker microtubule-associated protein 2 (MAP-2) in the cortex but not the hippocampus (Raber et al., 2018). No effects of irradiation were detected for contextual fear conditioning in male and female C57Bl/6J mice 2 weeks after they were exposed to 100–500 mGy of 600 MeV/n 56Fe particles, although other decrements in behavior were observed (Haley et al., 2013).
Parihar et al. (2018) exposed C57Bl/6 mice to 50 or 300 mGy of 4He particles and tested them for cued fear memory with 5 paired tone/foot-shock training sessions, which induced similar freezing times in the sham or 50 mGy treatment groups. However, over 5 successive days of tone cue only treatments, sham animals “unlearned” the association between the tone and shock (extinction), while the irradiated animals (50 & 300 mGy) were impaired in the fear extinction—a measure of cognitive flexibility.
3) Sociability & Social Memory
Radiation-induced deleterious effects on social memory are related to both the radiation dose and the time after exposure: rats irradiated with 50 or 250 mGy of 1 GeV/n 16O particles had deficits in social odor recognition 1 month after exposure, whereas only the 250 mGy irradiated animals had deficits 6 months after exposure, indicating that recognition memory had apparently recovered 6 months after irradiation after the low but not the higher dose of radiation (Mange et al., 2018). Habituation to the novel odor was unaffected in rats exposed to 10 or 100 mGy of 16O particles, however, social recognition was dose-dependently impaired one month but not 6 months after exposure, and plasma cytokines could be an early indicator of intact social odor recognition after radiation exposure (Jones et al., 2019). 
Deficits in social memory were detected in male mice 4 months after exposure to a 250 mGy dose of 16O particles, but not after a 400 mGy dose (Krukowski et al., 2018c). This nonlinear dose response was associated with peripheral immune responses, indicating that impairments in social behavior could be directly linked to peripheral immune changes and that the percentage of CD8+ T-cells in peripheral blood cells may be a biomarker that could be used to identify radiation-induced social deficit. Four months after exposure to 150 or 500 mGy of a mixed particle irradiation (60% 252 MeV/n 1H, 20% 249 MeV/n 4He, and 20% 594 MeV/n 16O) female mice had no sociability and social memory deficits, whereas male mice exhibited reduced sociability and social memory after the 500 mGy but not the 150 mGy dose (Krukowski et al., 2018a).
After 6-month-old C57Bl/6 male mice were irradiated with 750 mGy of a full GCRsim, they failed to spend more time exploring a holder containing a novel mouse vs. a novel object (empty holder), suggesting the radiation exposure induced sociability deficits (Kiffer et al., 2022). The irradiated mice also failed to discriminate between a novel stranger vs. familiarized stranger mouse, suggesting impaired preference for social novelty. An anti-inflammatory agent, CDDO-EA, had no effect on the radiation-induced behavioral changes. 
Low doses (63–1,000 mGy) of 60Co gamma rays induced changes in social memory that evolved over several months in C57Bl/6JG x C3HeB/FeJ F1 hybrid mice (Garrett et al., 2022). During a social discrimination test, which evaluates olfactory function and social recognition memory, male mice spent more overall time interacting with conspecifics than the females did, but both sexes exhibited radiation-induced changes in performance that evolved with time, becoming most pronounced 4–12 months after irradiation and returning to baseline by 18 months. Higher doses led to more persistent effects.
Novel Object Recognition (NOR) and other Recognition Memory 
The NOR test and related “object in place”, “novel place recognition” or “temporal order”, and “object updating” tasks all probe recognition memory, sometimes in combination with spatial memory. These tests have become a standard method to assess HZE radiation-induced changes in behavior of mice and rats. The NOR test is a form of a spontaneous delayed non-matching to sample test. The main assumption of this test is that access to novelty (e.g., a novel object or novel environment) can elicit approach behaviors in animals. The NOR test involves exposing the animal to one or two identical objects (sample object). After exposure to the sample object(s), the animal is returned to its home cage for a retention period. After the retention time, the animal is returned to the environment and presented with a familiar (sample) and a novel object. If the animal ‘remembers’ the previous exposure to the familiar object, it will spend more time exploring the novel object than the familiar one (Moscardo et al., 2012). Other variants of the test involve changing the position of the object one or more times. Because a variety of test chambers, habituation and training procedures, and memory retention times have been used to assess radiation-induced effects, some inconsistencies in findings are expected.

1) Mice
Two weeks after C57Bl/6J wild-type mice were exposed to 100–500 mGy of 600 MeV/n 56Fe particles NOR and spatial memory retention was impaired in female and in male mice (Haley et al., 2013). In a different study, 6-month-old male C57Bl/6J mice were irradiated with 100–400 mGy of 56Fe particles, and NOR and network stability were impaired 2 weeks after the 100 and 400 mGy doses, but not the 200 mGy dose and these changes were consistent with the changes in percentages of neurons expressing immediate-early gene Arc (Impey et al., 2016a). However, by 20 weeks after exposure no impairments in NOR were detected in any of the irradiated animals. Using the same experimental model in a follow up study, Impey et al. (2017) showed that 1,000 mGy of 1H particles can induce short- and long-term (2 weeks and 20 weeks) detrimental effects on NOR that are associated with short- and long-term alterations in 5-hydroxy-methyl cytosine modifications in the hippocampus. C57Bl6/J mice had impaired exploration on the NOR, object in place, and temporal order tasks one month after exposure to 200 mGy 28Si particles, and inhibiting DNA methylation before the radiation exposure protected against these adverse effects (Acharya et al., 2017), suggesting that neuroepigenetic mechanisms modulate the functional and structural changes affecting cognition.
Parihar et al. (2015b) tested how small doses of 600 MeV/n 16O and 48Ti particles affect the NOR task and the complementary novel location or object in place task (in which object location rather than identity was changed) in 6-month-old male transgenic mice (strain expressing the Thy1- enhanced green fluorescent protein transgene). The data showed substantial impairment in NOR and object in place performance 6 weeks after 50–300 mGy exposures depending on radiation type. When 6-month-old bigenic male mice lacking amyloid precursor protein (APP) were irradiated with 100 or 1,000 mGy of 1 GeV/n 56Fe they had impaired NOR 9 months later, whereas female mice had impaired NOR 7 months after the irradiation (Cherry et al., 2012). Six, 15, and 52 weeks after 6-month-old C57Bl/6 mice were exposed to 50 or 300 mGy of 400 MeV/n 4He particles they exhibited deficits in object location memory 24 hours after the familiarization phase, a task that requires perirhinal and prefrontal cortex involvement in addition to hippocampus (Parihar et al., 2018). An accompanying episodic memory test in which the order of object presentation must be remembered (temporal order test) was also conducted on these animals, and results showed impairment at all 3 time points after irradiation.
Two months after 50 but not 300 mGy exposures to a 5-ion simGCRsim, C57Bl/6 mice had impaired NOR performance (Klein et al., 2021b). Male mice, but not female mice, exposed to 150 or 500 mGy exposures of a mixed particle field (60% 252 MeV/n 1H, 20% 249 MeV/n 4He and 20% 594 MeV/n 16O) had impaired recognition memory. This irradiation did not impair the discrimination index (Krukowski et al., 2018a).
C57BL/6 male mice had impaired recognition memory 5 and 9 months after exposure to 100 or 1,000 mGy of either 300 MeV/n 28Si particles or 600 MeV/n 56Fe particles, whereas no effects were detected 5 and 9 months after 100 mGy of 1 GeV/n 1H particles and only minor impairments were detected after 1,000 mGy of 1 GeV/n 1H particles. Gamma rays inhibited performance at 9 months after 1,000 mGy exposure, but no effects were detected 5 months after 1,000 mGy or at either time point after 100 mGy exposures (Patel et al. (2017). 
The free-radical scavenging radioprotectant Amifostine produced inconsistent amelioration of the mild changes in activity and in NOR elicited 2–3 months after exposure to 500 mGy simGCRsim (Boutros et al., 2021): Amifostine reversed the radiation-induced impairments in NOR in male mice, however, irradiated female mice displayed intact NOR, whereas females that received amifostine prior to radiation displayed impairments in NOR
2) Rats
A whole-body or partial-body irradiation of 8-week-old Sprague-Dawley rats with 10–250 mGy of 1 GeV/n 16O particles induced no effects on NOR, place recognition, or anxiety measures in elevated plus maze tests 3 weeks later, however these animals later showed decrements in operant conditioning (Rabin et al., 2014a). In a different study, rats exhibited defects in NOR within 48 hours of cranial irradiation with 50 mGy 16O or 250 mGy 56Fe and exhibited regional differences in Cox-2 and Nox-2 expression (Rabin et al., 2015b). Sprague-Dawley male rats showed impaired NOR, 2–3 months after 800, 1,000, and 1,500 mGy cranial irradiation with 56Fe (1,000 MeV/n) at 4 months of age, but not after irradiation at 500 or 2,000 mGy (Rabin et al., 2009). Using the same radiation conditions in female ovariectomized Sprague-Dawley rats, treated with or without capsules containing 17β-estradiol 3 d prior to exposure, NOR was not affected by 56Fe ion irradiation (Rabin et al., 2019a).
Data confirms that very low doses of 4He particles disrupted NOR or place recognition in rats. Head-only exposures of 0.1 and 0.5 mGy of 4He disrupted recall of NOR performance and whole-body irradiations of ≥ 0.25 mGy impaired familiar object location 10 months after irradiation (Rabin et al., 2019b). Because 4He particles will be a significant component of the radiation exposure astronauts will receive during exploratory class missions, astronauts may be at greater cognitive risk than estimated from data from higher LET particles. Rabin et al. (2014b) conducted a systematic survey to identify the lowest dose of HZE particles and 1H particles that produce NOR impairment in male Sprague-Dawley rats at 2 time-intervals after irradiation. A complex pattern of radiation dose vs quality was revealed, but in general, the lowest effective dose that disrupted NOR in older animals was less than or equal to the dose needed to disrupt cognitive performance in younger animals. Holden et al. (2021) evaluated behavioral and cognitive performance of C3H male and BALB/c female mice more than 400 days after they were irradiated with chronic or acute neutrons, or with fractionated or acute simulated GCR. Small effect sizes for various activity measures in open field and NOR tests were observed, but neutron and simulated GCR irradiations elicited different responses. Fear conditioning was largely unaffected. Male mice exposed to simGCRsim (6 particles, doses of 50 or 300 mGy) had impaired recognition memory and memory updating 3.5–5.0 months after exposure (Keiser et al., 2021).
Operant Conditioning
Operant conditioning tests measure the effect of motivation and responsiveness to environmental stimuli in modifying voluntary behaviors, for example the ability of rats to press a lever an ever-increasing number of times to obtain a food pellet. The behavior is associated with the striatum and dopaminergic system of the brain. Detection limits for effects from 56Fe, 48Ti, and 28Si particles of energies from 600–1,000 MeV varied from 250–2,000 mGy, with lower energy particles tending to be more effective. When male rats were exposed to 250–2,000 mGy of 1 GeV/n 56Fe or 500 MeV/n 48Ti particles at ages of 2–16 months and evaluated 2–4 months later, the dose threshold for disruption of cognitive performance was lower for the older subjects than the dose needed to disrupt performance in the younger subjects, whereas the lowest effective dose for the rats exposed to either 16O or 4He particles was similar at all ages (Rabin et al. 2012, 2018). When 8-week-old rats were whole-body- or partial-body-irradiated with 10–250 mGy of 1 GeV/n 16O particles and tested 8 weeks later (Rabin et al., 2015b), head-only irradiation significantly impaired behavior at 10 mGy only, whole-body exposed animals were impaired at all doses, and body-only exposures exhibited intermediate effects. Irradiation of rats with whole-body, head-only, or body-only exposures of 250 or 500 mGy of 56Fe particles all resulted in cognitive impairments 3 and 12 months later and the magnitudes of effects from all 3 treatments were similar (Cahoon et al., 2020). Although performance of the NOR task was impaired 12 months after both doses of 56Fe particles, the operant responding task was not significantly affected 3 months after exposure, but 12 months after exposure enhancement of performance was noted, perhaps related to the reinforcement aspect of this behavioral paradigm. 
Sustained attention
An important test of sustained or vigilant attention is the widely validated PVT, which has been applied to both rodents and humans (Davis et al., 2016). The rodent version of the PVT (rPVT) is a simple reaction time task in which rats are trained to respond on a nose-poke key when a light behind the key is randomly illuminated. The rPVT monitors accuracy, attention/inattention, premature responding, and motor speed (Davis et al., 2014). The ability of rPVT to mimic human PVT performance decrements has been validated in studies of sleep deprivation in rats (Davis et al., 2014).
Early experiments by Hienz, and collaborators showed that Long Evans rats had impaired rPVT reaction times after 5,000 mGy head-only exposure to 137Cs gamma rays (Hienz et al., 2008). When young Long-Evans rats were tested for rPVT 25–251 days after 250–2,000 mGy head-only exposures to 150 MeV/n 1H particles, consistent differences were not initially observed when averaged across all animals in each treatment group (Davis et al., 2014). However, when the animals' early post-irradiation performance scores were subjected to hierarchical clustering analysis, they fell into 2 distinct groups: radiation sensitive and radiation insensitive. Radiation induced progressive impairment of rPVT performance in sensitive animals during the 251 days after all exposures, which reached stable values after 2 months (See figure 6 below, adapted from fig. 6 of Davis et al. 2014). Sensitive animals also showed greater radiation-induced changes in dopamine transporter protein and dopamine D2 receptor levels than insensitive animals. A whole-body irradiation of 50 or 250 mGy 1 GeV/n 16O impaired rPVT in male Long-Evans rats at one month after exposure, and at 180 d only after the 250 mGy dose (Davis et al., 2017). 
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Figure 6. Examples of performance accuracy for animals showing pronounced deficits when exposed to 250–2,000 mGy 150 MeV/n 1H particles. The percent correct scores are shown as a function of days after exposure, with each dot representing a separate session. Data points in the far left of each graph indicate baseline performances prior to exposure. Shaded areas indicate the range of a 95% confidence interval around the pre-exposure baseline performances of all nonexposed control animals. Closed circles: Animals identified by cluster analysis as being radiation-sensitive; open circles: Average performances of all non-exposed control animals. Solid and dashed lines: Visual fits of data trends to the data, based on centered third-order polynomial transforms. Adapted from figure 6 of Davis et al., 2014.
Touchscreen methods, which involve hippocampal and prefrontal cortical function (e.g., location discrimination reversal and extinction, respectively), have been used to assess cognitive and executive functions in mice. Whoolery et al., 2020, hypothesized that, as with irradiated mature male mice, mature female C57BL/6J mice exposed to 56Fe radiation (3 × 67 mGy 56Fe over 5 days, 600 MeV/n) would have better performance than sham irradiated mice in touchscreen tasks. The authors reported that irradiated female mice more accurately discriminated 2 discrete conditioned stimuli than the sham-irradiated female mice, suggesting improved hippocampal function. However, both the irradiated and non-irradiated female mice acquired a new simple stimulus response behavior, and they extinguished this acquired behavior at similar rates, suggesting similar prefrontal cortical function. The irradiated mice took more days to reach criteria in a striatal-dependent rule-based test than the sham mice. Together, these data suggest competition between memory systems because an 56Fe-induced decrease in striatal-based learning is associated with enhanced hippocampal-based learning. 
Set Shifting
Attentional set shifting (ATSET) is one of the most complex executive function tasks that can be assessed in non-humans. In ATSET, animals (usually rats) are required to discriminate among several perceptual features (e.g., odor and texture) of complex stimuli to solve a series of problems (Lonart et al., 2012). ATSET can be tested in rodents using an assay that is modeled after the Wisconsin card sorting test in humans. Three months after head-only irradiation with 200 mGy of 1 GeV/n 56Fe, juvenile male Wistar rats had significant impairments in their ability to perform ATSET (Lonart et al., 2012). Specifically, 17% of irradiated rats and 78% of control rats completed all stages. Most failures (60%) occurred at the first “reversal stage”, and half of the remaining animals failed at the “extradimensional shift” phase of the complex test sequence. ATSET performance was compared in juvenile (6-week-old) and socially mature (6–11-month-old) Wistar rats 3 months after whole-body exposure to 100, 150, or 200 mGy of 1 GeV/n 56Fe. Importantly, the low-performing groups (~25% of juveniles and ~40% of older animals that could not maintain attention in the task) were removed from the study before irradiation. Analysis of the high-performing groups indicated that 150 and 200 mGy doses (but not 100 mGy) impaired performance in several parameters of ATSET (Britten et al., 2014). In a similar study, rats irradiated with 100 mGy of 56Fe could repeat tasks that they have learned but failed to learn new associations of cues to outcomes (Jewell et al., 2018). 
When 6–1-month-old Wistar rats were exposed to 100, 150, or 200 mGy of 1 GeV/n 48Ti particles, their ability to perform ATSET was affected at 3 months after irradiation (Hadley et al., 2016). The ability of the rats to conduct compound discrimination reversal (CDR) was significantly impaired after all doses, whereas compound discrimination was impaired only after 100 and 150 mGy. Impaired compound discrimination performance would result in a decreased ability to identify and focus on relevant aspects of a task being conducted, and impaired CDR performance would reduce the individual's ability to recognize when that factor changes from a positive to a negative factor for the successful completion of a task. In contrast with the 1 GeV/n 56Fe particle exposed rats, the 48Ti-irradiated rats had no significant impairments in the ability to conduct simple discrimination. This study supports the notion that "mission-relevant" doses of HZE particles (< 200 mGy) can impair certain aspects of ATSET performance in retired breeder rats, but the specific cognitive domains impaired may depend on the radiation type. 
Doses of 50–200 mGy of 600 MeV/n 28Si particles result in a significant impairment in the ability of the rats to perform the first and most simple step of the ATSET assay, the simple discrimination task (Britten et al., 2018). The threshold dose for impaired ATSET performance is lower for 600 MeV/n 28Si particles than it is for 1 GeV/n 56Fe or 48Ti. However, when the effect of equal fluences of the 3 particles are compared, no significant differences in the severity of the impaired performance was detected, although specific decrements are evident for each radiation type. Exposures as low as 10 mGy of 600 MeV/n 28Si particles induce deficits in simple discrimination and compound discrimination performance and a creative problem-solving variant of ATSET referred to as UCFlex (Britten et al., 2020a). Should similar effects occur in astronauts, they could retain good working memory of previously learned associative cues but exhibit decrements in their ability to acquire new rules. 
An initial investigation of the effects of exposure to simGCRsim indicated that a greater level of ATSET impairment occurred than from the same dose of 4He particles (Britten et al., 2022). Rats that exhibited superior ATSET performance were then selected for follow up behavioral assessments designed to evaluate how the cohort of “good performers” would fare when presented with a novel behavioral paradigm termed the associative recognition memory and interference touchscreen task. Increasing the cognitive load and the task complexity revealed deficits associated with prior memory interference. Data from these studies indicated that when faced with an increased cognitive load, possibly due to interference from prior associative recognition memories, rats exhibited impairments in their capability to negotiate task dynamics and efficiently engage abstract reasoning. This study validates previous findings that radiation-induced impairments in performance are more evident with higher cognitive load and task complexity, which makes the findings more relevant to high performers such as astronauts. 
Whether an individual rat exhibits HZE ion-induced impairment of ATSET function seems completely independent of whether it exhibits HZE ion-induced impairment of spatial memory (Barnes maze) and vice versa (Britten et al. 2016b), suggesting (as with other investigations) that cognitive performance must be evaluated using multiple criteria. Relying on a single measure of cognitive performance may substantially under-estimate the risk of cognitive impairment.

1. [bookmark: _Toc172877411]Multiple Stressors 
The spaceflight environment includes multiple factors that can affect an astronaut’s health and well-being. These factors include isolation, confinement, altered circadian signals, altered gravity levels and radiation. Although alterations in CNS due to individual spaceflight stressors have been extensively studied, limited data has been reported on the combined effects of these stressors. The effects of prolonged combination of simulated microgravity (HLU) and radiation (40 mGy gamma rays delivered over 21 days) in mice were greater than the effects of individual stressors alone: i.e., increases in oxidative damage and reductions in antioxidant defense; increases in apoptosis, remodeling of the brain microvasculature, blood brain barrier dysfunction, expression of Nox2 (NADPH oxidase); and alterations in pathways involved in neurogenesis and neuroplasticity, regulation of neuropeptides, and cellular signaling (Bellone et al., 2016; Mao et al., 2016). In these same mice HLU led to changes in exploratory/risk-taking behaviors in the absence of other sensorimotor or cognitive deficits, but no behavior changes were detected 8 months after the radiation exposure only, or after the combined HLU and radiation. Britten et al., (2020c) observed decrements in ATSET in high performing irradiated mice (50 mGy of 600 MeV/n 28Si) after sleep fragmentation, but not in high performing irradiated mice after normal sleep. This suggest that resilience to radiation may be undermined when additional stressors are introduced. Another group determined that the consequences of single (150 mGy simGCRsim or social isolation) or compound (both) stressors on sensorimotor and behavioral outcomes may vary based on resilience or vulnerability to stress (Adkins et al., 2023). Raber et al. (2021) assessed the combined effects of simulated weightlessness (HLU) and 5-ion mixed beam radiation exposure in rats to determine whether the behavioral and cognitive effects were associated with long-term alterations in metabolic pathways in plasma and brain (hippocampus and cortex). HLU had differential effects in sham-irradiated and irradiated animals and specific behavioral measures were associated with levels of distinct metabolites in plasma 6 months after the radiation exposure. The combined effects of HLU and radiation on metabolic pathways in the plasma and brain illustrate the complex interaction of environmental stressors and highlights the importance of assessing these interactions. 
[bookmark: _Toc118383041][bookmark: _Toc172877412]COMPUTER-BASED MODELING AND SIMULATION 
[bookmark: _Hlk133415346]Modelling approaches can produce relevant information for use in developing integrated methods to determine how the combined effects of spaceflight stressors affect performance. Integrated methods may include the use of existing computational neuroscience tools, event driven pathway structures, and other mathematical methods. For example, Brodersen et al. (2013) developed a “generative embedding” approach model to identify subgroups of patients who were diagnosed with a range of psychiatric disorders. Generative embedding modeling is an approach to translate dynamic causal models into clinical applications by conceptually developing a model-based classification system that is based on the combination of a generative model and a discriminative classifier. Dynamic causal models are increasingly used to shed light on the mechanisms behind multivariate time series of brain activity acquired in healthy and in diseased human brains (Stephan et al., 2010).
Brodersen and colleagues (2013) obtained MRIs from 41 schizophrenia patients and 42 healthy subjects while they performed memory tasks, and used parameters measured in the prefrontal brain to define a model-based feature space that they subsequently applied to supervised and unsupervised learning techniques. This proof-of-concept study was able to identify subgroups of individuals within the spectrum of psychiatric disorders using dynamical system models that infer neuronal circuit mechanisms from neuroimaging data. Another example of a modelling approach that uses biomarkers to predict performance outcomes in patients with traumatic brain injury (Huie et al., 2018) used principal component analysis to identify biomarkers (proteins from saliva samples) associated with positive findings of cognitive recovery obtained from computerized tomography.
Adverse Outcome Pathway Frameworks
Because both human epidemiology and experimental data for CNS effects from exposure to space-like radiation are limited, mathematical models of the mammalian CNS and its components will be essential tools for estimating the magnitudes and uncertainties of this risk. These models will be constrained by experimental data and organized according to mechanisms that play substantive roles in the pathophysiological processes underlying brain dysfunction and degeneration in both experimental models and humans. In toxicology, the adverse outcome pathway is an organizing principle for understanding how undesirable consequences may develop from an environmental exposure. Ankley et al. (2010) used the definition: “An adverse outcome pathway is a conceptual construct that portrays existing knowledge concerning the linkage between a direct molecular initiating event and an adverse outcome at a biological level of organization relevant to risk assessment”. 
Critically reviewed adverse outcome pathways for radiation-induced neuropathological processes would establish frameworks for developing predictive models of human risk. The events and evaluation methods should be organized into a framework guided by existing systems biology knowledge of neurological diseases and should incorporate existing models of neuronal processes.
Models Applicable to Radiation-Induced CNS Responses
Comprehensive datasets and modeling techniques are now making it possible to interpret perturbations in neuronal structure and function at the network level, which can link experimental observations of isolated parameters to their impact on network performance. This will help incorporate experimental data from radiobiology investigations into frameworks describing pathways of acute and degenerative functional impairments.
To have predictive value for risks, biological pathways and their outputs need to be organized into mathematical models. Approaches that model discrete disease processes such as amyloid deposition include Edelstein-Keshet and Spiros’ (2002) in silico biochemical model of senile plaques related to Alzheimer’s disease. These modelers describe biochemical interactions between tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6 and several important cell populations, including astrocytes, microglia, and neurons, and were then able to estimate kinetics of cell death based on plaque formation. However, to understand the effects of radiation exposure on the brain's overall information processing performance, models of neural networks linked to detailed electrical, biochemical, and anatomical parameters are needed. Computational neuroscience seeks to provide this modeling capability, and great strides have been made in the last decade. Brette et al. (2007) have reviewed the most commonly used, freely available, open source, and well-documented simulators and simulation environments presently available. These simulations are used for analyzing detailed electrophysiological properties of spiking neural networks with realistic input parameters of neuron membrane properties, synaptic structure, neuron morphology, and connectivity. Perhaps the 2 most widely used simulation environments are based on the GENESIS™ and NEURON™ platforms, which can accept observational data from numerous databases, such as Neuromorph, CoCoMac, BioModels Database, and SenseLab (see Organization for Computational Neuroscience, http://www.cnsorg.org/model-database)
One of the most comprehensive full-scale models of the rodent hippocampus, with over 106 neurons having accurate connectivity, neuron morphology, and electrophysiological properties, is that of Soltesz and collaborators (Schneider et al., 2012; Bezaire et al. 2016). This model, which is based on the NEURON simulation environment and runs in a parallel computing setting, was used to compare predicted network firing statistics in the hippocampal CA1 region using input parameters from 1H-irradiated mice and non-irradiated mice (Sokolova et al. (2015).
To address the interactions of charged particles with CNS tissue, Cucinotta et al. (2014) combined data from neuron anatomy databases with models of charged particle track structure to determine the statistics of energy deposition in cellular compartments. This is particularly important because evidence suggests that targets of radiation in the CNS may include the complex cellular processes of neurons, rather than just the cell nucleus. The example in Figure 7 shows the interaction of a high-energy iron ion with granule cells of the DG.
[image: ]
Figure 7. Model predictions of energy depositions from 56Fe (200 MeV/u) particle tracks in mouse granule neurons. (Panel A) Track structure of energy deposition in a layer of 5 neuron cells. (Panel B) Energy deposition in the dendritic tree of a single neuron showing the spectrum of energy deposited, e in 20 ×20 ×20-nm voxels with blue, e < 20 eV; yellow, 20 < e < 100 eV; and red, e > 100 eV. The diameters of dendritic branches are between ∼1.4 and 2.0 μm. The dendrites are digitized as green connected cylindrical segments with topological neuron data as archived at NeuroMorpho.org (Parekh and Ascoli 2013). The rendered volume in these figures is 80 ×70 ×43 μm3, with the neuron structures and particle tracks each represented by 20 ×20 ×20- nm3 voxels. Reproduced from Figure 4 of Cucinotta et al., (2014).
Cucinotta and Cacao (2020) recently reported their modeled predictions of cognitive detriments from GCR exposures to astronauts on exploration missions. Using a relative risk model of the fluence response for 1H and HZE ion irradiated rodents that were assessed using the NOR test, which estimates detriments in recognition or object memory, the authors predicted a modest increased risk to astronauts during a Mars mission. However, the NOR test represents only one area of possible altered cognition; other possibilities include executive function (Lonart et al., 2012) and hippocampal related memory. The authors also point out that a stronger conclusion could be made if further understanding of the damage mechanisms leading to NOR detriments were established. Mechanistic studies will be extremely important for establishing a modeling approach that can extrapolate the animal data to humans and correlate cognitive tests in a specific subject rather than group specific fashion.
Shuryak et al., 2021 used mathematical modeling to interpret how targeted effects (caused by traversal of cells by ionizing tracks) and non-targeted effects (caused by responses of other cells to signals released by traversed cells) affect cognitive dysfunction. Using a large, published data set on NOR testing in rats exposed to multiple space-relevant radiation types (4H, 12C, 16O, 28Si, 48Ti, and 56Fe particles), covering wide ranges of LET (0.22–181 keV/µm) and dose (1–2,000 mGy). The model predicted that non-targeted effects saturate at low doses (~ 10 mGy) for all tested LETs, whereas targeted effects depend on dose linearly with a slope that increases with LET, which suggests that signals released from a small fraction of heavily damaged cells can affect surrounding cells to induce a steep initial response followed by a concave dose response. 



VI. [bookmark: _Toc172877413]RISK IN CONTEXT OF EXPLORATION MISSION OPERATIONAL SCENARIOS
Planned crewed exploration space missions will go beyond any human space mission to date. Humans will return to the Moon or venture much further, to an asteroid or even Mars. In this section, any assumptions that must be made to define mission constraints are discussed. New stressors that could be associated with exploration missions are considered. Finally, based on the accumulated evidence presented in earlier sections of this report, the assumed likelihood of a behavioral emergency or psychiatric condition occurring on such an exploration mission is discussed.
[bookmark: _TOC_250009][bookmark: _Toc172877414]CONSTRAINTS FOR EXPLORATION MISSIONS
Some constraints of LDSE missions are known, whereas some will vary depending on the destination chosen. Still other constraints are unknown and require that we make assumptions.
Based on current prototypes for manned exploration of space, the size of the crew will likely be 4 or 6. Extrapolating from the ISS, the current political climate, and the expected costs of exploration missions, an international crew is anticipated. Not only are partnerships with other countries expected to continue, but NASA also has begun to partner with commercial space companies. The role of commercial companies in future exploration missions is unknown. Because half of the most recently selected class of astronauts are women, and because crews on the ISS are frequently a mix of male and female crewmembers, it is likely that exploration mission crews will also comprise both sexes.
Exploration vehicles will be much smaller than the 13,696 cubic feet of habitability volume of the ISS: for example, the Orion crew module has 316 cubic feet of habitable volume.[footnoteRef:13] Some have argued that the ISS is a poor analog for a mission that leaves LEO because of the differences in vehicle size and the ISS crews’ access to a variety of leisure activities and communication capabilities with the ground. The exploration habitat itself will be small with limited privacy, personal space, and available exercise options. Indeed, limited is a key word when discussing exploration missions. Communication delays with Earth will also limit access to ground-based mission support and support from friends and family. Limited space will likely result in a substitution of food sources and reduced variety. [13:  http://www.nasa.gov/sites/default/files/fs-2014-08-004-jsc-orion_quickfacts-web.pdf
] 

[bookmark: _TOC_250008][bookmark: _Toc172877415]ADDITIONAL STRESSORS FOR EXPLORATION MISSIONS
Additional stressors specific to exploration missions are also expected. The nature of exploration missions will require an increasingly autonomous crew, which contradicts current operations on the ISS because the ISS was developed to be controlled from Earth. Longer flights also mean that crewmembers will be required to take greater responsibility for training, will need to remember technical information for longer periods, and may need to complete just-in-time training en route. Other challenges when selecting and training the exploration mission crews include the constraints mentioned above. Crew selection will be affected by decisions that have yet to be made and include issues such as crew composition, multinational explorers, commercial explorers, and multi-space agency involvement. Possible ways of mitigating some of the increased or new stressors are discussed below.
1) Views and Interaction with Nature, Virtual Nature, and other Virtual Environments
As humans explore beyond the Moon, one of the strongest measures for supporting behavior health on the ISS, the ability to view and photograph Earth, will be lost. Adding virtual windows to replace the lost view of Earth is recommended. Immersive virtual environments, especially of natural settings, along with actual plants are possible. Benefits of such environments include mental restoration, stress reduction, connection with home (seeing Earth), and increased resiliency. Actual windows will allow crew to feel connected to something greater than themself because their view of stars may remind them of what their mission gives to humanity. Plants, in addition to a potential food source, will provide tactile sensory stimulation and allow crewmembers to care for living objects separate from themselves.
2) Capsule Design and Layout
Factors such as net habitable volume, layout, color, private personal space, crowding, traffic flow, windows, lighting, noise levels, and virtual reality can affect emotional well-being, performance, and the behavioral health of individual crewmembers and the crew as a whole. In ICE environments, the effects of these factors can be far more pronounced (Suedfeld & Steel, 2000). Designing a capsule with private quarters for crewmembers, efficient workspace, and possibly even flexible or reconfigurable spaces can promote social engagement and provide relief from social interaction. Private quarters and reconfigurable spaces will allow crewmembers to feel a sense of control as they personalize their own spaces.
3) Crew Selection and Management
To the extent possible, a crew should be selected with consideration given to individual traits and group compatibility. Cohesion among the crewmembers will allow them to better cope with stressors as a group. In-flight training and increased crew autonomy will provide intellectual engagement and meaningful work, which are keys to preventing boredom.
4) Leisure Activities
The plethora of the leisure activities available on the ISS will be limited on an LDSE mission due to the size of the capsule and delayed communication. Movies, electronic books, and music will still be available, but with fewer choices and a decreased ability to receive additions. A virtual environment, as discussed above, would allow crewmembers to virtually immerse themselves in nature, look at Earth, or care for their virtual pet or plants.
[bookmark: _TOC_250007][bookmark: _Toc172877416]LIKELIHOOD OF A BEHAVIORAL EMERGENCY OR PSYCHIATRIC CONDITION
The constraints and stressors of an exploration mission will affect the likelihood that a behavioral emergency or psychiatric condition will occur. Stuster (2008) predicted the incidence rate of behavioral problems on LDSE missions using known incidence rates in spaceflight analog environments. Behavioral problems here are defined as symptoms that normally would warrant hospitalization. Stuster’s analyses show that as the length of a mission increases, so do the predicted incidences of psychiatric disorders (see Table 8).
[bookmark: _Hlk109998780]Stuster’s (2008) assumptions are as follows: The values in the Table 8 row labeled Behavioral Problem assume a 6% per year incidence rate of serious behavioral problems throughout the duration of the 2 mission options considered (i.e., Mars long stay, 905 days total; and Mars short stay, 661 days total). This predicted incidence rate is based on incidence rates of behavioral problems reported from Antarctic winter-over experience (i.e., Matusov, 1968; Gunderson, 1968; Lugg, 1977; Rivolier and Bachelard, 1988; Otto, 2007). The row labeled Differential assumes a 6% incidence rate per person-year during the interplanetary transit phases and a 2% rate per person-year while on the surface of Mars, when confinement would probably be less of a factor and other stressors might be offset by the novelty and fulfillment of task performance. The expected occurrence of a behavioral problem in a crew of 6 that would be considered serious enough to require hospitalization on Earth is estimated to be 0.534 for the long stay option and 0.626 for the short stay option. Using the differential values, these translate to a 53.4% probability that a serious behavioral problem will occur during the long stay option and a 62.6% probability during the short stay option. Stuster (2010) asserts a greater probability of a serious problem occurring for the short stay [on Mars] option, due to the substantially longer time that the crew must spent in the confined spacecraft than during the long stay option. However, the long stay option will always generate a higher probability of a serious behavioral problem developing if the incidence rate remains constant throughout the mission. A uniform 6% incidence rate per person-year would increase the estimated probability of a serious behavioral problem to 65.2% for the short stay option and 89.3% for the long stay option.
Table 8. Calculated risk of a behavioral problem occurring during an expedition mission. Values are based on incidence and probabilities in spaceflight analog environments.
	
	
	Long Stay Option

	
	Incidence Per
365 Days
	Outbound
	Surface
	Return
	Total Long- Stay Risk
	Expected in a Crew of 6

	
	
	180 days
	545 days
	180 days
	905 days
	

	Behavioral Problem
	0.060
	0.030
	0.090
	0.030
	0.149
	0.893

	Differential
	0.020
	0.030
	0.030
	0.030
	0.089
	0.534

	
	
	Short Stay Option

	
	Incidence Per
365 Days
	Outbound
	Surface
	Return
	Total Short- Stay Risk
	Expected in a Crew of 6

	
	
	313 days
	40 days
	308 days
	661 days
	

	
	
	
	
	
	
	

	Behavioral Problem
	0.060
	0.051
	0.007
	0.051
	0.109
	0.652

	Differential
	0.020
	0.051
	0.002
	0.051
	0.104
	0.626


Source: Jack Stuster, Ph.D., CPE, Anacapa Sciences, Inc., used with permission.
Data collected from astronauts (N=16) on the ISS provides a different prediction of behavioral health for the length of a mission to Mars (Dinges, 2014). As part of a larger study, astronauts were asked to rate their current feelings of stress every 4 days during their flight. Perceptions of stress tended to change over time and susceptibility to stress varied across individuals: 50% of astronauts reported that their stress level increased over the duration of their 6-month missions, 25% reported no significant change in stress level over the mission, and the remaining 25% reported a decrease in perceived stress. Astronauts who reported increasing stress with time in mission tended to also report less total sleep time and increased physical exhaustion. Increased physical exhaustion was in turn associated with increased tiredness and decreased sleep quality. Of particular interest for LDSE missions, the data revealed that stress over the length of a mission appears to accelerate as more days are spent in flight. Extrapolating the increase in stress to the length of a mission to Mars results in levels of stress that would be difficult to sustain without resulting in adverse cognitive, behavioral, and physical conditions. At some point, perceptions of stress might asymptote, however, because the only data available is from 6-month missions and a small number of longer missions it is difficult to project at which point this might happen.
Although different approaches will yield different predictions of the incidence rate of cognitive or behavioral changes and psychiatric conditions, the consensus is that the longer the exploration mission, the more likely a psychiatric disorder (not just an increase in symptoms) will occur. Beyond psychiatric disorders, the history of human spaceflight illustrates several examples of missions ending early or lost mission objectives due in part to psychological stress and other symptoms that do not meet the high threshold definition of a psychiatric emergency that warrants hospitalization; signs and symptoms of a much lower threshold still have significant implications for mission success as well as astronaut health and safety.
VII. [bookmark: _Toc172877417]DIRECTED ACYCLIC GRAPH (DAG)

[bookmark: _Toc172877418]DAG REVIEW
[image: ]
Figure 8. Directed acyclic graph for the behavioral health risk
[bookmark: _Toc172877419]The Behavioral Health Risk DAG (Figure 8) was first accepted by the NASA HSRB in 2020. The degree of evidence representing the relationships between DAG nodes is outlined in this report. The narrative accompanying the DAG is as follows.
The primary spaceflight hazard for the Behavioral Health Risk is exposure to the isolation and confinement of spaceflight, which can result in decrements to cognitive and behavioral functioning centered around 2 nodes: psychological status and cognitive function. Secondary hazards include distance from Earth and radiation exposure.
Psychological status refers to the mood and psychological state of the crew at any given time during a mission. These can directly affect individual readiness or crew capability by decreasing an individual’s readiness for task performance if they are distracted, preoccupied, dysregulated, unmotivated, or uncooperative. This also affects the Team (Risk). 
An astronaut’s psychological status can be affected by the following: 
· Family or world events that occur while an astronaut is deployed on a long mission, e.g., deaths and loss that provoke grief and affect mood and motivation. 
· Social dynamics with the rest of the crew, which are dependent on crew composition. NASA typically does not select crews for their compatibility; however, this may be required in longer duration exploration missions. 
· CNS changes that can occur as a result of isolation and confinement or are due to other risks including Medical (Risk), Pharm (Risk), Food and Nutrition (Risk), Sensorimotor (Risk), SANS (Risk), Sleep (Risk), CO2 (Risk), Hypoxia (Risk), Immune (Risk), Extravehicular Activities (EVA) (Risk), and Acoustics (Risk). The CNS can also be affected by oxidative stress and inflammation induced by radiation exposure and other causes. 
· Workload, which can affect mood and psychological state. Workload is impacted by operational tempo of EVAs, science tasks, maintenance tasks, and public outreach.
· Individual factors, including age, sex, genetic predispositions and more, which can affect the resilience of individual astronauts and the magnitude of impact to psychological status. 
Cognitive function refers to the astronauts’ attributes like planning, reasoning/decision-making, attention, memory, cognitive speed, and other thought processes that can be affected by a variety of factors in the spaceflight environment. Disruption in cognitive function can also directly affect crew member capability and decrease readiness for task performance required for a variety of mission objectives. This can affect the Team (Risk) by requiring other team members to compensate for the individual’s deficits.
An astronaut’s cognitive function is affected by the following: 
· CNS changes as described above can affect cognitive function. 
· Workload, which can affect ability to focus and general cognitive function. The operational tempo of EVAs (EVA risk), science tasks, and public outreach can induce cognitive and physical fatigue (Medical Risk and Sleep Risk). 
· Individual factors including age, sex, genetic predispositions and more affect the resilience of individual astronauts and the magnitude of impact to cognitive function. 
Countermeasures to address issues with psychological status and cognitive function can be implemented before or during flight and in some cases must be included in vehicle design and the crew health and performance system to reduce risk. These countermeasures include the following:
· Selecting crew who are resilient to decrements in psychological status and cognitive function 
· Training crewmembers: Historically, astronauts receive before flight and enables them to develop resilience and to support team cohesion. In-flight training may need to be included during future missions. 
· exercise, which has a strong positive connection with mood and motivation that affects both psychological status and cognitive function. 
· BHP Op Psy support prevention methods, which include care packages, family conferences, PPCs, and more. 
· BHP Op Psy monitoring methods, which identify changes to astronauts’ psychological status or cognitive function and determine when to implement BHP intervention. This includes regular assessments of cognitive function and evaluations during PMCs and PPCs. 
· BHP Op Psy intervention methods, which include clinically indicated PPCs, private family conferences, ground-based family support services, and intervention by other crewmembers, and other BHP Op Psy interventions that may include medications if warranted. 
Most of the current countermeasures depend on real-time communication and resupply. As communication factors change with distance from Earth, access to the ground support that enables successful BHP monitoring and intervention methods becomes strained or non-existent. 
CNS changes and psychological status during a mission can cause long term health outcomes. Long-term health outcomes can be detected during post-flight and post-career surveillance, allowing the long-term risk to astronauts to be characterized.
INTEGRATION WITH OTHER RISKS
Evidence outlined in this report highlights the potential impacts of multiple HRP risks that can affect behavioral health, including, but not limited to, radiation, sleep, CO2, and nutrition. This is further underscored by the Behavioral Health DAG (Figure 8) that illustrates the complex interplay between spaceflight hazards, individual resilience, psychosocial factors, CNS changes, and stressors unique to operational environments (e.g., workload, sleep shifting), which can result in either adaptive or deleterious changes in behavioral health. For example, radiation exposure to the CNS may result in altered sleep and cognitive function independently, while alterations in sleep may also impact cognition (See Figure 1). Thus, a completely understanding the Behavioral Health risk and implementing effective countermeasures is contingent on strong interdisciplinary collaboration and integration with other HRP Elements and the HFBP Element’s risk portfolios. As noted in the introduction, the HFBP Element has established the CBS integrated research plan in collaboration with the Human Health Countermeasures and Space Radiation Elements. The CBS plan aims to characterize the risk to the CNS from simultaneous exposure to multiple spaceflight factors that may act synergistically to affect the CNS, and subsequently, crew cognition, behavior, and/or performance, as well as long-term well-being. In the next decade, as HRP looks forward towards crewed missions to the Moon and Mars, the Behavioral Health research portfolio will leverage the CBS research plan to address threats to behavioral health with a multisystemic biopsychosocial approach to close the 8 primary gaps in knowledge outlined in the following section.

VIII. [bookmark: _Toc172877420]KNOWLEDGE BASE
[bookmark: _Toc172877421]GAPS IN KNOWLEDGE
Closing the Behavioral Health gaps will reduce detrimental cognitive, performance, psychological, and neurobiological (C/P/Psy/N) consequences to crewmembers exposed to single or combined spaceflight environmental stressors. Cognitive consequences refer to decrements in basic cognitive domains, such as sustained attention and executive functions, that may or may not rise to the level of clinical cognitive impairment. Performance consequences are related to task performance metrics that are required to carry out mission objectives, such as accuracy and speed to complete procedural tasks and situational awareness. Psychological consequences relate to the crewmembers’ emotional health (i.e., mood and affect) and can include both clinical and subclinical signs and symptoms of distress as well as positive characteristics such as effective coping and resilience. In animal studies, psychological state is assessed with behavioral performance. Neurobiological consequences include the anatomical and physiological alterations to the brain associated with spaceflight environmental stressors identified in both animal and human (clinical and pre-clinical) studies. Spaceflight environmental stressors include the 5 spaceflight hazards (i.e., radiation, altered gravity, isolation and confinement, hostile/closed environment, and distance from Earth) as well as operational challenges that can impact behavioral health (e.g., fatigue, chronic stress, circadian misalignment, communication delays). The gaps outlined below reflect a multidisciplinary strategic approach to reduce risk and acknowledges the need for contributions from several HRP disciplines, as outline in the CBS research plan. 
Behavioral Health-101: Identify, quantify, and validate key selection factors for requisite performance on increasingly Earth-independent, long-duration, autonomous, and/or long-distance exploration missions.
Behavioral Health-102: Identify and characterize key C/P/Psy/N outcome measures (biomarkers) and domains of relevance that are at risk due to spaceflight environmental stressors in exploration class missions and determine validated thresholds for identified biomarkers of adverse C/P/Psy/N outcomes to enable mission objectives and identify indicators of risk before progression to clinical levels of impairment. 
Behavioral Health-103: Identify validated, evidence-based countermeasures to prevent or treat adverse C/P/Psy/N changes caused by single or combined exposures to spaceflight environmental stressors.
Behavioral Health-104: Identify design features and requirements of the habitat/vehicle and mission architecture to mitigate stressors impacting C/P/Psy/N health. 
Behavioral Health-105: Identify validated medical or dietary countermeasures to mitigate spaceflight environmental stressors impacting C/P/Psy/N health. 
Behavioral Health-106: Identify effective strategies to maintain personal relations/interactions to mitigate adverse C/P/Psy/N outcomes during increasingly Earth-independent long duration missions. 
Behavioral Health-107: Determine long-term changes and risk to astronaut health post-mission that retrospectively predicts individual susceptibility to adverse C/P/Psy/N outcomes and informs countermeasure implementation in current and future crews.
Behavioral Health-108: Identify and characterize the potential impacts of combined spaceflight environmental stressors to inform both validated threshold limits and countermeasures for adverse C/P/Psy/N outcomes. 
[bookmark: _Toc172877422]STATE OF KNOWLEDGE/FUTURE WORK
Future work for the Behavioral Health risk will continue to close the risk gaps identified by the HFBP Element and outlined in the previous section. These efforts will focus on identifying, preventing, reducing, and mitigating adverse behavioral health outcomes in longer duration lunar and Mars DRMs. Given the overlapping and multisystemic contributions of other HRP risks on Behavioral Health outcomes, a multidisciplinary approach that integrates these fields is necessary. The CBS integrated research plan will be a critical component to facilitate this collaborative effort. Key research areas are summarized in this section. 
Continued characterization of individual vulnerabilities and effects of spaceflight hazards (i.e., radiation) on the CNS, cognition, and BHP is necessary. Understanding the mechanisms and brain pathways driving negative outcomes will also inform future interventions. Emphasis on determining the effects of combined simultaneous exposure to multiple spaceflight hazards is critical to plan for long-duration lunar and Mars missions, in which crews will be exposed to unprecedented levels of multiple hazards, as outlined in this report. For example, the crews of future Mars missions will be exposed to greater levels of radiation than the ISS crews, longer periods of exposure to altered gravity and isolation, greater frequency of gravitational transitions, longer communication delays, and more sleep disruption, possibly simultaneously. In addition to characterizing the risk, there is an urgent need to identify factors that promote resilience and adaption to spaceflight hazards. A positive psychology approach will enhance behavioral health by leveraging individual strengths to reduce negative outcomes. Notably, resilience can emerge from biological (e.g., HPA axis), psychosocial (e.g., strong social support), or psychological (e.g., positive attributions) sources, requiring integrated research across multiple elements to identify targets that can mitigate (i.e., risk characterization) and enhance (i.e., resilience characterization) outcomes and protect behavioral health.
A suite of operationally relevant measures should be refined and implemented as behavioral health monitoring tools during all mission phases. These measures should be unobtrusive (e.g., audio or visual recording), when possible, to reduce crew time. Validated data driven thresholds for these measures will be critical for detecting meaningful changes in behavioral health that portend an increased risk to operational performance or likelihood of a behavioral emergency or mood episode. For example, a crewmember who performs 2 milliseconds slower on a cognitive task after a shifted sleep schedule could review validated thresholds to determine their cognitive readiness for other operational tasks. 
Evidenced-based countermeasures must be developed and validated, and can range from recommendations for selecting astronauts, psychosocial support, pharmacological or behavioral interventions, and habitat/vehicle recommendations. Individualized resilience factors, once identified, can be leveraged as effective preventative countermeasures. Importantly, existing or future interventions may require modifications to accommodate the unique challenges of LDSE missions. For example, although regular PPCs in LEO settings have been very successful as a prevention measure, alternative methods of communication may be required to accommodate the expected communication delays for both lunar and Mars missions. 
Finally, the HFBP Element aims to characterize the long-term spaceflight-induced changes to CNS, cognitive function, and BHP outcomes. In particular, a need exists to determine if exposure to hazards during a mission can adversely affect astronauts’ long-term behavioral health after the mission. These findings could also inform countermeasure development. This line of research requires longitudinal psychological and neuropsychological follow-up of astronauts well into retirement. Although the LSAH is equipped to support this general strategy, it does not include behavioral health monitoring at this time. The TREAT Act provides critical resources to address this Behavioral Health research gap. 
IX. [bookmark: _Toc172877423]CONCLUSION
Evidence gathered from long-duration stays in ground analogs of spaceflight demonstrates that, despite the focus on screening and selection for suitability, behavioral and psychiatric conditions such as depression develop. Of greater relevance, anecdotal reports from the earlier long-duration space missions (i.e., Mir and Skylab) and anecdotal evidence from current long-duration missions on the ISS, reveal that the signs and symptoms of depression and other behavioral disorders have occurred during flight and have impacted mission objectives. The fact that NASA has implemented the FSO and has provided psychiatric support to the ISS crews and their families further indicates the relevance of the risk of behavioral and psychiatric conditions.
Exploration missions will require crews to live in ICE environments for up to 3 years. This is a significant leap from the 6-month duration of LEO missions. To date, only 12 individuals have lived and worked in space for close to one year or longer[footnoteRef:14]. The incidence of behavioral and psychiatric disorders is expected to increase as the length of the mission increases (Ball & Evans, 2001; Dinges, 2014; Otto, 2007; Stuster, 2008). The additional, unique stressors of radiation exposure, remote distances, and unknown dangers that will be experienced during LDSE missions to the Moon and Mars may also contribute to an increased likelihood of this risk. [14:  Five Russian cosmonauts (Sergei Krikalev, Sergei Avdeyev, Alexander Kaleri, Valeri Polyakov, and Mikhail Kornienko) and 6 U.S. astronauts (C. Michael Foale, E. Michael Finke, Scott Kelly, Christina Koch, Mark Vande Hei, and Frank Rubio) have spent 311 continuous days or more in space. Peggy Whitson has also flown continuously for a10-month mission.] 

If a behavioral or psychiatric condition should develop during an exploration mission, the consequences could jeopardize mission objectives. Therefore, research addressing the prevention of behavioral problems and the early detection and treatment of problems that do occur, is necessary.
The HFBP Element is following a path designed to reduce the risk of adverse cognitive and behavioral changes or psychological disorders occurring during LDSE missions before the anticipated earliest launch date of such a mission. To meet the goals of those objectives, the HFBP Element identified the highest priority research areas, listed below, for progressing along the critical path to reduce the risk:
· Analyze prospective studies of signs and symptoms (not just diagnoses) recorded during polar expeditions and long-duration terrestrial analog missions.
· Develop best practices for psychotherapeutic treatment without real-time communication.
· After these first 2 goals are met, develop treatments for the most common signs and symptoms using the best practices for how to deliver therapy without real-time communication.
· Standardize a common set of measures to be used in research conducted in ground-based spaceflight analogs and during spaceflight.
· Analyze the effects combined simultaneous exposure to environmental conditions on cognitive and behavioral functioning (e.g., CO2 and radiation).
· Evaluate commercial off-the-shelf behavioral and psychological monitoring technologies relevant to behavioral health outcomes.
The HFBP Element also intends to improve the level of Behavioral Health risk evidence. This can be achieved through controlled clinical trials, meta-analyses, and systematic reviews rather than anecdotal or expert opinion.
This review of the evidence to date reveals that much work has been done to identify, prevent, and treat the cognitive or behavioral changes and psychiatric conditions that might affect astronauts and their performance during all phases of a mission. The current system for mitigating the Behavioral Health risk appears to be effective given the relative lack of behavioral and psychiatric diagnoses and behavioral emergencies that have occurred within the astronaut population and the number of long-duration mission successes. However, the characteristics of exploration missions will greatly differ from the challenges, demands, duration, and characteristics of current spaceflight, and the effectiveness of current monitoring technologies and countermeasures is unknown under these changed conditions, especially because many countermeasures currently in use will be limited or unfeasible for exploration missions. As missions return to the Moon or progress to Mars, changes to behavioral health countermeasures will be required. Our view of the “right stuff” will need to be adjusted. Certain personality factors might be more important for LDSE missions while other factors might play a lesser role than they do at present. The crew selection process will therefore need to reflect any necessary changes. Countermeasures will need to evolve. Some current countermeasures will not be relevant for longer flights, and other, new ones will need to be developed (e.g., an alternative to viewing Earth). Effective countermeasures will help to protect and ensure astronaut behavioral health, and, in turn, help NASA achieve mission success on future missions that leave LEO to explore deeper space.
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XI. [bookmark: _TOC_250004][bookmark: _Toc172877425]APPENDIX A: RADIATION INDUCED PHYSIOLOGICAL CHANGES

1. Overview 
[bookmark: _Hlk131160976]Studies of irradiated rodents have identified physiological changes that are linked to behavioral deficits; however, many of these biomarkers involve changes to the brain or CNS, which will not be feasible to measure in astronauts. For example, radiation-induced increases in fear memory in mice have been associated with fewer c-Fos positive cells in the infralimbic region (Kugelman et al., 2016), reduced c-Myc protein levels in the amygdala (Olsen et al., 2017), higher levels of reactive oxygen species in the hippocampus (Villasana et al., 2016), and dysregulation of hippocampal proteins involved in myelination, energy metabolism, and synaptic activity (Huang et al., 2016). Changes in expression of glutamate receptor subunits and synaptic density-associated hippocampal proteins induced in mice after exposure to 1H and 16O particles were associated with changes in cognitive performance (Kiffer et al., 2018b). Rats that maintain functional spatial memory after radiation exposure express a proteomic signature associated with positive neuronal homeostasis and function, axonogenesis, presynaptic membrane organization, and G-protein coupled receptor signaling, whereas rats that have impaired spatial memory expressed an altered proteomic signature associated with negative effects on neuronal physiology (Dutta et al., 2018). 
A recent publication by Krukowski et al. (2018a) reported that GCRsim-induced impairments in social behavior in mice 6 months after exposure are directly linked to peripheral immune changes in blood exhibited immediately after exposure, indicating that CD8 (cluster of differentiation 8) T cells could be used as a potential peripheral biomarker for identifying radiation-induced social deficit. However, Raber et al. (2016a) reported that no simple relationship exists between alterations in hippocampal levels of individual cytokines and chemokines and radiation induced deficits in cognitive performance in mice. Contributing to the uncertainty is that radiation-induced cytokine expression is notorious for complex time courses (Chiang et al., 1997), and cytokine expression lacks specificity because exposure to other hazards such as isolation and confinement in Antarctic winter-over studies and spaceflight can induce changes in cytokine levels.
Mission-relevant radiation doses of HZE particles induce neuroepigenetic changes in mice that correlate with cognitive deficits: a novel class of DNA methylation changes in the mice hippocampus were associated with 1H irradiation-induced impairments in object recognition and spatial memory (Impey et al., 2017), and inhibition of radiation-induced hypermethylation mitigated associated behavior deficits (Acharya et al., 2017).
2. Neurogenesis
Neurogenesis, which can generate new neurons, astrocytes, and oligodendrocytes throughout the life of mammals, occurs in 2 rather discrete areas of the brain—DG of the hippocampal formation and the subventricular zone and its projection through the rostral migratory stream to the olfactory bulb (Gage, 2002). Neurogenesis contributes to hippocampal memory-related functions, and < 500 mGy doses of HZE particles disrupt neurogenesis in the hippocampal DG (subgranular zone) of rodents as well as in the linings of the lateral ventricles (sub ventricular zone). McNerlin et al. (2022) recently reviewed how space-like radiation affects neurogenesis and the importance of protecting the hippocampus, and they discussed small molecule drug development strategies to protect neurogenesis, with the transcription repressing oleic acid nuclear receptor TLX/NR2E1 as a case study.
[bookmark: _Hlk46390336]Pluripotent neural precursor cells (NPCs) are the most radiosensitive cells of the mammalian brain (Fike et al., 2009; Monje et al., 2002, 2008; Mizumatsu et al., 2003). Low-LET radiation impairs not only proliferation of NPCs, but also persistently impairs their differentiation into neurons and other neural cells (Rola et al., 2008). The National Council on Radiation Protection and Measurements (NCRP) Report 153 (NCRP 2006) notes that radiation induces dose-dependent levels of apoptosis in cells in the dentate subgranular zone, and that the production of new neurons in young adult male mice is significantly reduced by relatively low (≤ 2,000 mGy) doses of X-rays. Survival and proliferation of NPCs is inhibited at doses above 500 mGy of HZE particles, whereas patterns of differentiation for descendent cells are altered at doses below 500 mGy. These responses also hold true for neutrons (Yang et al., 2010). Rivera et al. (2013) found that dose fractionation over 7 days had little effect on the inhibition of neurogenesis induced by 56Fe particles. Increases in the numbers of newly born activated microglia accompany decreases in neurons (Rola et al., 2005; Monje et al., 2002) and may persist for up to 2 months after 56Fe irradiation. Three months after exposure to 750 mGy 250 MeV/n 1H in 5 daily fractions, female CD1 mice had less newly born cells in dorso-medial DG (both blades) than non-irradiated mice, but no differences were detected in the numbers of mature neurons, astrocytes, or activated microglia in the irradiated and non-irradiated mice (Simmons et al., 2022).
Zanni et al. (2018) reported a transient decrease in the number of proliferating cells and immature neurons in the DG of male mice after exposure to 1,000 mGy of 12C particles, but no change in new neuron survival rate 3 months after exposure, which underscores the ability of neurogenesis in the mouse brain to recover from the detrimental effect of radiation exposure. Doses of 200 and 1,000 mGy of 28Si particles induced dose-dependent disruptions of DG neurogenesis and proliferation in the short-term (24 h after exposure) accompanied by decreased survival of new neurons in the long-term (3 months after exposure) in male mice but not female mice. Three months after irradiation, these mice performed abnormally in a dose-dependent manner in cued and contextual fear conditioning memory tests, suggesting impaired neurogenesis-dependent hippocampal function (Whoolery et al., 2017). These data suggest that 28Si radiation exposure damages neurogenesis to a lesser extent than 56Fe radiation and sex may be an important factor when considering risk to brain health.
3. Oxidative Stress and Dietary Mitigation
[bookmark: _Hlk46390621]Exposure to ionizing radiation increases concentrations of ROS such as hydroxyl radical or superoxide anion and depletes antioxidant defense systems in the brain (Denisova et al., 2002; Rabin and Shukitt-Hale, 2014; Riley, 1994), leading to cognitive dysfunction (Limoli et al., 2004; Parihar et al., 2015a). ROS damage macromolecules and stimulate the production of pro-inflammatory cytokines and chemokines, contributing to the neuroinflammatory process. Chronic neuroinflammation can increase the rate of neuronal cell death and can activate microglia and astrocytes to produce more ROS and inflammatory mediators (Islam, 2017), exacerbating the cycle. 
Some ROS, e.g., superoxide ions, play normal roles in signaling when their concentrations and cellular locations are controlled. It is when dysregulation occurs that adverse consequences arise (Joseph and Cutler, 1994). In vitro studies using NPCs from rodent hippocampus show that 1H particles (250 MeV/n; 1,000–10,000 mGy) induce a more rapid increase in ROS than that observed after exposure to X-rays. The increase in cellular ROS was dose-dependent at 6 and 24 hours after exposure to 1H, increasing up to 10-fold, and by 48 hours after irradiation, ROS levels fell below those of controls (Giedzinski et al., 2005). High-LET radiation exposures induced significantly higher levels of oxidative stress in neurosphere NPCs than low-LET radiation exposures (gamma rays, 1H particles). Persistent oxidative stress has been observed in cultured human neural stem cells after high-LET radiation doses as low as < 10 mGy (Manda et al., 2008; Baulch et al., 2015; Limoli et al., 2007; Tseng et al., 2013; Acharya et al., 2010); responses were dose-dependent but largely independent of the LET of the incident particles. 
The Raber and Fike laboratories used knockout mutant mice to assess how deficiencies of superoxide dismutase isoforms affect radiation-induced neurogenesis, activation of microglia, and cognitive impairment. Although baseline neurogenesis was impaired in these mutant mice, radiation-induced effects were reduced in the absence of each of the isoforms of superoxide dismutase (Fishman et al., 2009; Raber et al., 2011a, Raber et al., 2011b; Rola et al., 2007). The investigators similarly demonstrated that the superoxide dismutase mimetic, EUK-207, could suppress radiation-induced behavioral impairments (Raber et al., 2017). Enhancing H2O2 detoxification capacity using a catalase-overexpressing transgenic mouse (hMCATtg) suppresses 1H-induced impairment of neurogenesis (Liao et al., 2013), cognition, and altered dendritic arborization (Olsen et al., 2013; Parihar et al., 2015a).
Receptor-gated ion channels are critical regulatory sites for neuronal activity, and recent evidence suggests that multiple channels are regulated by their redox status. Oxidation of K+ channels (which control excitability and survival of neurons) by ROS is a major mechanism underlying the loss of neuronal function and survival in C. elegans (Sesti et al., 2010). Similarly, γ-aminobutyric acid (GABA) type A receptors, important in inhibitory neuron function, are susceptible to oxidation, which results in changes in ion conductance and channel open state probability. Altered levels of the reduced form of glutathione were effective in modulating these responses (Amato et al., 1999). Redox also modulates the activity of N-Methyl-D-aspartate and acetylcholine receptors (Derkach et al., 1991; Janáky et al., 1993). Thus, radiation can perturb the regulation of major ion channels directly or induce a persistent metabolic shift toward pro-oxidant tissue status. Another potential redox regulatory site is the neuronal cytoskeleton. The protein cofilin, which regulates the actin filament system in dendrites and spines, is redox-sensitive (Samstag et al., 2013), and cofilin and its regulatory network are highly responsive to irradiation (cf. below, Kempf et al., 2014a). A variety of redox-sensitive neurochemical regulatory sites have been described by Smythies (1999) and a “regulator–sensor” model for synaptic plasticity was developed by Kamsler and Segal (2007), which illustrate the variety of ROS-sensitive sites that may be susceptible to oxidative stress.
Dietary countermeasures are being explored for their potential to mitigate or protect against the deleterious effects of radiation whose chemical consequences involve oxidative damage. Retinoids and vitamins (A, C, and E) are probably the most well-known and most studied natural radioprotectors, but hormones (such as melatonin), glutathione, superoxide dismutase, phytochemicals from plant extracts (including green tea and cruciferous vegetables), and metals (especially selenium, zinc, and copper salts) are also under study as dietary supplements for individuals exposed to radiation, including astronauts (Durante and Cucinotta 2008). It is expected that antioxidants have some benefits for persistent oxidative damage related to inflammation and immune responses (Barcellos-Hoff et al., 2005). Components of berry-rich diets are shown to participate in signaling pathways involved in neurotransmission and plasticity, inflammation, and cell survival, and such treatments to reduce oxidative stress and inflammation also improve performance in older animals and irradiated subjects. Poulose et al. (2017) showed that diets supplemented with anthocyanin-rich blueberry were effective in suppressing deficits in rats’ cognitive function after acute doses of 56Fe particles. Enhancing H2O2 detoxification capacity using a catalase-overexpressing transgenic mouse (MCATtg) suppresses 1H-induced impairment of neurogenesis (Liao et al., 2013) and cognition (Olsen et al., 2013; Parihar et al., 2015a; Manda et al. 2008; Villasana et al. 2013) showed that administration of α-lipoic acid ameliorated lipid peroxidation and impaired memory elicited by 56Fe exposure in mice. Polyphenolic compounds (e.g., blueberry or strawberry extract) given to rats prior to radiation exposure enhanced their ability to perform behavioral tasks, putatively helping to counter the cognitive effects of high doses of 56Fe ions (Rabin et al., 2005). However, the Raber et al. (2013) showed that antioxidants such as α-lipoic acid were not effective at reducing early cognitive changes after 100 to 1,000 mGy of 56Fe particles. 
4. Neuroinflammation
Neuroinflammation disturbs CNS function and is mediated by altered activation states of microglia and astrocytes, interruption of the blood brain barrier, and local expression of a wide range of inflammatory mediators including pro-inflammatory cytokines, chemokine receptors, adhesion molecules on glia and endothelial cells, and infiltration by peripheral immune cells such as T lymphocytes (Tofilon and Fike, 2000; Lehmann et al., 2018; Lumniczky et al., 2017). Glial cells are non-neuronal cells that maintain homeostasis and protect the CNS by providing nutritional support and forming myelin sheaths to insulate neurons. Microglia play a critical role in the development of pathological processes in the CNS, including radiation-induced cognitive changes, Alzheimer’s disease, Parkinson’s disease, aging, and other neuroinflammatory conditions (Clayton et al., 2017; Spangenberg and Green, 2017; Spittau, 2017; Venegas and Heneka, 2019). Microglia are normally in a highly ramified quiescent state but can be activated, after which they release inflammatory cytokines and chemokines and may adopt a phagocytic, amoeboid form. Traditionally, 2 classes of microglia are described: M1 microglia, which are pro-inflammatory and mediate neurotoxicity; and M2 microglia, which are involved in tissue repair and secrete anti-inflammatory mediators (Fan et al., 2016; Tang and Le, 2016). The shift between M1 and M2 phenotypes is not well understood, but the dysregulation of these activation states seems to give rise to neurodegenerative disease (Bogie et al., 2014; Tang and Le, 2016). Recent studies have identified additional microglial phenotypes that are brain region- and stimulus-specific and embody many more states than the traditional M1 vs M2 descriptions (O’Banion, 2022), so the M1/M2 dichotomy should be viewed as an approximation or simplification (Cherry et al., 2014). Microglia can regulate neurogenesis by clearing apoptotic cells and are involved in synaptic remodeling and physiological "scaling", and microglial "priming" is a form of epigenetic immunological memory. Exposure to GCRsim induces a maladaptive activation of microglia, and the sex-specific response of mice to radiation-induced cognitive and behavioral effects is linked to this maladaptive microglia response (see review by Rienecker et al. (2021).
Damage to neurons and synapses drives microglia activation, but it is not well understood how microglia are activated after radiation exposure, and response likely relates to the dose and type of radiation: some evidence exists that lower doses of radiation can promote the M2 microglia phenotype, whereas higher doses promote the M1 activated state and that the mitochondrial transporter protein TSPO may play an important role in this process (Betlazar et al., 2016). Microglia-mediated synaptic pruning may influence neuron structure: When overactive, excessive phagocytic activity could lead to over pruning and decreased neuronal connectivity. The lack of complement receptor 3 (CR3) blocked dendritic spine loss in the DG of male mice and impaired memory on the NOR task after a cranial exposure to 10,000 mGy of gamma rays, (O’Banion, 2022; Hinkle et al., 2019; 2020). Temporary depletion of microglia alters long-term neuroinflammatory processes and prevents cognitive deficits induced by 4He particle irradiation (Krukowski et al., 2018b; Allen et al., 2020). Krukowski et al. (2021) further demonstrated that temporary depletion of microglia using the drug PLX5622 (a colony stimulating factor 1 receptor inhibitor) abrogates impairments to spatial memory and learning in C57Bl/6 male mice 5 months after exposure to 500 or 1,000 mGy of simGCRsim, whereas the performance of female mice was not affected by this exposure. The effect of sex on microglia activation have been noted by many authors. For example, Parihar et al. (2020) reported that male mice exposed to ≤ 300 mGy of 400 MeV/n 4He particles had significantly higher levels of neuroinflammation and more extensive cognitive deficits than similarly irradiated female mice. Interestingly, only male mice had a significant decline in dendritic spine density after irradiation, and the authors reasoned this is due to the fundamental differences in inflammatory cascades between male and female mice. 
Radiation-induced inflammatory processes may have a causal role in CNS dysfunction, affecting many component cell types and processes, and developing with a complex time course. Up-regulation of cyclooxygenase-2 in irradiated microglia cells leads to production of prostaglandin E2, which appears to play a role in radiation-induced gliosis (over proliferation/activation of astrocytes in damaged areas of the CNS) (Kyrkanides et al., 2002; Moore et al., 2005). Robbins and colleagues demonstrated the importance of MAPK pathways in radiation-induced microglial activation and neuroinflammation (Schnegg et al., 2012). 
[bookmark: _Hlk117239963]Mouse cranial exposure to gamma rays or 1H particles at doses above 1,000 mGy elicits persistent elevation of TNF-α, C-C Motif Chemokine Ligand 2, T cell infiltration, glial fibrillary acidic protein (GFAP), major histocompatibility complex II+, and CD11c+, accompanied by T lymphocyte infiltration and increased numbers of activated microglia (Moravan et al., 2011; York et al., 2012; Morganti et al., 2014). Persistent (1–12 months) decreases in intercellular adhesion molecule -1 was detected in mice after a whole-body irradiation with ≥ 100 mGy of 1 GeV/n 1H particles, and pronounced sex differences were found; specifically, females were sensitive and males were not (Sweet et al., 2014). X-rays and 1H particles induced significant increases in the number of activated microglia that correlated with reductions in behaviorally induced gene expression (Rosi et al., 2008; York et al., 2012). A 50 or 300 mGy dose of 4He particles elevated microglia activation in male mice 1 year after exposure (Parihar et al., 2018). Exposure to 16O particles activated astrocytes and altered autophagy markers and nuclear factor kappa B (NF-κB) levels in the rat hippocampus (Poulose et al., 2011), and cultured human astrocytes had reduced glutamate transport after exposure to 1H, 12C, or 56Fe particles (Sanchez et al., 2010). The number of CD11b+ cells increased 49–62% in the hippocampus of mice, 6–7 months after exposure to 1,000 mGy of gamma rays (Kempf et al., 2014b). These changes were accompanied by increased hippocampal transcription and translation of TNFα after 1,000 mGy of gamma rays, and a 69–82% elevation of GFAP+ astrocytes in the hilus at doses ≥ 100 mGy. 
The following figure from Cekanaviciute et al. 2018 summarizes conditions explored for neuroinflammation and neuronal damage in terms of time, dose, and radiation type.
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Figure 9. Development of neuronal damage and neuroinflammation after HZE ion or simulated GCR irradiation. Ovals, dendrite/synapse/receptor/neuronal loss. Squares, gliosis (astrogliosis and/or microgliosis). Triangles, oxidative stress. Doses (Gy) listed inside the shapes. Grey color, negative data (i.e., showing no impairment). White, positive data (i.e., showing impairments). All findings are in male only samples unless noted otherwise. All but one study were conducted on mice (Britten et al., 2012). Adapted from figure 2 of Cekanaviciute et al. 2018.
5. Vascular Changes
It is well known that late necrotic brain tissue damage after exposure to high doses of radiation is associated with damage to the vascular system (Lyubimova et al., 2004), and numerous clinical studies have documented disruption of the blood brain barrier, however, limited evidence now suggests that low doses of charged particles also disrupt vascular structure and function. 
High doses of 137Cs gamma rays or 1H induce progressive loss of vessels in rats. Vessel density and length were unchanged in male Fischer 344 rats’ brains 24 h after the last dose of 137Cs gamma rays delivered in 8 fractions of 5,000 mGy over 4 weeks, however, 10 weeks after irradiation, both density and length were substantially decreased (Brown et al., 2005). Twenty weeks after irradiation, the rate of decline in the vessel density and length was similar to controls, and no gross gliosis or demyelination was observed 12 months after irradiation. Mao et al. (2003) irradiated rats’ eyes with 1H particles (800–28,000 mGy; 100 MeV/n), prepared vascular networks from retinal digests, and used stereological methods for unbiased estimates of microvessel/artery/vein endothelial, pericyte and smooth muscle populations, and vessel lengths. After irradiation a progressive time- and dose-dependent cell loss occurred over 15–24 months. Rate of cell loss doubled after 10,000 mGy of radiation and the total length of microvessel was significantly shorter in the 20,000 and 28,000 mGy irradiated animals than in controls.
Using lower doses of radiation, Mao et al. (2010) demonstrated substantial (34%) microvessel loss in the mouse hippocampus 9–12 months (with later recovery) after exposure to 500–2,000 mGy of 1H or 56Fe particles. The cornu ammonis (CA)1 region was markedly more sensitive than the DG, possibly reflecting the greater vessel connectivity in the DG.
Monolayers and 3D cultures of human umbilical vein cord endothelial cells (HUVECs) and cultured human brain microvascular endothelial cells were irradiated with 100–750 mGy of 1 GeV/n 56Fe particles and evaluated for maintenance of cell layer integrity for up to 72 hours after irradiation (Grabham et al., 2013b; Sharma et al. 2014). Transendothelial electrical resistance was progressively compromised after ≥ 500 mGy, accompanied by permeability to fluorescent dextrans (3 and 10 kDa). Breakdown of tight junctions (ZO-1 immunofluorescence) occurred in both 2D and 3D HUVEC cell cultures. These observations suggest that impaired perfusion, hypoxic conditions, and loss of the blood brain barrier may ensue from mission-equivalent doses of space-like radiation.
Three-D cultured human brain microvessel and HUVEC cells exposed to 1,000 mGy of 1 GeV/n 1H particles (i.e., low LET) failed to make connections with other cells but eventually developed a central lumen, whereas cells exposed to 1,000 mGy of 1 GeV/n 56Fe particles (i.e., high LET) extended cellular processes and made connections to other cells but did not develop a central lumen (Grabham et al., 2013a, 2013b). Analysis of the microtubule and actin cytoskeletons indicated that motility at the extending tips of endothelial cells is inhibited by low-LET particles but not by high-LET particles, indicating that low-LET particles inhibit early vasculogenesis when tip cells have motile protrusive structures and are creating tunnels through the matrix, whereas high-LET particles affect the later stages when the endothelial cells migrate to form tubes. 
Endothelial adhesiveness is considered a pro-atherosclerotic indicator that may also affect cerebrovascular pathology and could regulate monocyte infiltration of the brain. Radiation exposure increased adhesiveness of human aortic endothelial cell (HAEC) cultures in a manner that depended on dose, time, and type of radiation. (0–30,000 mGy X-rays or 0–2,000 mGy of 600 MeV/n 56Fe particles), however, only small increases in levels of expression of HAEC adhesion molecules ICAM-1 and VCAM-1 were detected and may not account for the pro-adhesive effect (Kucik et al., 2008, 2010; Khaled, et al., 2012).
6. Neuronal and Brain Tissue Structural Changes
The topology of neuronal networks and structural plasticity are important for regulating cognitive performance because they control synapse number, strength, and organization. Several studies show that < 500 mGy of HZE particles induce persistent reductions in neuron arborization and synapse number (dendritic spines). Gamma rays, 1H, and 56Fe radiation reduce hippocampal neuron arborization (> 50% 30 days after exposure) and cause loss of dendritic spines, both of which would limit the complexity of signal processing (Chakraborti et al., 2012; Parihar and Limoli, 2013; Quasem et al., 2007). Parihar et al. (2015b) reported that dendritic complexity was reduced 10 and 30 days after a 1,000 mGy exposure of 250 MeV/n 1H particles, and the number of spines were reduced after ≥ 100 mGy. Immature filopodial spines were more sensitive than stubby or mushroom-shaped spines. The presynaptic marker synaptophysin was reduced in these tissue samples, while the post-synaptic marker postsynaptic density protein (PSD-95), which has been implicated in the structural development and maturation of dendritic spines and synaptic signals, was elevated. An LET-dependent decrease in non-perforated synapse density and a decrease in percent of myelinated axons and degree of myelination (g-ratio) was detected in mice 6 weeks after exposure to 300 mGy of 4He, 16O, or 28Si particles (Dickstein et al., 2018). Behavioral testing itself can increase basal dendritic spine density, and 56Fe particle irradiation impedes increases in specific measures of hippocampal spine morphology and density that are induced when performing a cognitive task (Raber et al., 2016b). This illustrates the dynamic nature of spine and synapse number and complicates quantitation of short-lived filopodia. Eight weeks after exposure to 300 mGy of 600 MeV/n 16O or 48Ti particles, dendritic length and branching parameters were reduced by about 30% in the median prefrontal cortex (an area associated with executive function) (Parihar et al., 2015c). The number of dendritic spines was also significantly reduced after exposure to 50 or 300 mGy of 16O or 48Ti particles, whereas PSD-95 levels increased about 60% in the neurons of the medial prefrontal cortex, perhaps as a compensatory change. Notably, spine density correlated with cognitive performance measured using NOR and object in place tests. One month after exposure to 500 mGy of 150 MeV/n 1H particles, wild-type mice showed impairments in both NOR and object in place, whereas irradiated transgenic mice with antioxidant effects from overexpression of human mitochondrial catalase (hMCATtg) had significant increases in arborization of the distal dendritic tree (Chmielewski et al., 2016), reinforcing the idea that interventions targeted to minimize oxidative stress in the irradiated brain could ameliorate normal tissue injury and preserve the function of the CNS. In another study, 100, 250, and 1,000 mGy exposures of 16O particles decreased dendritic branch points (indicated by bifurcation), and dendritic length and complexity in male mice, whereas the 100 and 250 mGy doses induced short-term memory impairments and the 1,000 mGy exposure did not (Carr et al., 2018). 
[bookmark: _Hlk46392142]Nine months after receiving 500 or 1,000 mGy whole-body exposure to 1H particles, mice had significantly increased anxiety-like behavior in open-field tests that was associated with significant decreases in mushroom spine density and dendrite morphology in the DG, CA3, and CA1 of the hippocampus, as well as lowered expression of synaptic markers (Kiffer et al., 2018a). Nine months after exposure to 50, 100, or 250 mGy 16O particles, mice had diminished dendritic complexity throughout the hippocampus; however, radiation exposure did not affect spatial memory performance in the Y-Maze. All 16O doses induced similar deficits in NOR but only 250 mGy induced social novelty deficits (Kiffer et al., 2019b, Howe et al., 2019). Three months after exposure to both 500 mGy of 1H and 100 mGy 16O particles, mice had deficits in hippocampus-dependent short-term recall, and increased expression of the N-methyl-D-aspartate receptor subunit Nr2a, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid, and glutamate neurotransmitter analog (AMPA) receptor subunit GluR1, and decreased expression of Nr2b (Kiffer et al., 2018b). The presynaptic density markers synaptophysin and synapsin-1 where upregulated in these irradiated mice, as were the postsynaptic markers drebrin-1 and synapse-associated protein 97. Radiation modulated hippocampal spine density by increasing the volume of stubby spines and decreasing the volume of mushroom spines in the DG.
The processes that occur in the neuronal cytoskeleton may be radiosensitive. In mouse hippocampal neuronal HT22 cells, the signaling pathways related to synaptic actin-remodeling were significantly affected 4 and 24 h after irradiation with 1,000 and 4,000 mGy of gamma rays, but not after irradiation with 500 mGy of gamma rays (Kempf et al., 2014b). The decreased expression of microRNA (miR-132) and Rac1 was associated with an increase in hippocampal cofilin and phospho-cofilin, which control formation of synaptic actin filament in spines and synapses. Similar findings were observed in 10-day-old NMRI mice 24 hours after exposure to 1,000 mGy of gamma rays. Minnier et al., (2021) analyzed brains of BALB/c and C3H mice and their progeny 6 and 12 months after exposure to 200 mGy of 28Si particles and found that levels of the dendritic marker MAP2 in the cortex were higher in irradiated mice than in sham-irradiated mice. Pathways associated with the Rho family of GTPases (key regulators of spine and synapse morphology) were all perturbed by irradiation, and overall, the pathways shared several proteins, such as Rac1, p21-activated kinases, LIMK, and cofilin, all of which are constituents of the Rac1-Cofilin pathway. The results suggest that a Rho/Rac1/Cofilin-based mechanism may underlie spine and dendrite remodeling observed after irradiation. Notably, cofilin organizes surface receptor complexes in the "immunological synapse" suggesting an analogous role in spine organization. Cofilin activity may polymerize or depolymerize actin depending on the availability of G-actin, and is under direct redox control, which implicates cofilin activity in oxidative disturbances of actin dynamics (Samstag et al., 2013). This may render cofilin acutely sensitive to radiation or to persistent oxidative stress. 
Subtle widespread remodeling of brain structures after low-dose irradiation can also occur. MRI imaging of gamma ray or 56Fe-irradiated rat and mouse brains showed dynamic changes in apparent diffusion constants and T1/T2 relaxation times in multiple regions, suggesting microscopic tissue structure changes. Magnetic resonance spectroscopy showed alterations in levels of several neuronal damage markers (Huang et al., 2010, 2009; Kumar et al., 2013; Obenaus et al., 2008).
7. Electrophysiology
Changes in both intrinsic properties and synaptic plasticity parameters have been detected after exposure to low doses of HZE particles. Both field recordings and single cell recordings have revealed changes in excitability and plasticity in irradiated rodents, primarily male C57Bl/6 mice, using acute slice preparations from hippocampus and frontal cortex, and recent experiments have begun to explore in vivo properties. 
1) Field Recordings
Synaptic excitability is modified in the CA1 and the DG after exposure to HZE particles at doses as low as 100 mGy. LTP, a tissue-level model of memory formation, was used to assess electrochemical stimulation-induced strengthening of synaptic connections and results indicated that radiation induces hippocampus field-, dose-, and ion-specific modulation consistent with dysregulation of the balance between excitatory and inhibitory activity (Vlkolinský et al., 2008, 2007). An interaction between cognitive testing (contextual freezing) and radiation exposure (250 or 1,000 mGy of 600 MeV/n 28Si particles) was detected in C57Bl/6J mice (Raber et al., 2014): both doses of radiation enhanced LTP in the dorsal hippocampus, and the behavioral training also enhanced LTP and further potentiated the radiation response after 250 mGy but not 1,000 mGy, which matched the inverted U-shaped dose response for the behavior. The same 250 and 1,000 mGy doses of 28Si particles induced prominent decrements in amplitudes of population spikes and reduced maximal neuronal output without changes in dendritic field EPSPs in the ventral hippocampus of C57Bl/6J mice (Rudobeck et al., 2014). Such reduced EPSP-spike coupling is a novel finding suggesting impaired information transfer. Reduced presynaptic glutamate release and decreased abundance of glutamate receptors in purified rat synaptosomes after exposure to 56Fe particles supports prepulse facilitation observations, and the LTP observations implicates postsynaptic remodeling (Machida et al., 2010). Thus, dynamic pre- and post-synaptic remodeling and strengthening of synapses are sensitive to HZE irradiation in a brain region-, cell type-, and radiation species-specific pattern, which are associated with inappropriate radiation-induced signal processing and behavior. 
Miry et al. (2021) identified persistent compensatory process(es) that may outlast radiation-induced impairments and sequelae in male and female mice. An initial 2–3-month period of impairment in synaptic plasticity was recorded after exposure to 100, 500, or 1,000 mGy of 600 MeV/n 56Fe, followed by a 6–20-month period of improvement that was concomitant with a resurgence in neurogenesis. The figure 10 below from Miry et al. (2021) illustrates the impairment of LTP in male and female mice 2 months after whole-body exposures of 0, 100, 500 or 1,000 mGy of 56Fe particles. At extended time points after exposure the deficit is reversed.
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Figure 10. Impairments in Schaffer collateral-CA1 long-term potentiation (LTP) 2 months after exposure to 56Fe particle radiation (a: male mice, b: female mice). Time course and magnitude (inset bar graph) of LTP in brain slices from mice exposed to 100, 500, or 1,000 mGy of radiation, compared to sham-irradiated controls (0 mGy). After a 15-min baseline, LTP was elicited by 2 high-frequency theta-burst stimulation (TBS) stimulus trains (arrows), and the magnitude of LTP between 35 and 40 min after TBS (perforated box) was compared across doses in (a) male mice, and (b) female mice, One-way RM ANOVA values were F(1.84, 18.35) = 292.8, P < .0001 for males and F(2.06, 20.59) = 1169.0, P < .001 for females. Adapted from Figure 2 of Miry et al. 2021. EPSP: excitatory postsynaptic potentials.
2) Effects of Complex Radiation Fields and Neutrons
Male mice exposed to simGCRsim (6 particles doses of 50 or 300 mGy) had impaired LTP in the hippocampus 3.5–5 months after exposure. Administration of a histone deacetylase inhibitor 30 min prior to brain isolation restored LTP suggesting that a chromatin state that facilitates transcription can ameliorate radiation effects (Keiser et al., 2021). Klein et al. (2021b) examined how exposure to simGCRsim (2 similar 5–6 beam combinations of 1H, 4He, 16O, 28Si, and 56Fe particles) influenced neuronal connectivity, functional generation of activity within neural circuits, and cognitive behavior in mice. The simGCRsim exposure perturbed the activity of the hippocampal network and led to deficits in learning and memory and increases in anxiety behavior. Overall, exposure to the simGCRsim was less deleterious than exposure to similar doses of some single particles, possibly due to reduced average LET of the simGCRsim.
Klein et al. (2021b) conducted in vivo recordings of head-immobilized male mice moving on trackballs to examine synchronized network oscillations (sharp wave-ripple) in several frequency ranges in hippocampus and determined that a single exposure to a variant of the simGCRsim induced no overall differences. However, a radiation-induced reduction in "intra-ripple" frequency was detected, suggesting enhanced GABAergic inhibitory tone. The 300 mGy GCR exposure did not change most inhibitory neuron properties; however, it did elevate the amplitudes of spontaneous inhibitory postsynaptic currents, which is consistent with elevated inhibitory tone in ripple analysis. Histological analysis detected no significant changes in the number density of excitatory presynaptic terminals after the GCR exposure. 
A chronic 6-month low-dose exposure to a mixed-field of neutrons (1 mGy/day for a total dose of 180 mGy) induced synaptic plasticity in the medial prefrontal cortex of mice and rats, accompanied by microglial activation and significant synaptic loss in the hippocampus (Krishnan et al., 2021). This neutron exposure also altered fluorescence assisted single synaptosome LTP in the hippocampus of rats, which may be related to a reduced ability to insert AMPA receptors into the post-synaptic membrane from increased phosphorylation of the GluA1 subunit. Thus, low-dose chronic neutron irradiation impacts homeostatic synaptic plasticity in the hippocampal-cortical circuit in 2 rodent species, and the ability to successfully encode associative recognition memory is a dynamic, multi-circuit process, possibly involving compensatory changes in AMPA receptors topology on the synaptic surface. 
3) Disease and Inflammatory Models
APP23 transgenic mice exhibit age-related behavioral abnormalities and deficits in synaptic transmission related to Alzheimer’s disease pathology. Vlkolinský et al. (2010) exposed 7-week-old APP23 transgenic males to brain-only 56Fe-particle irradiation (600 MeV/n; 1,000–4,000 mGy) and recorded synaptic transmission in hippocampal slices 2–24 months later. Radiation accelerated the onset of age-related decrements in EPSP recorded at the population spike threshold from 14–9 months of age and reduced synaptic efficacy. In addition, 9 months after radiation exposure, the amplitude of the population spikes were reduced. Using a similar experimental design, Vlkolinský et al. (2007, 2008) assessed synaptic plasticity in hippocampal slices from mice exposed to 56Fe particles with or without a tail vein injection of lipopolysaccharide (LPS) to elicit systemic inflammation. The researchers found a complex response in which LPS or radiation alone impaired LTP and synaptic efficacy, however, radiation blocked the LPS-induced impairment in dual treatments.
4) Single Cell Recordings
Excitatory and inhibitory neurotransmission was examined in DG granule cells in dorsal hippocampal slices from male C57BL/6 mice 3 months after whole-body irradiation with accelerated 1H, 28Si, or 56Fe particles. Exposure to 1H particles (100, 500, 1,000 mGy) increased synaptic excitability with a dose-dependent decrease in amplitude and charge transfer of miniature inhibitory post-synaptic currents (mIPSCs), but no changes were detected in the expression of GABA-A receptor subunits a2, b3, or c2 (Marty et al., 2014). Exposure to 28Si particles (250 or 1,000 mGy) had no significant effects on synaptic excitability, miniature excitatory postsynaptic currents (mEPSCs), or mIPSCs. Exposure to 56Fe particles (250 or 1,000 mGy) had no effect on synaptic excitability and mIPSCs, however, the 1,000 mGy dose significantly increased mEPSC frequency without changes in mEPSC kinetics, suggesting a presynaptic mechanism was involved. Together, these particle and tissue specific radiation responses suggest that radiation-induced impairment of inhibitory neuron activity leads to increased overall excitability in the DG. Mice exposed to 50 mGy of 4He particles exhibited significant hippocampal and cortical based cognitive decrements lasting 1 year after exposure that were associated with significant changes in the intrinsic properties (resting membrane potential, input resistance) and persistent decreases in the frequency and amplitude of the spontaneous excitatory postsynaptic currents of principal cells in the perirhinal cortex (Parihar et al., 2018). Parihar et al. (2018) conducted recordings in perirhinal, entorhinal cortex, and hippocampal slices in mice 7, 9, and 18 months after exposure to 50 or 300 mGy 4He particles. When the investigators evoked potentials in CA1 hippocampal cells and measured responses in layer V-VI principal cells of perirhinal cortex they found reduced connectivity between these regions in irradiated animals—indicating impaired network activity.
Three months after a 1,000 mGy dose of 1H particles, C57Bl/6 male mice had altered intrinsic membrane properties of CA1 pyramidal neurons, resulting in a hyperpolarization of the resting membrane potential and a decrease in input resistance (Sokolova et al., 2015). These alterations decreased the excitability of CA1 pyramidal neurons and a computational model of the CA1 microcircuit predicted that this had a dramatic impact on network function. This exposure to 1H particles also upregulated the persistent Na+ current and increased the rate of mEPSCs, which contribute to neuronal depolarization and excitation. 
4) Rats
Multiple alterations in the intrinsic membrane properties of the pyramidal neurons within the medial prefrontal cortex, glutamatergic synaptic transmission, and LTD in the prelimbic area of the medial prefrontal cortex were detected in rats after exposure to 100 mGy of 28Si particles (Britten et al., 2020a). Britten et al. (2014) also performed cognitive tests on juvenile (6-week-old) and socially mature (6–11-month-old) Wistar rats 3 months after whole-body exposure to 100–300 mGy of 1 GeV/n 56Fe particles and observed in purified synaptosomes that hyperosmotic sucrose-stimulated release of acetylcholine (but not GABA) was inhibited at 200 mGy. This is an in vivo measure of presynaptic neurotransmitter vesicle secretion from the "readily releasable pool" analogous to the in vivo process.
8. Altered Protein Homeostasis
[bookmark: _Hlk45863956]Exposure to low fluence HZE particles results in similar molecular changes as those seen in aged animals (Rabin et al., 2014b). Autophagy, a dynamic intracellular process for degrading and recycling toxic proteins and organelles (associated with neurodegenerative processes), was significantly inhibited in the hippocampus of Sprague-Dawley rats after exposure at 2 months of age to 50, 500, or 1,000 mGy of 1,000 MeV/n 16O particles, as measured by ubiquitin inclusion bodies (P62/ SQSTM1) and autophagosome markers (microtubule associated protein 1 light chain 3 alpha [MAP1B-LC3], beclin1, and mammalian target of rapamycin [mTOR]) (Poulose et al. 2011). These changes also correlated with changes in protein kinase Cα, NF-κB and GFAP, indicating glial cell activation 75 days after exposure, and oxidative stress and inflammation. 1H, 28Si, and 56Fe irradiation of mouse and human neuronal cell organoids induce LET-dependent dysregulation of the ubiquitin-mediated protein degradation system that may underlie memory impairment and late degenerative conditions such as memory impairment and Alzheimer’s disease (Shaler et al., 2020). Radiation-induced alterations occur in choroid plexus and cerebrospinal fluid components such as transthyretin, a chaperone protein in removal of amyloid protein, and troponin T1, which is associated with neurogenesis and neuronal migration. The latter may be a useful biomarker of radiation exposure (Lowe et al., 2009a; 2012). 
9. Molecular Changes 
1) Neurochemicals 
Evidence from studies in rodents suggests that exposure to radiation alters brain neurochemistry and the availability of key neurotransmitters (e.g., acetylcholine, glutamate, dopamine, GABA) that may be related to neurobehavioral and cognitive function. The persistent changes in brain neurochemical profiles in irradiated animals that have also been exposed to other spaceflight stressors may contribute to behavioral and neurocognitive abnormalities (Desai et al., 2022). Identifying changes in specific neurochemical systems may guide the development of targeted countermeasures.
Dopamine, serotonin (also known as 5-hydroxytryptamine [5-HT]), and noradrenaline are key monoamine neurotransmitters important for maintaining normal brain activity such as motor control and emotional and motivation states. Abnormal redistribution of noradrenaline, dopamine, 5-HT, and their metabolites—3,4-dioxyphenylacetic acid, homovanillic acid, and 3-methoxytyramine, 5-hydroxyindoleacetic acid—were detected in the brain of Sprague-Dawley rats that were irradiated at 2 months of age with 1,000 mGy of 500 MeV/n 12C particles and assessed 30 and 90 days later: the most pronounced radiation-induced impairments were detected in the prefrontal cortex, nucleus accumbens, and hypothalamus, where total monoamines were decreased and ratios of metabolites were altered (Belov et al., 2016; Belokopytova, et al., 2016). When the irradiated rats’ behavior was assessed in a circular open field system with nose poke holes, locomotory activity was increased, especially at 30 days after radiation exposure, while the time spent in the center of the open field center and the nose poke board measures indicated increased anxiety. In a related study (Shtemberg at al., 2015), rats irradiated with 1H particles (170 MeV/n; 1,000 or 2,000 mGy) had decreased concentrations of catecholamines in their prefrontal cortex and 3-methoxytyramine in their striatum. Tyrosine hydroxylase levels (dopamine pathway) in rat brains were unaffected after exposure to 56Fe irradiation (Rice et al., 2009).
In a pilot study, rhesus macaque monkeys received a head-only irradiation with 1H or 14C particles and their cognition was tested by requiring the animals to follow a moving cursor using a manually guided joystick, an activity that simulates pilots’ flight activities (Belyaeva et al., 2017). A 3,000 mGy dose of 1H particles did not cause any significant changes in the animal’s cognitive function nor in the concentrations of monoamines and their metabolites in the animals’ peripheral blood. However, exposure to 1,000 mGy of 14C particles significantly impaired cognitive function and significantly decreased serotonin metabolite concentrations in the blood.
[bookmark: _Hlk46131787]Glutamate levels in the brain are controlled by astrocytes whose specific uptake mechanisms prevent excessive buildup in the intercellular space, which can lead to excitotoxicity. Sanchez et al. (2009, 2010) found that radiation alters the levels of several glutamate transporters in cultured astrocytes, neurons, and mixed cultures that were derived from human hNT2 cells (human embryonic carcinoma cell line, NTera2cl.D/l) and differentiated with retinoic acid. 
2) Extracellular Matrix
Polysialated neural cell adhesion molecule (PSA-NCAM; a synaptic plasticity regulator) was down-regulated in the hippocampus of rats that were irradiated with 2,500 mGy of 56Fe particles, and changes in the microenvironment associated with HZE particle-induced neurodegeneration were similar to those found in aged animals, as shown in the figure 11 below, suggesting that irradiation responses and aging may share pathogenic mechanisms (Casadesus et al., 2005).
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[bookmark: _Hlk132105273]Figure 11. Expression of polysialylated isoforms of the neural cell adhesion molecule (PSA-NCAM) in the hippocampus of rats irradiated with 2,500 mGy of 56Fe radiation and control subjects as measured by % density/field area measured (Panel A). PSA-NCAM staining in the dentate gyrus of representative irradiated (IR) and control rats (C) (Panel B). Adapted from figure 5 of Casadesus et al., 2005.
3) Proteomics in Rats
Unbiased proteomic analysis of gamma ray-irradiated mouse brains showed changes in 6% of 997 peptides (Lim et al., 2011), and proteomic analysis of serum and brain from 56Fe-irradiated rats identified proteomic signatures associated with high and low performance scores on spatial memory (Britten 2010, 2014, 2017). Although specific changes in the rat hippocampal proteome after 200 mGy 1 GeV/n 56Fe particles are associated with the maintenance of good spatial memory in rats (Britten et al., 2017), radiation increases persistent oxidative stress, ongoing autophagy, and alters synaptic plasticity in the hippocampus, irrespective of the spatial memory performance status, and the ultimate phenotype may be a result of how well the hippocampal neurons counter the ongoing oxidative stress and associated side effects. 
Wistar rats were irradiated with 150 mGy 48Ti particles and tested 90 days later in the Barnes maze for hippocampus-associated spatial memory (Tidmore et al., 2021), and proteome analysis of hippocampus tissue identified unique protein signatures that may discriminate between irradiated and non-irradiated subjects, and subjects sensitive or resistant to radiation-induced cognitive defects. The radiation exposure increased pro-ubiquitination proteins, suggesting the role of the ubiquitin-proteome system as a determinant of radiation-induced neurocognitive deficits needs to be more thoroughly investigated.
10. Effects of Genotype, Gene Expression, and Epigenetics
In addition to age and sex, genotype affects an organism’s range of radiation-induced responses. The C57Bl/6 stain of mice are the primary animal model employed in high-LET radiation studies along with 4 strains of rats: Fischer 344, Wistar, Sprague-Dawley, and Long-Evans. Epigenetic regulation by methylation and microRNAs (miRNAs) has also been shown to influence radiation effects.
1) Gene Expression
Radiation-induced alterations in gene expression in brain tissue are dependent on dose, dose-rate, and species. Chang et al. (2010) examined gene expression in hippocampal tissue of a transgenic mouse strain (C57Bl/6-lacZ) using a 96 gene Superarray™ panel for 6 categories of genes (neurotrophins/ neuropeptides, neurogenesis, growth and differentiation, synaptic transmission, apoptosis, and transcription factors) at 12 days, 4 weeks, and 8 weeks after 500, 1,000 and 2,000 mGy exposures to a simulated solar particle event 1H spectrum. The investigators observed complex time-dependent changes in the different categories of genes with a dramatic down-regulation of most genes at 4 weeks after 1,000 mGy and a notable upregulation in neurogenesis and neurotrophin genes shortly after exposure. Genes with the greatest radiation-induced changes (up or down) included hypocretin, urocortin, adenylate cyclase activating factor 1, cFos, heat shock protein 1, neurotropin 5, and nerve growth factor. Mice exposed to high-LET radiation also display alter patterns of gene expression and changes in networks in the hippocampus that correlate with altered spatial memory (Impey et al., 2016a, 2016b; Raber et al., 2016a). Low doses of gamma rays altered expression of genes regulating ion channels, synaptic plasticity, and vascular damage, whereas high doses affected oxidative stress and amyloid processing genes (Lowe et al., 2009b, 2012). Brains from mice exposed to 1H particles showed dysregulation of miRNAs (Khan et al., 2013). The behaviorally induced immediate early gene Arc was investigated by Rosi et al. (2008, 2012) and Raber et al. (2013) for its expression in the DG of mice and its correlation with hippocampus-associated behaviors and neurogenesis. Arc protein and mRNA were reduced up to 2 months after X-rays or 56Fe particle exposure.
2) Epigenetics
Exposure to HZE particles can induce dysregulation of miRNAs and epigenomic remodeling that correlates with behavioral changes and can represent a signature of exposure to HZE radiation. Dose- and time-dependent epigenomic remodeling (DNA methylation) in the hippocampus of 1H and 56Fe particle-irradiated mice correlated with behavioral changes (Impey et al., 2016a, 2016b). A novel class of DNA methylation change was observed after 1H and 56Fe irradiations, characterized by both increased and decreased 5-hydroxymethylcytosine levels among the entire gene body, representing a signature of HZE particle exposure (Impey et al. 2017). MiRNA in the plasma and brains of BALB/c and C3H mice and their progeny 6 and 12 months after exposure to 200 mGy of 28Si particles correlated with changes in 8 behavioral measures (Minnier et al., 2021). Different but overlapping sets of miRNAs in plasma were found to be associated with cognitive measures and behavior in sham and irradiated mice. Radiation affected pathways involved in neurodegenerative conditions and cancers. Data also suggests that distinct miRNAs modulate neuroinflammation in different brain regions. The associations between lipids in selected brain regions, plasma miRNA, and behavioral and cognitive measures after irradiation could be used to develop biomarkers that indicate response to space radiation exposure. 
Baddour et al. (2020) reported sex-specific differences in the induction of anxiety-like behaviors and in the ability to abolish fear memories in C57Bl/6 mice that were irradiated with 2,000 mGy of 137Cs gamma rays and assessed 6–7 months after exposure. Molecular analyses showed alterations in post-synaptic protein levels that might affect synaptic plasticity and increased levels of global DNA methylation, suggesting a potential epigenetic mechanism that might contribute to radiation-induced cognitive dysfunction. 
3) Genotype
Radiation-induced outcome measures for mice and rats of various genotypes are reported in different sections of this report and are not repeated here. Because human populations are very heterogeneous, the use of inbred animal strains may not accurately predict the inter-individual variation observed in humans. Iancu et al. (2018) addressed this issue using a heterogeneous mouse model (70th generation of controlled outbred Collaborative Cross HS/Npt mouse colony) for which dense genotype data, and environmental challenges, including radiation exposure, were used to explore and quantify the size and stability of the genetic component of fear learning and memory-related measures. Exposure to radiation altered the genotype-phenotype correlations, but different behavioral and cognitive measures were affected to different extents. The investigators identified pathways and functional ontology categories associated with these behavioral and cognitive measures. This study suggests that internal compensatory mechanisms mitigate how radiation affects behavioral and cognitive performance, and genetics contribute to which compensatory mechanisms are engaged in each individual animal. 
A rat’s performance on various behavioral tests has long been known to depend on its strain, and it is also known that anatomical differences exist between strains. For example, Wistar rats have less granule cell projections to hippocampus CA3 than other strains of rats (Ramírez-Amaya et al., 2001). Genetic differences in dopaminergic function in rats impact 1H radiation induced deficits in sustained attention (Davis et al., 2015). 
4) ApoE
ApoE alleles are associated with enhanced risks of Alzheimer’s disease and cardiovascular disease, with ApoE4 leading to the worst outcomes. Haley et al. (2012) showed that increased levels of ApoE3 in the hippocampus of mice may enhance their memory performance in the water maze and protect against performance decrements induced by exposure to 56Fe particles (500 mGy; 60 MeV/n). Villasana et al. (2010b, 2016) showed ApoE allele-specific associations with neurogenesis and structural markers, hippocampal ROS, and differences in anxiety and memory in mice after irradiation.
5) DNA Repair and Ataxia-Telangiectasia Mutated (ATM)
Garrett et al. (2022) investigated how gamma rays (63–2,000 mGy) affect locomotion, anxiety, sensorimotor responses, and cognitive behavior in male and female mice of different genetic backgrounds including those with a defect in ERCC2 nucleotide excision repair gene (wild-type and Ercc2S737P heterozygous mice on a mixed C57BL/6JG and C3HeB/FeJ background) when irradiated at the same age (10 weeks). Four months after exposure, a clear dose-dependent response was detected for effects on locomotor and exploratory activity, anxiety-related behavior, and social behavior that was independent of sex or genotype. Smaller genotype- and dose-dependent radiation effects were detected for working memory that were evident in males but not in females, and only changes in affiliative social behaviors persisted for 12 months after irradiation. Overall, impairments measured were time- and dose-dependent and only very weakly genotype dependent. 
Yamamoto et al. (2011) tested neuromotor abilities in wild-type and ATM deficient mice. ATM is important in DNA repair, apoptosis, and cell cycle regulation, and ATM deficiencies confer radiosensitivity and ataxia in humans. The investigators tested gait consistency, spontaneous motility in a transparent tube, and beam walking in AtmDSRI mutant and wild type sibling mice irradiated with 1,000 or 2,000 mGy of 56Fe particles, and detected no differences in spontaneous activity associated with genotype or with radiation exposure; however, the 2,000 mGy 56Fe exposure increased stride range regardless of genotype, and wild-type and AtmDSRI heterozygotes had increased errors in motor coordination on the balance beam, whereas the AtmDSRI homozygotes did not. Thus, 2,000 mGy but not 1,000 mGy of HZE ions affected neuromotor ability in mice.
11. Neurodegenerative Disease-Like Changes
Several studies have assessed whether exposure to HZE particles can accelerate the onset of Alzheimer’s disease pathologies in the APPswe/PSEN1dE9 (APP/PS1) mice and related transgenic mice, which show Alzheimer’s pathologies in old age (Cherry et al., 2012; Rudobeck et al., 2017; Schroeder et al. 2021). These studies provide evidence for sex-specific, long-term CNS effects from exposure to HZE particles. Many detailed sex- and genotype-associated differences were noted but generally, APP /PS1 animals exhibited greater inflammatory responses to radiation than wild-type animals, and female animals were generally more resistant to radiation than male animals. A genetic predisposition to Alzheimer’s disease pathology acted as a stressor that revealed radiation effects not seen in wild-type animals.
Six months after exposure to 100 or 1,000 mGy of 56Fe particles, APP/PS1 mice had less cognitive abilities than unirradiated mice, as measured by contextual fear conditioning and NOR tests. The irradiated mice also had accelerated amyloid-beta (Aβ) plaque pathology, which was not due to higher levels of APP or increased cleavage as measured by levels of the beta C-terminal fragment of APP (Cherry et al., 2012). 
About 8 months after 56Fe irradiation, male APP/PS1 mice had accelerated Aβ pathology, gliosis, and neuroinflammation, which led to deficits in spatial memory but improved motor coordination, whereas the radiation exposure worsened fear memory in wild-type male mice (Schroeder et al. 2021). Although sham-irradiated female mice had more cerebral Aβ and gliosis than sham-irradiated male APP/PS1 mice, both APP/PS1 and wild-type female mice were relatively spared from radiation effects 8 months after exposure. Cherry et al. (2012) compared male and female APP/PS1 mice at 6 months (males) and 3.5 months (females early due to survival concerns) after exposure to 100 or 1,000 mGy 1 GeV/n 56Fe particles and quantified amyloid deposition, associated gliosis, and selected behavioral outcomes. Male mice were consistently more radiosensitive for impairment of NOR and contextual fear conditioning, and they also showed greater radiation-induced amyloid plaque deposition in the cortex, as assessed using Congo Red or 6E10 antibody staining for amyloid. Soluble Aβ 1-40 oligomers and insoluble Aβ 1-42 oligomers were also elevated in male but not female mice. The figure 12 below from figure 2 of Cherry et al. (2012) illustrates accelerated amyloid deposition in mice irradiated with 1,000 mGy 56Fe particles.
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Figure 12. Immunohistochemical staining for amyloid with 6E10 antibodies increases after 56Fe particle irradiation. Representative images of half male mice brains stained for 6E10 6 months after 0 mGy or 1,000 mGy 56Fe particle radiation. Scale bar is 1 mm. Modified from figure 2 of Cherry et al. (2012)
Liu et al. (2019) characterized a battery of behavioral outcomes in Alzheimer’s disease-like APPswe/PS1dE9 transgenic mice and wild-type littermates 1.5 months after exposure to 100 or 500 mGy of 56Feparticles at the age of 4 months when Alzheimer-like pathology is just beginning to be expressed. The test battery revealed sex-, genotype-, and dose-dependent changes in locomotor activity, contextual fear conditioning, grip strength, and motor learning in transgenic animals but not in wild-type controls. The irradiated transgenic mice exhibited more locomotor activity in the open field and Y maze, sex-dependent performance changes on the rotarod, no changes in the elevated plus maze or tail suspension test, a slight reduction of grip strength in the female mice, and no impairment of spatial working memory in the Y maze or contextual fear memory relative to unirradiated controls. The radiation exposure reduced cerebral insoluble amyloid-β levels and microglia activation in the female transgenic animals, whereas astrocyte activation (GFAP) was unaffected. These results represent a systematic study of early radiation effects in contrast to the later time points reported above.
In contrast to the radiation-induced outcomes in transgenic animals, no acceleration of amyloid-β or tau protein pathology was detected in wild-type C57BL/6J Mice for up to 2 years after exposure to 100 mGy of X-rays, nor any impairment in Morris water maze memory performance (Wang et al., 2014). Although 2 of the 84 Alzheimer’s disease-related genes (Apbb1 and Lrp1) were down-regulated in the hippocampus of the wild-type X-ray irradiated mice 4 h after radiation exposure, only Il-1α was down-regulated 1 year after exposure. A follow-up study using 50 and 100 mGy of 290 MeV/n 12C particles (Wang et al. 2014), again detected no evidence of accelerated amyloid-β or tau protein pathology in the irradiated wild-type C57BL/6J mice, although, changes in expression levels of a different suite of 6 genes were detected immediately after the radiation exposure, and Il-1α was down-regulated 1 year later. Thus, exposure to HZE particles may accelerate neurodegenerative pathology in mice that are predisposed to pathogenic changes, but this may not extend to wild-type animals. When 8–10-week-old B6C3F1/HSD male mice received a whole-body exposure of 0, 100, or 2,000 mGy of 137Cs gamma rays and ribonucleic acid (RNA) was isolated 4 hours later, Gene Ontology enrichment analysis and Ingenuity pathway analysis revealed radiation-induced activation of molecular networks and pathways associated with cognitive functions, advanced aging, and Alzheimer's disease (Lowe et al. 2009a). 

12. [bookmark: _Hlk171437903]Gut Microbiome 
[bookmark: _Toc107998098][bookmark: _Toc107998675][bookmark: _Toc108009233][bookmark: _Toc108009234][bookmark: _Toc107998100][bookmark: _Toc107998677][bookmark: _Toc108009235][bookmark: _Toc108009236][bookmark: _Toc107998102][bookmark: _Toc107998679][bookmark: _Toc108009237][bookmark: _Toc108009238][bookmark: _Toc107998104][bookmark: _Toc107998681][bookmark: _Toc108009239][bookmark: _Toc108009240][bookmark: _Toc107998106][bookmark: _Toc107998683][bookmark: _Toc108009241][bookmark: _Toc108009242][bookmark: _Toc107998108][bookmark: _Toc107998685][bookmark: _Toc108009243][bookmark: _Toc108009244][bookmark: _Toc108009245][bookmark: _Toc108009246][bookmark: _Toc107998112][bookmark: _Toc107998689][bookmark: _Toc108009247][bookmark: _Toc108009248][bookmark: _Toc107998114][bookmark: _Toc107998691][bookmark: _Toc108009249][bookmark: _Toc108009250][bookmark: _Toc107998116][bookmark: _Toc107998693][bookmark: _Toc108009251][bookmark: _Toc108009252][bookmark: _Toc107998118][bookmark: _Toc107998695][bookmark: _Toc108009253][bookmark: _Toc108009254][bookmark: _Toc107998120][bookmark: _Toc107998697][bookmark: _Toc108009255][bookmark: _Toc107998121][bookmark: _Toc107998698][bookmark: _Toc108009256][bookmark: _TOC_250001]Exposure of mice to simulated GCR altered gut microbiota populations but not their overall diversity (Raber et al., 2020), and exposure to 250 mGy 4He particles led to altered gut microflora (changes in abundance of opportunistic bacteria were observed while core beneficial species were unchanged) and impaired social odor recognition memory in adult male rats (Jones et al., 2022b). Similar to results with 4He ions, mice irradiated with 16O particles at 100, 250, or 1,000 mGy exhibited shifts in the composition of fecal bacterial populations and metabolites associated with digestion of carbohydrates and lipids at 10 and 30 days after exposure (Casero et al., 2017). The shift was again towards more abundant opportunistic species. Unexpectedly, there were greater effects from the 100 and 250 mGy exposure than the 1,000 mGy exposure. Interactions between radiation-associated changes in the gut microbiome and behavioral and cognitive performance may be an area for intervention during long-duration spaceflight.
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