IX B: RISK DATA SHEETS



Risk Title: Accelerated Bone Loss and Fracture Risk

Theme: Human Health and Countermeasures (HH& C)
Discipline: Bone Loss
Risk Number : 1

Risk Description :

Failure to recover bone lost during mission coupled with age-related bone loss can lead to
osteoporatic fractures at ayounger age. Important for long duration missions for crew health and for
designing rehabilitation strategies.

Context/Risk . : . . . .
Factors Age; Baseline BMD ; Gender ; Muscle loss ; Nutrition
RYG Risk ISS: Yellow
Assessment : High risk of serious health or performance consequences; there is no mitigation strategy that has been
validated in space.
Lunar: [ Green
Health and performance consequences are known or suspected, but will not affect mission success
due to effective mitigation strategies that have been validated in space.
Mars: Yellow
High risk of serious health or performance consequences; there is no mitigation strategy that has been
validated in space.
Justification : ISS: )
TBD
Lunar: ]
TBD g g
Mars: ] ”
TBD
Current ISS: |
Countermeasures: Blsphosphonate Gravity- reI ated'exercise act1V|ty Nutrltuon R&:.lstlve exercise
Lunar :
Bisphosphonate ; Gravuy rel ated exermse act|V|ty Nutr|t|on Resistive exercise
Mars:
Blsphosphonate Grawty—rel ated exermse act|V|ty Nutr|t|on Resistive exercise
Projected ISS:
Countermeasures: | TBD
Lunar :
TBD
Mars:
TBD
Enabling Questions ;
[With Mission No. Question
Priority]: What isthe relative risk of sustaining atraumatic and/or stress fracture for agiven
la |decrementin bone mineral density or alteration in bone geometry in an astronaut-
equivalent population who are physically active? [ISS 3, Lunar 5, Mars 1]
Will aperiod of rapid bone loss in hypogravity be followed by a slower rate of loss
1b | approaching abasal bone mineral density? What are the estimated site-specific fracture
risks as one approaches this minimal BMD?[ISS 2, Lunar 5, Mars 1]
Isthere an additive or synergistic effect of gonadal hormone deficiency in men or
1c |women on bone loss during prolonged exposure to hypogravity? [ISS 1, Lunar 5, Mars
9]
1d What pharmacological agent(s) will most effectively minimize the decrease in bone
mass with extended exposure to hypogravity?[ISS 1, Lunar 5, Mars 1]
What are the specifics of the optimal exercise regimen with regard to mode, duration,
1e intensity and frequency, to be followed during exposure to hypogravity so asto
minimize decreases in bone mass? Isimpact loading an essential element and, if so, how
can it be produced in hypogravity? [ISS 1, Lunar 3, Mars 1]
1f What combination of exercise and a pharmacological agent(s) will prevent bone loss
during exposure to hypogravity?[ISS 1, Lunar 5, Mars 1]
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What are the important predictors for estimating site-specific bone loss and fracture risk
1 during hypogravity exposure, especially with reference to ethnicity, gender, age,

9 baseline bone density and geometry, nutritional status, fithess level and prior
microgravity exposure?[ISS 1, Lunar 5, Mars1]

1h Does the hypogravity environment change the nutritional requirements for optimal bone
health?[ISS 3, Lunar 3, Mars 2]

1i What diagnostic tools can be utilized during multi-year missions to monitor and quantify
changes in bone mass and bone strength? [ISS 2, Lunar 5, Mars 1]

What systemic adaptations to hypogravity are important contributory factorsto bone
1 loss, evaluations of which are essentia to effective countermeasure development (e.g.,
fluid shifts, altered blood flow, immune system adaptations)? [I SS 3, Lunar 5, Mars 2]

Are hypogravity-induced changes in bone density, geometry and architecture reversible
1k upon encountering partial Gravity exposure, or on return to full gravity (1-G)?[ISS 1,
Lunar 5 Mars 1]

What regimen (exercise, pharmacological or biomechanical including impact loading or
1l artificial gravity exposure) will most effectively hasten restoration of bone mass and

bone strength (geometry and architecture) to pre-flight valuesin returning
crewmembers?[ISS 2, Lunar 5, Mars 2]

Related Risks:

| mportant Bikle DD, Sakata T, Halloran BP. Th f skeletal unloading'n bone f G

References - ikle a oran e impact 0 etal unlo mg on bone ormation. Gravit
Space Biol Bull. 2003 Jun; ;16(2):45-54. Review. ; s
http://www.ncbi.nlm.nih. gov/entrez/query fcgl’)cmd Retneve&db—pubmed& dopt=Abstract&list_
uids=12959131
CanceddaR, MuragllaA Osteogeneas in aItered gravlty Adv Space B|0I Med. 2002;8:159-76.
Review. - |
http://www.nchi. nIm nih. gov/entrez/query fegi ’>cmd Retrieve& db=pubmed& dopt=Abstract&list_
uids=12951696 | |
CenaH, Sculati M, Ro ?gl C. Nutrrtlonal concerns and possi ble countermeasures to nutritional
issues related to space light. Eur J Nutr. 2003 Apr;42(2):99-110. Review.
Heer M, Kamps N, Biener C, Korr C, Boerger A, Zittenman A, Stehle P, Drummer C. Calcium
metabolism in microgravity. Eur JMed Res. 1999 Sep 9;4(9): 357-60 Review.
http://www.ncbi.nlm.nih.gov/entrez/query .fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=10477499
Jennings RT, Bagian JP. Muscul oskeletal injury review in the U.S. space program. Aviat Space
Environ Med. 1996 Aug; 67(8): 762-6.
http://www.nchi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=8853833
Schneider SM, Amonette WE, Blazine K, Bentley J, Lee SM, Loehr JA, Moore AD Jr, Rapley M,
Mulder ER, Smith SM.. Training with the International Space Station interim resistive exercise
device. Med Sci Sports Exerc. 2003 Nov;35(11):1935-45.
http://www.nchi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=14600562
Shapiro JR, Schneider V. Countermeasure development: future research targets.J Gravit Physiol.
2000 Jul;7(2):P1-4.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi 2cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=12697548

Risk Title: Impaired Fracture Healing
Theme: Human Health and Countermeasures (HH& C)
Discipline: Bone Loss
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Risk Number :

2

Risk Description :

Bone fractures incurred during and immediately after long duration space flight can be expected to
require a prolonged period for healing, and the bone may be incompletely restored, owing to the
changes in bone metabolism associated with space flight.

Context/Risk
Factors:

Nutritional environment ; Rapid bonelossis progressive ; Risk factors will differ for major skeletal
fracture vs. minor ; Stress related fractures ; Work environment

RYG Risk
Assessment :

ISS: ] Green

Health and performance consequences are known or suspected, but will not affect mission success
due to effective mitigation strategies that have been validated in space.

Lunar: [ Green

Health and performance consequences are known or suspected, but will not affect mission success
due to effective mitigation strategies that have been validated in space.

Mars: [l Red

Unacceptable risk of serious adverse health or performance consequences; there is no mitigation
strategy that has been validated in space or demonstrated on Earth.

Justification :

ISS:

Major fracture-Operational disruption for prolonged time. Minor fracture site-Minor operational
disruption.

Lunar:

Major fracture-Operational disruption for prolonged time. Minor fracture site-Minor operational
disruption. .

Mars:
Major fracture-Operational disruption for prolonged time, fracture-jrelated comiplications including
immobility might risk death.Minor fracture site-Minor operatlonal disruption Minor fracture site-
Minor operationa disruption .

Current
Countermeasures:

| SS ) | | i

Major fracture-return crew (ISS and Moon) Minimize boneloss to Imn fracture risk ; Orthopedic
procedures ; Rehabllltatlon procedures Ultrasound and electncal i mulatlon

Lunar :

Major fracture-return crew (Iss and Moon) - Minimize bone loss to lessen fracture risk ; Orthopedic
procedures | Rehabilitation procedureﬁ Ultrasound and electrical stimulation

Mars: [

Minimize bone loss to/lessen fracture risk ; Orthopedic procedures ; Possibly
biochemical/pharmacol agical intervention o hasten fracture healing for Mars ; Rehabilitation
procedures ; Ultrasound and electrical stimulation

Projected
Countermeasures:

ISS: .

Biomechanical measure to promote healing in relatively short time frame

Lunar :

Application of novel locally active agents to facilitate fracture healing in concert with biomechanical
stimulation

Mars:

Application of novel locally active agents to facilitate fracture healing in concert with biomechanical
stimulation

Enabling Questions

[With Mission No. Question
Priority]: 2a Isthe rate of fracture healing and the integrity of the healed fracture altered under

microgravity or unloaded conditions?[I1SS 1, Lunar 1, Mars1]
Are there site-specific differences, or differences in healing diaphyseal bone versus

2b | metaphyseal bone under microgravity or partial-gravity conditions? [ISS 3, Lunar 3,
Mars 3]

2% Which cellular and biochemical changesin bone cell biology alter fracture healing under
microgravity conditions? [ISS 4, Lunar 4, Mars 4]

2d Does the presence of microgravity-induced alteration in bone remodeling and/or
osteoporosis affect fracture callus remodeling? [I SS 2, Lunar 2, Mars 2]

2 |How does altered muscle biology contribute to atered fracture healing in microgravity?
[ISS4, Lunar 4, Mars4]

of Do biophysical modalities play arolein improving fracture healing in a microgravity
environment? [ISS 2, Lunar 2, Mars 2]
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2 Do biophysical modalities play arolein improving fracture healing in the presence of
9 bone lossin amicrogravity environment? [ISS 2, Lunar 2, Mars 2]

Are there anabolic agents, growth factors or cytokines that will speed fracture repair
2h | during microgravity, in combination with active bone loss due to unloading? [ SS 1,
Lunar 1, Mars 1]

o What technologies will be used to diagnose fractures of the axial and appendicular
skeleton in a space environment? [ISS 1, Lunar 1, Mars 1]

o Will different technologies be needed to treat either open or closed fractures in a space
J environment? [ISS 1, Lunar 1, Mars 1]

Related Risks:
:?rgfpecr)rétnagets_ Durnova GN, Burkovskaia TE, Vorotnikova EV, Kaplanskii AS, Arustamov OV. [The effect of
: weightlessness on fracture healing of rats flown on the biosatellite Cosmos-2044]. Kosm Biol
Aviakosm Med. 1991 Sep-Oct;25(5):29-33. Russian.
http://mwww.ncbi.nlm.nih.gov/entrez/query.fcgi 2cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=8577136
Kaplansky AS, Durnova GN, Burkovskaya TE, Vorotnikova EV. The effect of microgravity on
bone fracture healing in rats flown on Cosmos-2044. Physiologist. 1991 Feb;34(1 Suppl):S196-9.
http://www.nchi.nlm.nih.gov/entrez/query .fcgi ?cmd=Retrieve& db—pubmed& dopt—Abstract&Ilst
uids=2047441
Kirchen ME, O'Connor KM, Gruber HE, Sweeney JR, FraslA, Stover SJ Sarmiento A, Marshall
GJ.. Effects of microgravity on bone heallng inarat flbular osteotomy model Clin Orthop 1995
Sep;(318):231-42.
http://www.ncbi.nbm.nih. govlentrez/query ngI 2cmd= Retrleve& db—pubmed& dopt=Abstract&list_
uids=7671522 | f
Risk/Title: Injury to Joints and'I ntervertebral Structures

Theme: Human Health and Countermessiires (HH& C)

Discipline: Bone L oss '

Risk Number : 3 '

Risk Description :

Fascia, tendon and ligament overuse or traumatic injury, joint dysfunction upon return to
normal/partial gravity. Hypogravity changesto intervertebral discs may increase risk of rupture, with
attendant back pain, possible neurological complications.

Context/Risk
Factors:

Age; Muscle and tendon loss of mechanical strength ; Prior conditioning status ; Prior history of
injuries ; Work related impact on intervertebral disc structures

RYG Risk
Assessment :

ISS: Yellow

High risk of serious health or performance consequences; there is no mitigation strategy that has been
validated in space.

Lunar: Yellow

High risk of serious health or performance consegquences; there is no mitigation strategy that has been
validated in space.

Mars: Yellow

High risk of serious health or performance consequences; there is no mitigation strategy that has been
validated in space.

Justification :

ISS:

High likelihood/M oderate consequence.
Lunar:

High likelihood/M oderate consequence.
Mars:

High likelihood/M oderate conseguence.

Current

Countermeasures:

ISS:
Musculoskeletal Fitness ; Post-injury Rehabilitation ; Work injury avoidance patterns
Lunar :
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Musculoskeletal Fitness ; Post-injury Rehabilitation ; Work injury avoidance patterns
Mars:
Musculoskeletal Fitness ; Post-injury Rehabilitation ; Work injury avoidance patterns

Projected
Countermeasures:

ISS:

Coordinated muscle/tendon/ligament conditioning program
Lunar :

Coordinated muscle/tendon/ligament conditioning program
Mars:

Coordinated muscle/tendon/ligament conditioning program

Enabling Questions

[With Mission No. Question
Priority]: 3a What is the cause of the back pain commonly experienced by crewmembers upon return
to 1-G?[I1SS 2, Lunar 3, Mars 2]
3b Is damage to joint structure or intervertebral discs incurred during or following
hypogravity exposure? [ISS 2, Lunar 3, Mars 1]
3 What countermeasures will protect joint and intervertebral soft tissues from microgravity
or partial Gravity-related damage? [ISS 2, Lunar 2, Mars1]
3d What rehabilitative measures will hasten recovery of soft tissue damage in a partia
Gravity environment or upon return to Earth's gravity? [I SS 2, Lunar 2, Mars 1]
Related Risks: ~
| mportant Foldes |, Kern M, Szilagyi T, Oganov V'S, Histology and histechemistry of i ebral discs of
References - oldes|, Kern M, Szilagyi T, Oganov VSS. Histology and histochemistry of intervertebral discs o

rats participated in space flight. Acta Biol Hung. 1996;47(1—4):1215-56.

http://www.nchi.nlm.nih.gov/entrez/query fcgi emd=Retrieve& db=pubmed& dopt=Abstract& list_
uids=9123987 . e [ |

Foldes |, Szilagyi-T+.Rapesak M, Velkey V 'bgaﬁov VS, Changes of lumbar vertebrae after
Cosmos-1887 space flight. Physiologist: 1991 Feb;34(1 Suppl):S57-8.

http://www.nchi .nlm.nih.gov/entrez/query.fogi2emd=Retri eve& db=pubmed& dopt=Abstract& list_
uids=2047467 bl ps

Hutton WC, Malko JA, Faj.'maﬁ WA. Lumbar disc volume measured by MRI: effects of bed rest,
horizontal exercise, and vertical |oading. Aviat Space Environ Med. 2003 Jan;74(1):73-8.

http://W\iv\'/v:ncbi .nim.nih.gov/entrez/query .fcgi 2cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=12546302

LeBlanc AD, Evans HJ, Schneider VS, Wendt RE 3rd, Hedrick TD. Changesin intervertebral disc
cross-sectional areawith bed rest and space flight. Spine. 1994 Apr 1;19(7):812-7.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=8202800

Maynard JA. The effects of space flight on the composition of the intervertebral disc. lowa Orthop
J. 1994;14:125-33.

http://www.nchi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=7719767

Oganov VS, Cann C, Rakhmanov AS, Ternovoi SK. [Study of the muscul oskeletal system of the
spine in humans after long-term space flights by the method of computerized tomography] Kosm
Biol Aviakosm Med. 1990 Jul-Aug;24(4):20-1. Russian.

http://www.nchi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=2214660

Pedrini-Mille A, Maynard JA, Durnova GN, Kaplansky AS, Pedrini VA, Chung CB, Fedler-
Troester J. Effects of microgravity on the composition of the intervertebral disk. Appl Physiol.
1992 Aug;73(2 Suppl):26S-32S

http://www.nchi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=1526953
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Stupakov GP, Mazurin YuV, Kazeikin VS, Moiseyev Y B, Kaliakin VV. Destructive and adaptive
processes in human vertebral column under altered gravitational potential. Physiologist. 1990
Feb;33(1 Suppl):S4-7. Review.

http://www.nchi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=2196601

Risk Title: Renal Stone Formation

Theme: Human Health and Countermeasures (HH& C)
Discipline: Bone Loss
Risk Number : 4

Risk Description :

Urine calcium concentration is increased due to increased bone resorption during hypogravity and to
decreased urine volume during periods of dehydration.

Context/Risk
Factors:

Altered renal function ; Calcium loss from bone ; Fluid and mineral imbalance ; Impact of extended
environmental features regarding mineral/fluid alterations ; Individual propensity for urine calcium
oxalate solubility patterns

RYG Risk
Assessment :

ISS: ] Green

Health and performance consequences are known or suspected, but will not affect mission success
due to effective mitigation strategies that have been validated in space. 1

Lunar: [ Green

Health and performance consequences are known or suspected, but wil| not affect mission success
due to effective mitigation strategies that have been validated.in space

Mars: ] Green

Health and performance conseguences are known or suspected but will not affect mission success
due to effective mltlgatlon strateglesthat have been validated in space

Justification :

ISS: g 1 P - [
TBD - 5 ]

Lunar: | [ S
TBD | ] f |
Mars: Ly, Y
TBD

Current
Countermeasures:

ISS:

K Citrate = Maintai ned hydration
Lunar :

K Citrate ; Maintained hydration
Mars:

K Citrate ; Maintained hydration

Projected
Countermeasures:

ISS:

K Mg Citrate currently in testing in flight ; Ultrasound of renal status to anticipate renal stone
formation ; Urine solubility testing in flight

Lunar :

K Mg Citrate currently in testing in flight ; Ultrasound of renal status to anticipate renal stone
formation ; Urine solubility testing in flight

Mars:

K Mg Citrate currently in testing in flight ; Ultrasound of renal status to anticipate renal stone
formation ; Urine solubility testing in flight

Enabling Questions ;
[With Mission No. Question
Priority]: 4a What diagnostic measures permit detection of renal calcification during extended-
duration space flight? [ISS 4, Lunar 1, Mars 1]
b What nutritional and/or pharmacological countermeasures adequately minimize risk of
stone formation in-flight and upon return to 1G?[1SS 3, Lunar 2, Mars 2]
4c What is the time course of increased risk for renal stone formation abating upon return to
1G?[ISS 3, Lunar 3, Mars 2]
Related Risks:
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Important

Pak CY, Hill K, Cintron NM, Huntoon C. Assessing applicants to the NASA flight program for

References: their renal stone-forming potential. Aviat Space Environ Med. 1989 Feb;60(2):157-61.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=2930428
Whitson PA, Pietrzyk RA, Morukov BV, Sams CF. Therisk of renal stone formation during and
after long duration space flight. Nephron. 2001 Nov;89(3):264-70.
http://www.ncbi.nlm.nih.gov/entrez/query .fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract& list_
uids=11598387
Whitson PA, Pietrzyk RA, Pak CY, Cintron NM. Alterationsin renal stone risk factors after space
flight. JUrol. 1993 Sep;150(3):803-7.
http://www.nchi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=8345588
Whitson PA, Pietrzyk RA, Pak CY . Renal stone risk assessment during Space Shuittle flights. J
Ural. 1997 Dec;158(6):2305-10.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi 2cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=9366381
Whitson PA, Pietrzyk RA, Sams CF. Space flight and the risk of renal stones,.J Gravit Physiol.
1999 Jul; 6(1) P87-8.
http://www.nchi.nim.nih.gov/entrez/query. fcgl'?cmd Retrleve& db—pubmed& dopt=Abstract&list_
uids=11543039
Whitson PA, Pietrzyk RA, Sams CF. Urine voI ume and its effects on renal stonerisk in astronauts.
Aviat Space Environ Med. 2001 Apr; 72(4) 368-72 ]
http://www.nacbi.nlm:nih, gov/entrez/query f_cgl ’>cmd Retrieve& db=pubmed& dopt=Abstract& list_
uids=11318017-

Zerwekh JE. Nutrl'tlon and renal stone dlwase in‘space. Nutrition. 2002 Oct;18 (10):857-63.
Review. | | f

http://www.nchi.nlm. nih: gov/entrez/query fcgi7cmd=Retrieve& db=pubmed& dopt=Abstract&list_
U|ds:12361779

Risk Title: Occurrence of Serious Cardiovascular Dysrhythmias

Theme: Human Health and Countermeasures (HH& C)

Discipline: Cardiovascular Alterations

Risk Number : 5

Risk Description :

Cardiac dysrhythmias pose a potentially lethal risk during long-duration space flight. Cardiac
dysrhythmias may also cause hypotension and syncope. Cause is unknown.

Context/Risk
Factors:

Altered neural and hormonal regulation ; Diminished cardiac mass and cardiac remodeling, flight
duration ; Gender ; Possible risk factors include fluid and electrolyte imbalance ; Pre-existing
cardiovascular disease ; Radiation exposure

RYG Risk
Assessment :

ISS: Yellow
High risk of serious health or performance consequences; there is no mitigation strategy that has been
validated in space.

Lunar: Yellow
High risk of serious health or performance consequences; there is no mitigation strategy that has been
validated in space.
Mars: Yellow
High risk of serious health or performance consequences; there is no mitigation strategy that has been
validated in space.

Justification :

ISS:
Serious cardiac rhythm disturbances including ventricular tachycardia have been observed on several
occasions during space flight including a documented 14-beat run of ventricular tachycardiaduring a
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Mir mission. Recent flight and ground-based data demonstrate aterations in cardiac electrical
activity, which may indicate altered cardiac electrical stability. If space flight increases the risk of
serious cardiac dysrhythmias this could lead to syncope and/or death posing risk both to
crewmembers and to the mission.

Lunar:

Serious cardiac rhythm disturbances including ventricular tachycardia have been observed on several
occasions during space flight including a documented 14-beat run of ventricular tachycardiaduring a
Mir mission. Recent flight and ground-based data demonstrate alterations in cardiac electrical
activity, which may indicate altered cardiac electrical stability. If space flight increases the risk of
serious cardiac dysrhythmias this could lead to syncope and/or death posing risk both to
crewmembers and to the mission.

Mars:

Serious cardiac rhythm disturbances including ventricular tachycardia have been observed on several
occasions during space flight including a documented 14-beat run of ventricular tachycardia during a
Mir mission. Recent flight and ground-based data demonstrate alterations in cardiac electrical
activity, which may indicate altered cardiac electrical stability. If space flight increases the risk of
serious cardiac dysrhythmias this could lead to syncope and/or death posing risk both to
crewmembers and to the mission.

Current ISS:
Countermeasures: | Resuscitation equipment including defibrillator on board
Lunar :
Resuscitation equipment including defibrillator on board
Mars:
Resuscitation equipment including defibrillator on board |
Projected ISS: ;
Countermeasures: |Electrical cardioversion (Equipment currently on board efflcacynot demonstrated in space

environment) ; Nutritional countermeasure ; Pharmaceltical countermeasure ; Pre-flight and in-flight
testing of astronauts to assess altered susceptl bility to dysrhythmlas |

Lunar :

Electrical cardioversion (Eqw pment currently on board efﬁcacy not demonstrated in space
environment)_;-Nutritional icountermeasure ; Pharmaceutical countermeasure ; Pre-flight and in-flight
testing of astronauts to assess altered susceptl b|||ty to/dysrhythmias

Mars:

Electrical cardlover’son (Eqw pment, currently onboard, efficacy not demonstrated in space
environment) ; Nutritional countermeasure ; Pharmaceutical countermeasure ; Pre-flight and in-flight
testing of astronauits to assess altered suscept|b|I|ty to dysrhythmias

Enabling Questions
[With Mission
Priority]:

No. - Question

Does space flight increase susceptibility to serious cardiac dysrhythmias? [ISS 1, Lunar
1, Mars1]

What conditions of space flight (e.g., Microgravity, disruption of physiological rhythms,
5b | nutrition, environmental factors and radiation) may be responsible? [I1SS 1, Lunar 1,
Mars 1]

5¢c | What mechanismsareinvolved?[ISS1, Lunar 1, Mars 1]

Can risk of serious cardiac dysrhythmias be predicted for individual crewmembers? [I SS
1, Lunar 1, Mars1]

What countermeasures may prevent or reduce the occurrence of serious cardiac
dysrhythmias during long-term space flight? [ISS 1, Lunar 1, Mars 1]

b5a

5d

5e

5f Can susceptibility to and occurrence of serious cardiac dysrhythmias be effectively
diagnosed and treated during space flight? [ISS 1, Lunar 1, Mars 1]

5 Which cardiovascular diseases are likely to be aggravated by space flight? [1SS 1,
9 Lunar 1, Mars 1]

5h | What mechanisms areinvolved?[ISS 1, Lunar 1, Mars 1]

What improved screening methods on the ground and in-flight might identify
5i crewmembers with underlying cardiovascular disease, which may be aggravated by
spaceflight?[ISS 1, Lunar 1, Mars 1]

What countermeasures may be effective in mitigating the risk? [ISS 1, Lunar 1, Mars
1]

5
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Related Risks:

ISS:

Cardiovascular Alterations

Occurrence of Serious Cardiovascular Dysrhythmias

Diminished Cardiac and Vascular Function

Clinical capabilities

Monitoring & Prevention

Major lliness & Trauma

Pharmacology of Space Medicine Delivery

Ambulatory Care

Return to Gravity/Rehabilitation

Insufficient Data/l nformation/K nowledge Management & Communication Capability

Skill Determination and Training

Palliative, Mortem, and Post-Mortem Medical Activities

Lunar :

Cardiovascular Alterations

Occurrence of Serious Cardiovascular Dysrhythmias

Diminished Cardiac and Vascular Function [ 4 L=

Clinical capabilities

Monitoring & Prevention

Major llIness & Frauma |

Pharmacol ogy. of Spa&;e Medicine Dél i\iery' '
Ambulatory Gare| | | I

Return to Gravity/Rehabilitation -
I nsufficient Datall nformati on/K nowledge M anagement & Communication Capability

Skill Determination and Training

Palliative, Mortem, and Post-Mortem Medical Activities

Mars:

Cardiovascular Alterations

Occurrence of Serious Cardiovascular Dysrhythmias

Diminished Cardiac and Vascular Function

Clinical capabilities

Monitoring & Prevention

Major IlIiness & Trauma

Pharmacology of Space Medicine Delivery

Ambulatory Care

Return to Gravity/Rehabilitation

Insufficient Data/lnformation/K nowledge Management & Communication Capability

Skill Determination and Training

Palliative, Mortem, and Post-Mortem Medical Activities

Important
References:

Charles JB, Bungo MW, Fortner GW. Cardiopulmonary Function. In: Nicogossian A, Huntoon C.
Pool S. and (editors). Space Physiology and Medicine. 3rd ed. Philadelphia, PA: Lea & Febiger,
286-304, 1994.
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Hawkins WR, Zieglschmid JF. Clinical Aspects of Crew Health. In: Biomedical Results of Apollo
(NASA SP-368). Johnston RS Dietlein LF, Berry CA, editors. Washington, DC: U.S. Government
Printing Office, 43-81, 1975.

Smith RF, Stanton K, Stoop D, Brown D, Januez W, King P. Vectorcardiographic Changes During
Extended Space flight (M093): Observations at Rest and During Exercise. In: Biomedical Results
of Skylab (NASA SP-377). Johnston RS and Dietlein LF, editors. Washington, DC: NASA 339-
350, 1977.

Risk Title: Diminished Cardiac and Vascular Function

Theme: Human Health and Countermeasures (HH& C)
Discipline: Cardiovascular Alterations
Risk Number : 6

Risk Description :

Short-duration space flight has been associated with a decrease in cardiac mass. L ong-duration space
flight may result in greater decrease in cardiac mass and additional alterations that may diminish
cardiac function, aggravate underlying cardiovascular disease (e.g., arterial atherosclerosis) leading
to myocardial infarction, stroke or heart rhythm disturbances that could be irreversible.

IC::ggttoefst/'Rrsk Altered neural and hormonal regulation ; Flight duration ; Gender

RYG Risk ISS:  Yelow 2

Assessment : High risk of serious health or performance consequences thereis no miti gatron strategy that has been
validated in space. [ 3 d=
Lunar:  Yelow '
High risk of serious health or performance consequence; there is no mitigation strategy that has been
validated in space. ;
Mars: Yellow i
High risk of serious health or performance consequenpes [there is no/mitigation strategy that has been
validated in space

Justification : ISS: I
Ground based and fllght datain' humans and ani mals suggest that prolonged exposure to microgravity
may lead to the reduction of cardiac mass and reduced cardiac function, although different studies
have come to different conclusionsin this regard. Carefully controlled studies from very long-
duration to mrcrograwty are required to definitively resolve thisissue.
Lunar: =
Ground based and flight datain humans and animals suggest that prolonged exposure to microgravity
may lead to the reduction of cardiac mass and reduced cardiac function, although different studies
have come to different conclusions in this regard. Carefully controlled studies from very long-
duration to microgravity are required to definitively resolve thisissue.
Mars:
Ground based and flight datain humans and animal's suggest that prolonged exposure to microgravity
may lead to the reduction of cardiac mass and reduced cardiac function, although different studies
have come to different conclusionsin thisregard. Carefully controlled studies from very long-
duration to microgravity are required to definitively resolve thisissue.

Current ISS:

Countermeasures: | Exercise
Lunar :
Exercise
Mars:
Exercise

Projected ISS:

Countermeasures: |Artificial G exposure ; Drugs that affect cardiac mass and function
Lunar :
Artificial G exposure ; Drugs that affect cardiac mass and function
Mars:

Artificial G exposure ; Drugs that affect cardiac mass and function

Enabling Questions

[With Mission No. Question

Priority]: 6a |Does long-duration space flight lead to diminished cardiac function?[ISS 1, Lunar 1,
Mars 1]
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6b | What mechanisms areinvolved?[ISS1, Lunar 1, Mars1]

6C Isthe processreversible?[ISS 1, Lunar 1, Mars1]

What is the extent of reduction in cardiac function and/or mass associated with long-
6d | duration space flight? Can susceptibility to reduced cardiac function be predicted for
individual crewmembers?[ISS 1, Lunar 1, Mars 1]

6e Can susceptibility to reduced cardiac function be predicted for individual crewmembers?
[ISS2, Lunar 2, Mars?2]

6f What countermeasures may be effective in mitigating the risk? [ISS 1, Lunar 1, Mars
1]

6 What are the physiological and environmental factors by which space flight decreases
9 | orthostatic tolerance? [ISS1, Lunar 1, Mars 1]

6h How does duration of space flight affect the severity and time course of orthostatic
intolerance and what are the mechanisms?[I1SS 2, Lunar 2, Mars 2]

6i Is orthostatic intolerance likely to develop on the surface of Mars or the moon? [ISS 1,
Lunar 1, Mars 1]

6i Can space flight-induced orthostatic intol erance be predicted for individual
! crewvmembers?[ISS 1, Lunar 1, Mars1]

6k What countermeasures can be devel oped to overcome or prevent orthostatic intolerance?
[ISS1, Lunar 1, Mars1]

6l What are the physiological and environmental factors by which:space flight decreases
aerobic exercise capacity? [ISS 1, Lunar 1, Mars1]- =/

6m How does duration of space flight affect the severlty of limitatjon of exercise capacity?

[ISS1, Lunar 1, Mars1]

6n Can agrobic exercise capacity Ilmltatlon be predlcted for |nd|v|dual crewmembers? [I1SS
LyCunar 1;Marsi].» ./ | ’ i

60 What countermeasur&s can be devel oped to-overcome agerobic exercise capacity
limitation? [1 SS 1, L_unar 1, Mars 1}~

6 What are the physiol agieal and environmental factors by which space flight decreases
P orthostatlctolerance’>[ISS 1, Lunar 1, Mars 1]

6 |s orthostatic intolerance likely to develop on the surface of Mars or the moon?[ISS 1,
9 TLunar 1, Mars1]

Related Risks:

ISS:

Cardiovascular Alterations

Occurrence of Serious Cardiovascular Dysrhythmias

Diminished Cardiac and Vascular Function

Clinical capabilities

Monitoring & Prevention

Major IlIiness & Trauma

Pharmacology of Space Medicine Delivery

Ambulatory Care

Return to Gravity/Rehabilitation

Insufficient Data/lnformation/K nowledge Management & Communication Capability

Skill Determination and Training

Palliative, Mortem, and Post-Mortem Medical Activities

Lunar :

Cardiovascular Alterations

Occurrence of Serious Cardiovascular Dysrhythmias
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Diminished Cardiac and Vascular Function

Clinical capabilities

Monitoring & Prevention

Major lliness & Trauma

Pharmacology of Space Medicine Delivery

Ambulatory Care
Return to Gravity/Rehabilitation
Insufficient Data/l nformation/K nowledge Management & Communication Capability

Skill Determination and Training
Palliative, Mortem, and Post-Mortem Medical Activities
Mars:

Cardiovascular Alterations

Occurrence of Serious Cardiovascular Dysrhythmias

Diminished Cardiac and Vascular Function

Clinical capabilities

Monitoring & Prevention

Major Illness & Trauma [ 4 =

Pharmacology of Space Medicine Deli |very
Ambulatory Care :

Return to Gravity/Rehabilitation ;
Insufficient Data/l nformatl on7KnowIedge Management & Communlcatlon Capability
Skill Determl nanon and Trai ning !,

Pdlliative] Mortem, anq Post-Morten Medical Activities

:Qrgfpe?gqagés . Blomgvist CG; FanelLD, Wright SJ, et al. Cardiovascular regulation at microgravity. In: Scientific
' Results of the German Spacelab Mission D-2, Proceedings of Symposium at Norderney, Sahm PR,
Keller MH and Schiewe B, editors. Wissenschaftliche Projektfuhrung D2, RWTH Aachen, Care of
DLR, Koln, pp. 688-690.
Risk Title: Define Acceptable Limitsfor Contaminantsin Air and Water

Theme: Human Health and Countermeasures (HH& C)

Discipline: Environmental Health

Risk Number : 7

Risk Description : | Lack of information needed to set requirements for air and water quality. Thisincludesinadequate
information about: 1) sources of contaminants; 2) identification of potential contaminants; and 3)
bases for setting acceptability limits for individual contaminants and combinations of contaminants.

Egg%erxé{R'g( Remoteness: Crew health/susceptibility to degree of system closure

RYG Risk 1SS: ] Green

Assessment : Health and performance consequences are known or suspected, but will not affect mission success
due to effective mitigation strategies that have been validated in space.
Lunar: Yellow
High risk of serious health or performance consequences; there is no mitigation strategy that has been
validated in space.
Mars: [l Red

Unacceptable risk of serious adverse health or performance consequences; there is no mitigation
strategy that has been validated in space or demonstrated on Earth.
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Justification :

ISS:

Excessive pollutant levels (including microbial contaminants) can jeopardize crew health and/or
impair mission success. The severity and likelihood of any adverse effects depends on the specific
pollutant and its measured concentration.

Lunar:

Excessive pollutant levels (including microbial contaminants) can jeopardize crew health and/or
impair mission success. The severity and likelihood of any adverse effects depends on the specific
pollutant and its measured concentration.

Mars:

Excessive pollutant levels (including microbial contaminants) can jeopardize crew health and/or
impair mission success. The severity and likelihood of any adverse effects depends on the specific
pollutant and its measured concentration.

Current ISS:
Countermeasures: | TBD
Lunar :
TBD
Mars:
TBD
Projected ISS:
Countermeasures: | TBD
Lunar :
TBD
Mars: ~
TBD
Enabling Questions ’ [ i
[With Mission No. Quesgtion |
Priority]: What are the most likely sources of severe air pollutien specific to ISS, lunar, and Mars
7a | missions and what methods can pbe used to control these sources over long periods of
time?[I1SS 1, Lunar 1, Mars 1]
7 |Whatare the to’Ierance limits i terms of quantity and type-of microorganismsin air,
water, and food and on surfac&‘? [l SS 1, Lunar 1, Mars 1]
7c What approaches to setting exposure standards may be used when insufficient data are
availableto aIIow predlctlon of acceptable exposurelevels?[ISS 1, Lunar 1, Mars1]
What-isthe reqw rement for determini ng how rapidly acceptable air quality can be
7d recovered after a severe pollution condition and what effect that recovery has on
| humidity condensate and the water recovery system?[ISS 1, Lunar 1, Mars 1]
Can automated real-time systems be used to monitor air quality for lunar and Mars
7e | missions and can the crew interpret results without ground support?[ISS 1, Lunar 1,
Mars1]
How can traditional limited-time exposure and human toxicological data be used to
7f predict acceptable values for inhalation exposures to single chemicals and/or to
mixtures?[ISS 2, Lunar 2, Mars 2]
What impact do space flight-induced biological, physiological, and immunological
79 | changes have on the susceptibility of crewmembers to infectious agents and toxic
substancesinthe air?[ISS 2, Lunar 2, Mars 2]
7h What are the effects of exposure to ultrafine and larger (respirable and non-respirable)
particles (e.g., lunar dust) on crew health, safety and performance? [Lunar 2, Mars 2]
7i What are the interactions of microbes, chemicals and plantsin CELSS on air quality?
[Lunar 2, Mars 2]
7i To the extent that plants are critical to mission success, will the potential for
] phytotoxicity be adequately addressed in the evaluation of air quaity? [Mars 2]
Is there the potential for increased heterogeneity in terms of the distribution of air
7k contaminantsin the relatively larger lunar and Mars habitats? If so, what additional
monitoring resources and/or strategies are necessary to protect crew health? [Lunar 2,
Mars 2]
Related Risks:
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Important
References::

Huntoon, C.L., Toxicological Analysis of STS-40 Atmosphere, NASA/JSC Memorandum, SD4/01
-93-251, July 6, 1991; Toxicological Analysis of STS-55 Atmosphere, NASA/JSC Memorandum
SD4-93-251, July 6, 1993.

James, J.T Toxicological Assessment of Air Samples Taken after the Oxygen-Generator Fire on
Mir, NASA/JSC Memorandum SD2-97-513, April 10, 1997

James, J.T., Toxicological Assessment of Air Contaminants during the Mir 19 Expedition, 1996

Nicogossian, A.E., et al. Crew Health in the Apollo-Soyuz Test Project Medical Report, NASA SP
-411, 1977

Pool, S.L. Ethylene Glycol Treatise. NASA/JSC Memorandum SD2-97-542, September 15, 1997.

Risk Title: Immunodeficiency / I nfection

Theme:

Human Health and Countermeasures (HH& C)

Discipline:

Immunology, Infection & Hematology

Risk Number :

8

Risk Description :

It is possible that space flight may suppress immune function, a newly designated form of secondary
immunodeficiency disease. Secondary immunodeficiency causes an unusual number of infections,
with greater severity and duration. Secondary immunodeficiency leads to reactivation of latent virus
infections with organisms that lay dormant until immune resistance is loweredand virus replication
begins.

Context/Risk Extreme environments ; Microbial contamination ; Mi |crogram ty J’sblatlon Nutntronal deprivation ;

Factors: Radiation ; Sleep depr|vat|on Stress -

RYG Risk ISS:  Yelow ; '

Assessment : High risk of serious health or performance consequences there is no miti gatlon strategy that has been
validated in space. i i ]
Lunar:  Yelow | ' = |
High risk of' serjous health or performance consequences there is no mitigation strategy that has been
validated in space. | \
Mars: Yellow, ’
High risk of serious health or performance conseguences; there is no mitigation strategy that has been
validated in space

Justification : ISS: :
The contri but| ng risk factors of space flight collectively have a powerful effect upon the cells of the
immune system: T cells, particularly CD4+ (helper) T cells, B cells, NK cells, monocyte/
macrophages/dendritic cells and hematopoietic stem cells. Every component of immune resistance to
infection is compromised under space flight conditions, particularly the ability of the central immune
cell, the CD4+ T cell.
Lunar:
The experience of the lunar surface would create the same general risks as those of the ISS. The
effects of microgravity would be dightly reduced and radiation would be greater than that on the I SS.
The relatively short time of the lunar mission (10-44 days) would tend to reduce the risk of
developing immunodeficiency and infection.
Mars:
The long-term exposure (>1 year) to deep-space radiation and prolonged exposure to microgravity (>
2 years), length of separation from humans, constant sleep deprivation and other conditions of space
flight would offer the greatest challenge to the host immune system in protecting space travelers from
the development of secondary immuno-deficiency and reactivated latent viral infections.

Current 1SS

Countermeasures: | Anti-viral agents; Air and water monitoring ; Onboard antibiotics ; Pre-flight Quarantine (Health

Stahilization Program) ; Replacement intravenous immunoglobulins ; Routine immunizations ; Use
of clean vehicles

Lunar :

Anti-viral agents; Air and water monitoring ; Onboard antibiotics ; Pre-flight Quarantine (Health
Stabilization Program) ; Replacement intravenous immunoglobulins ; Routine immunizations ; Use
of clean vehicles

Because of the shorter duration of the lunar mission, the use of these countermeasures may be
minimal.
Mars:
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Anti-viral agents; Air and water monitoring ; Onboard antibiotics ; Pre-flight Quarantine (Health
Stabilization Program) ; Replacement intravenous immunoglobulins ; Routine immunizations ; Use
of clean vehicles

The Martian mission would be expected to produce the greatest need for these countermeasures,
particularly monoclonal antibodies to pathogens and even autologous bone marrow stem cell
transplants (technology to preserve these bone marrow stem cellsin-flight for up to 3 yearswould
need to be devel oped).

Projected
Countermeasures:

ISS:

Detection systems for assessment of immune function ; Molecular detection systems for water and
airborne pathogens ; Monaoclonal antibodies to viral, bacterial and fungal pathogens and
inflammatory mediators, such as TNF-; cytokines such as IFN- and bone marrow stem cells;;
Pathogen-specific immunizations ; Anti-viral agents

Lunar :

Detection systems for assessment of immune function ; Molecular detection systems for water and
airborne pathogens ; Monaoclonal antibodies to viral, bacterial and fungal pathogens and
inflammatory mediators, such as TNF-; cytokines such as IFN- and bone marrow stem cells;
Pathogen-specific immunizations ; Anti-viral agents

Because of the shorter time exposure to space conditions on alunar mission, the use of treatment
countermeasures would be less,

Mars:

Detection systems for assessment of immune function ; Molecular detection systems for water and
airborne pathogens ; Monaoclonal antibodies to viral, bacterial and fungal_pathogens and
inflammatory mediators, such as TNF-; cytokines such as| FN- and bone marrow stem cells;
Pathogen-specific immunizations ; Anti-viral agents { |

The long-duration and difficult living conditions of a Martian mission would stress the abil ity of
countermeasures to remain effective (e.g., the devel opment of bactena, fungi, or viruses that are
resistant to the anti- mlcrob|al agents brought on- board)

Enabling Questions
[With Mission
Priority]:

No. = B | A0 1 'Question

What are the molecular.and cellular mechanisms of innate and acquired immunity that
8a become compromi sed with,space flight conditions of radiation, microgravity, isolation,

stress, microbial contami nation, sleep deprivation, extreme environments and nutritional
deficiency? [1SS/1, Lunar 1, Mars1]

Isit possible to predict the summary effects of each component condition and duration
8b (Tyear SSS, 30-day lunar, 18 month Martian) of space flight that compromises the
immune system?[ISS 1, Lunar 1, Mars1]

8c What types of infections are likely to occur in astronauts exposed to space flight
conditions of different missions and durations?[ISS 1, Lunar 1, Mars 1]

Are there detection systems that can assess surrogate markers of immune function so that
8d |therapeutic interventions could be planned/during space flight? [ISS 2, Lunar 2, Mars
2]

Will it be possible to use immune protection measures to prevent infection aboard
8e | spaceships and to use antimicrobia therapies and immunological treatments to cure
infections and prevent their complications?[ISS 2, Lunar 2, Mars 2]

Will nutritional supplements be able to boost immune responses in space flight to
8f counteract the infectious complication of compromised immune function? [ISS 1, Lunar
1, Mars1]

Related Risks:

ISS:

Environmental Health

Define Acceptable Limits for Contaminantsin Air and Water

Nutrition

Inadequate Nutritional Requirements

Clinical capabilities

Monitoring & Prevention
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Major lliness & Trauma

Pharmacology of Space Medicine Delivery

Ambulatory Care

Return to Gravity/Rehabilitation

Insufficient Data/l nformation/K nowledge Management & Communication Capability

Skill Determination and Training

Palliative, Mortem, and Post-Mortem Medical Activities

Human Behavior & Performance and Space Human Factor s (Cognitive)

Human Performance Failure Due to Poor Psychosocial Adaptation

Human Performance Failure Due to Neurobehavioral Problems

Mismatch between Crew Cognitive Capabilities and Task Demands

Human Performance Failure Due to Sleep Loss and Circadian Rhythm Problems

Radiation Health

Carcinogenesis

Acute and Late CNS Risks

Other Degenerative Tissue Risks

Heredity, Fertility and Sterility Risks [ £ S
Acute Radiation Syndromes iy

Lunar :

Environmental-Health |

Define Acceptable Li mits for'Cbnta}ni nantsin Air and Water

Nutritiony |

Inadequaté Nutritional Requi rements

Clinical capabilities

Monitoring & Prevention

Major llIiness & Trauma

Pharmacology of Space Medicine Delivery

Ambulatory Care

Return to Gravity/Rehabilitation

Insufficient Data/l nformation/K nowledge Management & Communication Capability

Skill Determination and Training

Palliative, Mortem, and Post-Mortem Medical Activities

Human Behavior & Performance and Space Human Factor s (Cognitive)

Human Performance Failure Due to Poor Psychosocial Adaptation

Human Performance Failure Due to Neurobehavioral Problems

Mismatch between Crew Cognitive Capabilities and Task Demands

Human Performance Failure Due to Sleep L oss and Circadian Rhythm Problems

Radiation Health

Carcinogenesis

Acute and Late CNS Risks

Other Degenerative Tissue Risks

Heredity, Fertility and Sterility Risks
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Acute Radiation Syndromes

Mars:

Environmental Health

Define Acceptable Limits for Contaminants in Air and Water

Nutrition

Inadequate Nutritional Requirements

Clinical capabilities

Monitoring & Prevention

Major IlIiness & Trauma

Pharmacology of Space Medicine Delivery

Ambulatory Care

Return to Gravity/Rehabilitation

Insufficient Data/lnformation/K nowledge Management & Communication Capability

Skill Determination and Training

Palliative, Mortem, and Post-Mortem Medical Activities

Human Behavior & Performance and Space Human Factors_(Cogniti;/e)

Human Performance Failure Due to Poor Psychosocial-Adaptation- i

Human Performance Failure Due to Neurobehavioral Problems;
Mismatch between Crew Cognitive Capabilities and Task Demands |

Human Performance,Failure Due to Sleep Loss and Ci rcadian Rhythm Problems
Radiation Health : frorrt '

Carci nogenesié ;

Acute and Late CNSRisks/ | "
Other Degenerative Tisste Risks

Heredity, Fertility and Sterility Risks

Acute Radiation Syndromes

:Qrgrpe?gqagé_ AvilesH, Belay T, Fountain K, Vance M, Sonnenfeld G. Increased susceptibility to Pseudomonas
' aeruginosa infection hindlimb unloading conditions. J Appl Physiol 95:73-80, 2003.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi 2cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=12626488

AvilesH, Belay T, Fountain K, Vance M, Sun B, Sonnenfeld G. Active hexose correl ated
compound enhances resistance to Klebsiella pneumoniae infection in mice in the hindlimb-
unloading model of space flight conditions. J Appl Physiol 95:491-496, 2003.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=12692142

AvilesH, Belay T, Vance M, Sonnenfeld G. Increased levels of catecholamines correlate with
decreased function of the immune system in the hindlimb-unloading rodent model of space flight
(Abstract 107). Gravit Space Biol Bull 17:56, 2003.

Belay T, AvilesH, Pyle B, Sonnenfeld G. Decreased production of exotoxin a during enhanced
growth of Pseudomonas aeruginosain serum-sapi medium supplemented with norepinephrine
(Abstract 57). Gravit Space Biol Bull 17:27, 2003.
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Belay T, AvilesH, Vance M, Fountain K, Sonnenfeld G. Catecholamines and in vitro growth of
pathogenic bacteria: enhancement of growth varies greatly among bacterial species. Life Sci
73:1527-1535, 2003.

http://www.nchi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=12865092

Belay T, AvilesH, Vance M, Fountain K, Sonnenfeld G. Effects of the hindlimb unloading model
of space flight conditions on resistance of mice to infection with Klebsiella pneumoniae. J Allergy
Clin Immunol 110:262-268, 2002.

http://www.nchi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=12170267

Belay T, Sonnenfeld G. Differential effects of catecholamines on in vitro growth of pathogenic
bacteria. Life Sci 71:447-456, 2002.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi 2cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=12044844

Blutt SE, Conner ME. Kinetics of rotavirus infection in mice are not altered in a ground-based
model of space flight. Aviat Space Environ Med 75:215-219,2004

http://www.ncbi.nlm.nih.gov/entrez/query .fcgi ?cmd=Retrieve& db—pubmed& dopt—Abstract&Ilst
uids=15018288 _

Butel JS, Lednicky JA, Vilchez RA, VisnegarwalaF, Lewis DE;Kozinetz CA and Keitel WA.
Polyomavirus JCV reactivation and shedding in healthy-and lmmunocompromlsed hosts:
implications for space travel. Bloastronautlcsjnvesngators’ Workshop, Galveston, TX, January 13
-15, 2003.

Greeneltch KM, Haudenschitd CC, Keegah AD, Shi Y. The opioid antagonlst naltrexone blocks
acute endotOX|c shock by linhjbiti ng tumor necrosasfactor productlon Brain Behav Immun, in
press, 2003~ \

Gridley DS, Nelson GA | Peters LL, Kostenuik PJ) Bateman TA, Morony S, et al. Genetic models
in applied physiol ogy: selected contrlbutlon effects of spacefhght on immunity in the C57BL/6
mouse. |1 /Activation, cytok| nes, ery;hrocytes and platelets. JAppl Physiol, 94:2095-2103.

http://www.nchi.nlm. nih: gov/entrez/query .fcgi 7cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=12506046-

Gridley DS, Pecaut MJ, Dutta-Roy R, Nelson GA, Dose and dose rate effects of whole-body
proton irradiation on leukocyte populations and lymphoid organs: part I. Immunol Lett 80:55-66

http://www.nchi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=11716966

Lednicky JA, Halvorson SJ, Butel JS. PCR detection and DNA sequence analysis of the regulatory
region of lymphotropic papovavirusin peripheral blood mononuclear cells of an
immunocompromised rhesus macague. J Clin Microbiol 40:1056-159, 2002.

http://www.ncbi.nlm.nih.gov/entrez/query .fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract& list_
uids=11880438

Lednicky JA, Vilchez RA, Keitel WA, Visnegarwala F, White ZS, Kozinetz CA, Lewis DE, Butel
JS. Polyomavirus JCV excretion and genotype analysisin HIV-infected patients receiving highly
active antiretroviral therapy. AIDS 17:801-807, 2003.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=12660526

Ling PD, Lednicky JA, Keitel WA, Poston DG, White ZS, Peng RS, Liu Z, Mehta SK, Pierson
DL, Rooney CM, Vilchez RA, Smith EO, Butel JS. The dynamics of herpes virus and
polyomavirus reactivation and shedding in healthy adults: a 14-month longitudinal study. J Infect
Dis 187:1571-1580, 2003.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=12721937
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CA, Lewis D, Butel JS. Epstein-Barr virus DNA loads in adult adult human immunodeficiency
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37:1244-1249.
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Ling PD, Vilchez RA, Keitel WA, Rooney CM, Smith EO, Butel JS. The dynamics of herpes virus
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Bioastronautics Investigators Workshop, Galveston, TX, January 13-15, 2003.

Nance CL, Shearer WT. Gamma radiation-induced human B cell defects: model for space flight.
60th Annual Meeting of the American Academy of Allergy, Asthmaand |mmunology, San
Francisco, CA, March 19-23, 2004, accepted.

Nance CL, Shearer WT. HIV-1 envelope glycoprotein-induced B cell apoptosis (Abstract 392).
Clin Immunol 2003;Suppl1:S111.

O'Keeffe M, Hochrein H, Vremec D, Caminschi |, Miller JL Anders EM, et al. Mouse
plasmacytoid cells: long-lived cells, heterogeneous in surface phenotype and function, that
differentiate into CD8(+) dendritic cells only after microbial stimulus. J Exp Med 196:1307-1319.
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uids=12438422

O'Sullivan CE, Peng RS, Cole KS, Montelaro RC, Sturgeon T, Jenson HB Llng PD. Epstein-Barr
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Risk Title: Virus-Induced Lymphomas and Leukemia's

Theme: Human Health and Countermeasures (HH& C)
Discipline: Immunology, Infection & Hematology
Risk Number : 9

Risk Description :

Thisrisk occurs in humans who are immunosuppressed and develop latent virus reactivation. Since
the astronauts all carry many latent viruses in their bodies because of universal exposure, it is
possible that if their immune resistance is lowered to acritical level, they may be subject to B-cell
lymphomas and T-cell leukemias.

Eg&toerxst/.R'Sk Host genetics ; Immunodeficiency due to space flight conditions ; Latent virus reactivation
RYG Risk ISS:  Yelow
Assessment : High risk of serious health or performance consequences; there is no mitigation strategy that has been
validated in space.
Lunar: [ Green
Health and performance consequences are known or suspected, but will not affect mission success
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due to effective mitigation strategies that have been validated in space.

Mars: Yellow

High risk of serious health or performance consequences; there is no mitigation strategy that has been
validated in space.

Justification :

ISS:

Due to severe immunosuppression caused by several space flight conditions (radiation, microgravity,
isolation, stress, microbial contamination, sleep deprivation, extreme environments, nutritional
deprivation), latent viruses (e.g., Epstein-Barr virus, polyomaviruses) become active and favor the
selection of escape mutant lymphoid cells, which lack replication controls. These clones of lymphoid
cells become oligoclonal and finally monoclonal and grow without inhibition. The nests of these
clones grow into tumors that disrupt normal tissue and architecture, sap the energy of normal cells
and kill the host in a short period of time.

Lunar:

The relatively short exposure of astronauts to space flight conditions in the lunar mission may not
yield the final development of malignancy. However, Alan Shepard, the fifth man to step on the
moon (and one of 12 to do so) surface died of T-cell leukemia. It is possible that the premalignancy is
triggered in the appropriate genetic host years before oncogenic transformation occurs. Publication of
the long-term health consequences of NASA'’ s space pioneers will prove an important source of
clinical evidence.

Mars:

The length and severity of space flight conditions of the Martian Mission are expected to pose the
most dangerous risk for the development of immune cell-mediated leukemias and lymphomas.
Anima model studies are the only means, at present, by which to aseesethe risk of virus-induced
tumors in an immunosuppressed host.

Current
Countermeasures:

ISS: e

Cytotoxic anti-EBV T cells; Monitor exposure to radiation and other envrronmental factors;
Monaoclonal anti-B cell (tumor) antibody (thuxrmab) Ongorng health status monitoring ; Radiation
shielding ) B

Lunar : & '

Cytotoxic anti-EBV T cells; Monrtor exposure to radratron and other environmental factors ;
Monoclonal anti=B cell, (tumor) antrbody (thuxrmab) Ongoing health status monitoring ; Radiation
shielding

Use of countermeasures may not be needed on short voyagesto the Moon, but in later yearsif tumors
develop. fir

Mars: |

Cytotoxic anti- EBV T cells Monitor exposure to radiation and other environmental factors;
Monoclonal anti-B cell (tumor) antibody (Rituximab) ; Ongoing health status monitoring ; Radiation
shielding

Need to develop radiation-proof container for autologous stem cell transplants. The other
countermeasures can be delivered in deep-space.

Projected
Countermeasures:

ISS:

Autologous stem cell transplants ; Fusion proteins to block virus reinfection ; Specific antiviral drugs
Lunar :

Autologous stem cell transplants ; Fusion proteins to block virus reinfection ; Specific antiviral drugs

Use of monoclonal anti-B cell tumor antibodies and cytotoxic anti-EBV T cells may not be necessary
on the short Moon mission, but they may be necessary after return to Earth.

Mars:

Autologous stem cell transplants ; Fusion proteins to block virus reinfection ; Specific antiviral drugs

Technology needs to be devel oped to preserve autologous cytotoxic anti-EBV T cells on board the
spacecraft in the Martian mission. The other countermeasures could presently be delivered in deep-
space.

Enabling Questions
[With Mission
Priority]:

No. Question

What are the molecular and genetic mechanisms of host defense cells and latent virus
0a |9enomes that become altered with immunosuppression produced by space flight

conditions and latent virus reactivation, leading to lymphoid tumor production? [I SS 1,
Lunar 1, Mars 1]

Will the degree of immune compromise, latent virus reactivation and lymphoid
9b | malignancy vary with the space mission and its duration (1-year |ISS, 30-day lunar, 18
month Martian)?[1SS 1, Lunar 1, Mars1]
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Isit possible to predict the summary effects of each component condition and duration

S of space flight that produce lymphoid malignancies?[ISS 1, Lunar 1, Mars 1]
What are the types of lymphoid malignancies (lymphomas, leukemias) that are likely to

9d | occur in immunosuppressed astronauts with reactivated latent viral infections? [I SS 1,
Lunar 1, Mars 1]
Are there virus quantitation assays to predict those astronauts who will develop

9e | malignancies and who would benefit from immune intervention? [ISS 2, Lunar 2, Mars
2]

of Will it be possible to use anti-viral and anti-tumor agents aboard spaceships to reduce
viral burden and abort forbidden clone development?[I1SS 2, Lunar 2, Mars 2]

9 Will it be possible to develop nutritional supplements to augment anti-viral and anti-

9 |tumor therapy? [ISS 2, Lunar 2, Mars 2]

oh Will it be possible to restore immunity in a severely immunocompromised astronaut

with autologous stem cell transplants? [I SS 3, Lunar 3, Mars 3]
Related Risks: 1SS

Environmental Health

Define Acceptable Limits for Contaminantsin Air and Water

Nutrition

Inadequate Nutritional Requirements =]

Clinical capabilities

Monitoring & Prevention . ' s |

Major llIness & Trauma

Pharmacol ogy of Space Medl cine Delivery:-- ' f

Ambulatory Care |

Return to Gravlty/Rehablhtanon

Insufficient Data/l nformation/K nowledge Management & Communication Capability

Skill Determination and Training

Palliative, Mortem, and Post-Mortem Medical Activities

Radiation Health

Carcinogenesis

Acute and Late CNS Risks

Other Degenerative Tissue Risks

Heredity, Fertility and Sterility Risks

Acute Radiation Syndromes

Lunar :

Environmental Health

Define Acceptable Limits for Contaminantsin Air and Water

Nutrition

Inadequate Nutritional Requirements

Clinical capabilities

Monitoring & Prevention

Major lliness & Trauma

Pharmacology of Space Medicine Delivery

Ambulatory Care
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Return to Gravity/Rehabilitation

Insufficient Data/l nformation/K nowledge Management & Communication Capability

Skill Determination and Training

Palliative, Mortem, and Post-Mortem Medical Activities

Radiation Health

Carcinogenesis

Acute and Late CNS Risks

Other Degenerative Tissue Risks

Heredity, Fertility and Sterility Risks

Acute Radiation Syndromes

Mars:

Environmental Health

Define Acceptable Limits for Contaminants in Air and Water

Nutrition

Inadequate Nutritional Requirements

Clinical capabilities

Monitoring & Prevention [ £ S

Major IlIiness & Trauma

Pharmacol ogy of Space Mediciné Delivery |
Ambulatory Care=~, | | Eoad

Return to Gravity/Rehabilitatioh

I nsufficient Data/ I:nfofm"ati on/Knowl e&lge Maﬁagement & Communication Capability

Skill Determination and Trainihg il
Palliative, Mortem, and Post-Mortem Medical Activities

Radiation-Health

Carcinogenesis

Acute and Late CNS Risks

Other Degenerative Tissue Risks

Heredity, Fertility and Sterility Risks

Acute Radiation Syndromes
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Risk Title: Anerma BIood Replacement & IMarrow Fallure

Theme: Human Health’and Countermeasuree (HE H& C) W]
Discipline: Immunol ogy, Infectl on|&/Hematology |
Risk Number : 10 s ' e f

Risk Description :

Thereisloss of pl asma and red pl ood cells dueto exposure to microgravity and athere is a decrease
of RBCM (of 15% in'the first week in space (2 units of blood). This can lead to problems with
spaceflight anemia, or hemorrhage.

Context/Risk
Factors:

Age; Baseline ; Decreased production ; Gender ; Marrow stores ; Need during surgery ; Nutrition ;
Trauma—loss & destruction

RYG Risk
Assessment :

ISS: ] Green

Health and performance consequences are known or suspected, but will not affect mission success
due to effective mitigation strategies that have been validated in space.

Lunar: Yellow

High risk of serious health or performance consegquences; there is no mitigation strategy that has been
validated in space.

Mars: Yellow

High risk of serious health or performance consegquences; there is no mitigation strategy that has been
validated in space.

Justification :

|SS:
TBD
Lunar:
TBD
Mars:
TBD

Current

Countermeasures:

ISS:

Blood replacement ; Hormonal & stem cell therapy ; Nutrition ; Pharmaceutical
Lunar :

Blood replacement ; Hormonal & stem cell therapy ; Nutrition ; Pharmaceutical
Mars:

Blood replacement ; Hormonal & stem cell therapy ; Nutrition ; Pharmaceutical

Projected

ISS:
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Countermeasures: | TBD
Lunar :
TBD
Mars:
TBD
Enabling Questions ;
[With Mission No. Question
Priority]: 10a What are the methods for space based therapy for blood replacement? What new
technologies are needed for blood replacement in space? [ISS 3, Lunar 2, Mars 1]
What are the nutritional requirements for adequate red cell production in microgravity?
10b What are the contributory factors and how do they inter-relate in the devel opment of
space anemia (radiation, unloading, nutrition, fluid shift, changes in sex hormones, etc.)?
[ISS2, Lunar 2, Mars 2]
10c | How can aplastic anemia be treated during space missions? [ISS 5, Lunar 5, Mars 3]
Related Risks:
Important
References :
Risk Title: Altered Host-Microbial Interactions
Theme: Human Health and Countermeasures (HH& C) 2|
Discipline: Immunology, Infection & Hematology =7 |
Risk Number : 11 /

Risk Description :

The balance between human host.and mlcrobee found on Earth may e altered in space because of
responses associated with mrcrograwty, stress radratron or.ether space flight factors.

Context/Risk Extreme envirenments ; I solati on; Microbial contam natlon Microgravity ; Nutritional deprivation ;
Factors: Radiation ; Sleep deprrvatron Stress
RYG Risk Iss: llGreen | || " :
Assessment : Health and performance consequence$ are known or suspected, but will not affect mission success
due to effective miti gatlon strategr& that have been validated in space.
Lunar: [JJij Gréen
Health and performance consequences are known or suspected, but will not affect mission success
due to effective mitigation strategies that have been validated in space.
Mars: Yellow
High risk of serious health or performance consequences; there is no mitigation strategy that has been
validated in space.
Justification : ISS:
Changesin microflora; novel microbial ecosystems; genetic changes/mutations of microorganisms;
aterations in host microbe interaction; alterations in host susceptibility.
Lunar:
The short-duration of the lunar mission might not provide sufficient time for significant alterationsin
the host: microbe relationship.
Mars:
The long-duration and severe nature of space flight conditions on a Mars mission would favor the
aterations in the host: microbe relationship. Possibly, evolution of a supermicrobe that overpowers
the human immune response would be favored.
Current ISS:
Countermeasures: | In-flight environmental monitoring and bioburden reduction procedures
Lunar :
In-flight environmental monitoring and bioburden reduction procedures
Mars:
In-flight environmental monitoring and bioburden reduction procedures
Projected ISS:
Countermeasures:

Comprehensive microbia identification technology based on mass spectrometry and/or hybridization
; In-flight antibiotic susceptibility testing capability ; Pre-flight screening ; Routine In-flight
microbial identification/monitoring capability

Lunar :

Comprehensive microbial identification technology based on mass spectrometry and/or hybridization
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; In-flight antibiotic susceptibility testing capability ; Pre-flight screening ; Routine In-flight
microbial identification/monitoring capability

Mars:

Comprehensive microbial identification technology based on mass spectrometry and/or hybridization
; In-flight antibiotic susceptibility testing capability ; Pre-flight screening ; Routine In-flight
microbial identification/monitoring capability

Enabling Questions ;
[With Mission No. Question
Priority]: What diagnostic and environmental monitoring laboratory technologies need to be
11la |developed for the detection and diagnosis of infectious disease in space? [I SS 1, Lunar
1, Mars1]
Does the spacecraft environment exert a selective pressure on environmental
11b | microorganisms that presents the crew with increased health risks (e.g., Helicobacter and
ulcers)?[ISS1, Lunar 1, Mars 1]
11c Does space flight alter microbial growth rates, mutation rates, or pathogenicity? [I SS 1,
Lunar 1, Mars 1]
11d Does space flight alter the exchange of genetic material between microorganisms? [I SS
1, Lunar 1, Mars1]
11e | Does space flight alter host-microbe balance? [ISS 1, Lunar 1, Mars 1]
Can molecular and genetic testing of pathogenetic microbial organisms during space
11f | flight be accomplished on areal-time basisto prevent devel opment of infectionsin
astronauts? [ISS 2, Lunar 2, Mars 2] .
Do microorganisms associated with biological life support syﬁems or biological waste
11g |[treatment systems enter the general-spacecraft enV| ronment with consequent increase in
health risks?[ISS 1, Lunar 1, Marsl] ! T
Related Risks: ' '

ISS:

Envwonmenta] Health
Define Acceptable Limits for Contammants in A|r and Water
Clinical capabilities R

Monitoring & Prevention

Magjor Illness & Trauma

Pharmacology of Space Medicine Delivery

Ambulatory Care
Return to Gravity/Rehabilitation
Insufficient Data/l nformation/K nowledge Management & Communication Capability

Skill Determination and Training

Palliative, Mortem, and Post-Mortem Medical Activities
Lunar :

Environmental Health

Define Acceptable Limits for Contaminants in Air and Water

Clinical capabilities

Monitoring & Prevention

Major lliness & Trauma

Pharmacology of Space Medicine Delivery

Ambulatory Care
Return to Gravity/Rehabilitation
Insufficient Data/l nformation/K nowledge Management & Communication Capability

Skill Determination and Training
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Palliative, Mortem, and Post-Mortem Medical Activities

Mars:

Environmental Health

Define Acceptable Limits for Contaminants in Air and Water

Clinical capabilities

Monitoring & Prevention

Major lliness & Trauma

Pharmacology of Space Medicine Delivery

Ambulatory Care

Return to Gravity/Rehabilitation

Insufficient Data/l nformation/K nowledge Management & Communication Capability

Skill Determination and Training

Palliative, Mortem, and Post-Mortem Medical Activities
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Risk Title: AIIergi%and Auteimmune Dlsea%

Theme: Human Health and Countermeasur&s (HH& C)
Discipline: Immunology, tnfection & Hematology gl |
Risk Number : 12 :

Risk Description :

Genetici nh‘eriténce' and envi ronmental’insults are the two factors that trigger development of allergic
and autoimmune diseases. Failure of immunol ogic tolerance due to malfunction of regulatory
immune mechanisms/eads to immune-mediated diseasesin life. Space flight conditions have been
shown to upset immune regulation and produce immunologic disease in experimental systems.

Context/Risk Extreme environments ; Isolation ; Microbial contamination ; Microgravity ; Nutritional deprivation ;
Factors: Radiation ; Sleep deprivation ; Stress
RYG Risk 1SS: ] Green
Assessment : Health and performance consequences are known or suspected, but will not affect mission success
due to effective mitigation strategies that have been validated in space.
Lunar: [ Green
Health and performance consequences are known or suspected, but will not affect mission success
due to effective mitigation strategies that have been validated in space.
Mars: Yellow
High risk of serious health or performance consequences; there is no mitigation strategy that has been
validated in space.
Justification : ISS:

In contrast to immunodeficiency where alowered immune response looks to a predilection for
opportunistic infection and malignancy, a heightened immune response leads to allergic and
autoimmune diseases, which are part of the spectrum of hypersensitivity reactions mediated by IgE
(Type ), antibody-cell receptor interactions (Type I1), immune complexes (Type I11) and T-cell
mediated diseased (Type V). Central to all of these paradoxical over-reactions of the immune system
isthe immunoregulatory T cell (CD4+DC25+)” Space flight conditions have the potential to affect
this cell and other immunoregulatory cells that networks to produce all of our types of
hypersensitivity: Allergy (Type 1) and Autoimmune Diseases (Types|I, 11, 1V).

Lunar:

Although the lunar mission is short in duration, there may be sufficient loss of fine control of
immune tolerance to produce immune diseases later in life.

Mars:

Itisvery likely that severe allergies and autoimmune diseases will result from a Martian mission,
unless specific counter-measures are devel oped. The length and severity human exposure to
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environmental insults will most likely result in allergic and immunol ogic diseases.

Current
Countermeasures:

ISS:

Toxicological/Environmental/Microbiological standards for spacecraft atmosphere
Lunar :

Toxicological/Environmental/Microbiological standards for spacecraft atmosphere

Use of these countermeasures may not be needed in the lunar mission but may be needed later in life.
Mars:
Toxicological/Environmental/Microbiological standards for spacecraft atmosphere

These countermeasures must be ready for use in aMars mission.

Projected
Countermeasures:

ISS:
Antigen peptide immunotherapy ; Dendritic cell-antigen vaccines ; Monoclonal anti-IgE antibodly ;
Monoclonal antibody to CD52+ cells, TNF-, C3+ T cells, CD19+/20+ B cells; soluble receptors (7)
for TNF-, IL-1, IL-2 ; Thl immunostimulants (e.g., CpG)

Lunar :

Antigen peptide immunotherapy ; Dendritic cell-antigen vaccines ; Monoclonal anti-1gE antibody ;
Monaoclonal antibody to CD52+ cells, TNF-, C3+ T cells, CD19+/20+ B cells; soluble receptors (7)
for TNF-, IL-1, IL-2 ; Thl immunostimulants (e.g., CpG)

Mars:

Antigen peptide immunotherapy ; Dendritic cell-antigen vaccines ; Monoclonal anti-IgE antibody ;
Monoclonal antibody to CD52+ cells TNF-, C3+ T cdlls, CD19+/20+ B cels; sol uble receptors (7)
for TNF-, IL-1, IL-2 ; Thl immunosti mulants (eg., CpG)

Enabling Questions

[With Mission No. Question .
Priority]: What are the molecular and genetic mechanisms of 1oss of |mmunoregulat|on and
12a immune tolerance in that occur with the exposure to the space flight conditions of
radiation, microgravity;-isolation, stress, microbial contamination, sleep deprivation,
extreme environments and nutritional deficiency?[ISS 1, Lunar 1, Mars 1]
Isitpossible ta predlct the summary effects of | each compenent condition on duration of
12b | spaceflight (1-year 1SS, 30-day, 18-month Martian) that leads to immune dysregulation
and lossof immune tolerance? [ISS 1, Lunar 1, Mars 1]
Whet are the aIIerg|é and autoi mmune diseases that are likely to occur in astronauts
12c  |exposed to spacefllght conditions of different missions and durations? [ISS1, Lunar 1,
Mars 1]
12d Arethere detection systems that can detect the first alterations in immune regulatory
networks so that therapeutic intervention could be planned? [ISS 2, Lunar 2, Mars 2]
12¢ Will it be possible to use new immune regulatory agents to prevent immune imbalance
with the expressions of allergies and autoimmune conditions? [I SS 2, Lunar 2, Mars 2]
12f Will it be possible to use nutritional supplements to boost the immunoregulatory agents
used therapeutically? [ISS 2, Lunar 2, Mars 2]
Related Risks: 1SS
Environmental Health
Define Acceptable Limits for Contaminantsin Air and Water
Nutrition
Inadequate Nutritional Requirements
Clinical capabilities
Monitoring & Prevention
Major lliness & Trauma
Pharmacology of Space Medicine Delivery
Ambulatory Care
Return to Gravity/Rehabilitation
Insufficient Data/l nformation/K nowledge Management & Communication Capability
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Skill Determination and Training

Palliative, Mortem, and Post-Mortem Medical Activities

Radiation Health

Carcinogenesis

Acute and Late CNS Risks

Other Degenerative Tissue Risks

Heredity, Fertility and Sterility Risks

Acute Radiation Syndromes

Lunar :

Environmental Health

Define Acceptable Limits for Contaminantsin Air and Water

Nutrition

Inadequate Nutritional Requirements

Clinical capabilities

Monitoring & Prevention

Major lliness & Trauma

Pharmacology of Space Medicine Delivery s 3 dm=t
Ambulatory Care o

Return to Gravity/Rehabilitation”

Insufficient Data/information/K nowl edgé M‘énagé’nmt & Communication Capability

Skill Determination and Traini ng

Palliative, Mortem. and Post-Mortern Medical Activities

Radiation Health / | | ' %
Carcinogenesis '

Acute andl-ate CNS Risks

Other Degenerative Tissue Risks

Heredity, Fertility and Sterility Risks

Acute Radiation Syndromes

Mars:

Environmental Health

Define Acceptable Limits for Contaminants in Air and Water

Nutrition

Inadequate Nutritional Requirements

Clinical capabilities

Monitoring & Prevention

Major IlIiness & Trauma

Pharmacology of Space Medicine Delivery

Ambulatory Care

Return to Gravity/Rehabilitation

Insufficient Data/lnformation/K nowledge Management & Communication Capability

Skill Determination and Training

Palliative, Mortem, and Post-Mortem Medical Activities
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Radiation Health

Carcinogenesis

Acute and Late CNS Risks

Other Degenerative Tissue Risks
Heredity, Fertility and Sterility Risks
Acute Radiation Syndromes

Important
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Risk Ti

tle: Skeletal Muscle Atrophy Resulting in Reduced Strength and Endurance

Theme:

Human Health and Countermeasures (HH& C)

Discipline:

Muscle Alterations & Atrophy

Risk Number :

13

Risk Description :

Given that deficits in sensory-motor regulation of muscle-force generation capacity and movement
skill occur in space flight, this deficiency could result in an inability or reduced ability/fiddlity in
performing mission-directed physical activities (especialy when the system becomes loaded), as well
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as cause a proneness for muscle/connective tissue (muscle fiber; fiber-tendon; tendon-bone
interfaces) damage and soreness, further exacerbating intrinsic muscle performance capacity.

Context/Risk Muscle atrophy is the result of sarcopenia or net protein catabolism associated with skeletal muscle
Factors: unloading and this alteration likely increases compliance of the muscle vascular bed which could
impair venous return (i.e., muscle pump) and contribute to orthostatic intolerance upon re-exposure
to agravitational environment and accel erate bone loss due to reductions in muscle tone and the force
generating capacity of the muscle and the corresponding reduction of force at the tendon/bone
interface
RYG Risk 1SS: ] Green
Assessment : Health and performance consequences are known or suspected, but will not affect mission success
due to effective mitigation strategies that have been validated in space.
Lunar: [ Green
Health and performance consequences are known or suspected, but will not affect mission success
due to effective mitigation strategies that have been validated in space.
Mars: Yellow
High risk of serious health or performance consegquences; there is no mitigation strategy that has been
validated in space.
Justification : ISS:
Growing database demonstrating that skeletal muscles, particularly postural muscles of the lower
limb, undergo atrophy and undergo structural and metabolic alterations during space flight.
Lunar:
Growing database demonstrating that skeletal muscles, particularly postural-muscles of the lower
limb, undergo atrophy and undergo structural and metabolic alteranons duri ng space flight.
Mars:
Growing database demonstrating that skeletal muscles, partlculariy postural muscles of the lower
limb, undergo atrophy and undergo structural and metabolic alterations during space flight.
Current ISS: J iseg
Countermeasures: | Cycle ergometer ; Moderate reﬂ stance exeruse Treadmlll ]
Lunar :
Cycle ergometer M oderate resistance exercise ; Trea:iml'll
Mars:
Cycle ergometer Moderate red stance, exerdse Treadmill
Projected ISS: ;
Countermeasures: | Artificial gravity- (e o, centnfuge Wlth exercise capabilities) ; New programs of heavy resistance

exercise (e.g., expanded exercise and loading capabilities) ; Pharmacologlcal interventions
Lunar: | .-

Artificial gravity (e.g., centrifuge with exercise capabilities) ; New programs of heavy resistance
exercise (e.g., expanded exercise and loading capabilities) ; Pharmacological interventions
Mars:

Artificial gravity (e.g., centrifuge with exercise capabilities) ; New programs of heavy resistance
exercise (e.g., expanded exercise and loading capabilities) ; Pharmacological interventions

Enabling Questions
[With Mission
Priority]:

No. Question

13a What is the time course of skeletal muscle atrophy during an ISS, lunar, and Mars
mission?[ISS 1, Lunar 1, Mars1]

13p |Does muscle atrophy of the lower extremity muscles contribute to orthostatic
hypotension due to deficiencies in the muscle pump? [ISS 1, Lunar 1, Mars 1]

Does skeletal muscle atrophy contribute to the accelerated rate of bone lossin the central
13c |and peripheral skeleton because of reduced forces at the tendon insertion sites during
long-duration space missions?[ISS 1, Lunar 1, Mars1]

What hardware and/or technologies are currently available, or need to be developed for
el ISS, lunar, or Mars mission in order to simulate the type of musculoskel etal loading

experienced here on Earth to preserve muscle structure and function? [ISS 3, Lunar 3,
Mars 3]

13e What are the effects of skeletal muscle atrophy on whole body metabolism (e.g., insulin
and glucose tolerance)?[1SS 1, Lunar 3, Mars1]

Are the deleterious changes that occur in skeletal muscle (atrophy, alterationsin
13f | contractile phenotype, etc.) during long-duration space flight missions completely
reversible upon return to Earth? [ISS 3, Lunar 3, Mars 3]
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13g

What combination of exercise and/or hormonal/pharmacological, nutritional and
micronutrient supplements are effective in preserving muscle structure and function
during ISS, lunar, and Mars missions?[ISS 1, Lunar 1, Mars 1]

13h

What are the appropriate prescription modalities (exercise regimens, artificial gravity,
etc.) and the compliance factors needed during an ISS, lunar, and Mars mission to
minimize losses in muscle mass and strength?[ISS 1, Lunar 1, Mars1]

13i

What are the effective resistance exercise modalities (contraction modes) and exercise
prescriptions (frequency, intensity, duration) needed to maintain skeletal muscle
structure and function during an ISS, lunar, and Mars mission? [ISS 1, Lunar 1, Mars
1

13

What are the appropriate prescription modalities (exercise regimens, physical therapy,
etc.) and the compliance factors needed to facilitate skeletal muscle rehabilitation in
crewmembers returning from microgravity, 1/3-gravity, or 1/6-gravity to Earth gravity?
[ISS1, Lunar 1, Mars 1]

13k

What cellular processes/signaling pathways in skeletal muscle can be identified and
targeted (pharmacological, gene therapy, hormones, etc.) to prevent or attenuate fiber
atrophy during ISS, lunar, or Mars missions?[ISS 3, Lunar 3, Mars 3]

13l

What practical diagnostic tools (e.g., biochemical markers, ultrasound) can be used
during ISS, lunar, and Mars missions to monitor and quantify changes in muscle
structure and function? [ISS 3, Lunar 3, Mars 3]

13m

Is the capacity of skeletal muscle to grow or regenerate (satellite cél I's) compromised
during or after amission because of conditions (e.g-radiation exposure, reduced muscle
tension) associated with an ISS, lunar, and Mars mission?f1SS'3, Lunar 2, Mars 1]

13n

What are the temporal relationships between the changes in structure and function of the
tendon, muscle and muscle-tendon interface? [1SS 2, L unar 2] Mars 2]

130

How do the deficitsin-skeletal muscle strength associatedwith |ong-duration space
flight affect the structural/functional prOpertles of the sensory system and motor nerves?
[ISS1, Lunar 1, Mars1]

13p

Can those resistance exermse parad| gms and other activity modalities aimed at
counteracting/atrophy processes maintain those deficits in muscle strength that appear to
occur independent of'the atrophy process?[ISS 1, Lunar 1, Mars 1]

13q

What are the'bi oénergetic, metabolic and substrate-processing factors that contribute to
the reductions in skeletal muscle endurance associated with muscle atrophy? [1SS 1,

|Lunar 1, Mars1]

13r

Can endurance exercise activities that normally enhance skeletal muscle endurance
under weight bearing conditions effectively maintain this property in atrophying muscle
when they are performed in microgravity environments? [ISS 2, Lunar 2, Mars 2]

13s

How does the atrophy processs affect the structural and functional properties of
connective tissue (tendons), the fiber-tendon interface and the tendon-bone interface?
[ISS2, Lunar 2, Mars?2]

13t

Do resistance-training paradigms that counteract muscle atrophy processes improve the
structure-function properties of connective tissue systems? (countermeasure) [1 SS 2,
Lunar 2, Mars 2]

13u

Do strength-training programs that minimize atrophy processes and strengthen muscle
tendon properties that are performed in states of unloading prevent injury from occurring
during the return to normal weight bearing states?[I1SS 1, Lunar 1, Mars1]

13v

What are the appropriate prescription modalities (exercise regimens, physical therapy,
etc.) and the compliance factors needed to facilitate skeletal muscle rehabilitation in
crewmembers returning from the ISS, Moon, or Marsto Earth gravity? [ISS 1, Lunar 1,
Mars1]

13w

What combination of exercise and/or hormonal/pharmacological, nutritional and
micronutrient supplements are effective in preserving muscle structure and function
during missionsto the ISS, Moon, and Mars? [ISS 2, Lunar 2, Mars 2]
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What hardware and/or technologies are currently available, or need to be developed for
an ISS, lunar, and Mars mission in order to simulate the type of musculoskeletal 1oading
experienced here on Earth to preserve muscle structure and function? [ISS TBD, Lunar
TBD, Mars TBD]

13x

To what extent should transcutaneous electrical stimulation be used as a countermeasure
13y |for preserving skeletal muscle structure and function during space flight? [I SS TBD,
Lunar TBD, Mars TBD]

If amuscle injury occurs during a space flight mission, what criteriawill be used to
13z | determinewhen it is safe for a crewmember to resume exercise? [| SS TBD, Lunar
TBD, Mars TBD]

Are there assistance devices/technol ogies that can compensate for losses in muscle mass
13aa |and strength and prevent injury during a space mission? [ SSTBD, Lunar TBD, Mars
TBD]

What are the effects of skeletal muscle atrophy on whole body metabolism? [ISS TBD,

1300 1| nar TBD, Mars TBD]
13ce What are the effects of muscle atrophy on thermoregulation? [I SS TBD, Lunar TBD,
Mars TBD]
Related Risks: 1SS
Bone L oss Tl

Accelerated Bone Loss and Fracture Risk -

Impaired Fracture Healing

Injury to Joints and Intervertebral Structures o S

Renal Stone Formation

Cardiovasedlar Alterations .~/ / .. | | |

Occurrence of -Séri ous Cardiovascular -bysrhythmi as

Diminished Cardiac and Vascular Function
Nutrition  £3:f ]

Inadequate Nutritional Requirements

Lunar :

Bone L oss

Accelerated Bone Loss and Fracture Risk

Impaired Fracture Healing

Injury to Joints and Intervertebral Structures

Renal Stone Formation

Cardiovascular Alterations

Occurrence of Serious Cardiovascular Dysrhythmias

Diminished Cardiac and Vascular Function

Nutrition

Inadequate Nutritional Requirements

Mars:

Bone L oss

Accelerated Bone Loss and Fracture Risk

Impaired Fracture Healing

Injury to Joints and Intervertebral Structures

Renal Stone Formation
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Cardiovascular Alterations

Occurrence of Serious Cardiovascular Dysrhythmias

Diminished Cardiac and Vascular Function

Nutrition

Inadequate Nutritional Requirements
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Risk Title: Increased Susceptibility to M uscle Damage

Theme: Human Health and Countermeasures (HH& C)
Discipline: Muscle Alterations & Atrophy
Risk Number : 14

Risk Description :

Given that muscle fiber atrophy and corresponding contractile protein phenotype shifts occur in
response to space flight, this deficiency could result in an inability or reduced ability/fidelity in
performing mission-directed physical activities, as well as cause a proneness for muscle/connective
tissue damage and soreness further exacerbating one's performance.

Context/Risk Given the reductions in skeletal muscle size, strength and endurance that result from space flight

Factors: exposure, there is agreater likelihood of sustaining muscle and/or connective tissue damage and
soreness that could result in an inability or reduced ability/fidelity in performing mission-directed
physical activities

RYG Risk 1SS: ] Green ] s

Assessment : Health and performance consequences are known or suspected but will not affect mission success
due to effective mitigation strategms that have been validated.in Space
Lunar: [ Green
Health and performance consequences are known or suspected but will not affect mission success
due to effectjvemitigation' strateglesthat have been valldated in space-
Mars: Yellow
High risk of serious health or performance consequenices, thereis no mitigation strategy that has been
validated in space | |

Justification : ISS: ' -
Growing database based on space flight and ground based studies demonstrating that muscle atrophy
processes are assocl iated with changes in structural proteins and connective tissues, which could
impair performance of various activities during and after 1SS, lunar, or Mars missions.
Lunar:
Growing database based on space flight and ground based studies demonstrating that muscle atrophy
processes are associated with changes in structural proteins and connective tissues, which could
impair performance of various activities during and after 1SS, lunar, or Mars missions.
Mars:
Growing database based on space flight and ground based studies demonstrating that muscle atrophy
processes are associated with changes in structural proteins and connective tissues, which could
impair performance of various activities during and after 1SS, lunar, or Mars missions.

Current ISS:

Countermeasures: | Cycle ergometer ; Moderate resistance exercise ; Treadmill
Lunar :
Cycle ergometer ; Moderate resistance exercise ; Treadmill
Mars:
Cycle ergometer ; Moderate resistance exercise ; Treadmill

Projected ISS:

Countermeasures: | Artificia gravity (e.g., centrifuge with exercise capabilities) ; New programs of heavy resistance

exercise (e.g., expanded exercise and loading capabilities) ; Pharmacological interventions
Lunar :

Artificial gravity (e.g., centrifuge with exercise capabilities) ; New programs of heavy resistance
exercise (e.g., expanded exercise and loading capabilities) ; Pharmacological interventions
Mars:

Artificial gravity (e.g., centrifuge with exercise capabilities) ; New programs of heavy resistance
exercise (e.g., expanded exercise and loading capabilities) ; Pharmacological interventions
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Enabling Questions ;
[With Mission No. Question
Priority]: If amuscleinjury occurs during an ISS, lunar or Mars mission, what criteria can be used
14a |to determine when it is safe for a crewmember to resume exercise or perform dynamic
activities associated with the mission (e.g., EVA/exploration)?[ISS 1, Lunar 1, Mars 1]
Do strength-training programs that minimize atrophy processes and strengthen muscle
14b tendon properties that are performed in states of unloading prevent injury from occurring
during amission and upon return to weight bearing states (e.g., 1-G)?[ISS 1, Lunar 1,
Mars1]
14c Do resistance-training paradigms that counteract muscle atrophy processes improve the
structure-function properties of connective tissue systems?[ISS 2, Lunar 2, Mars 2]
How does the atrophy processes affect the structural and functional properties of
14d | connective tissue (tendons), the fiber-tendon interface and the tendon-bone interface?
[ISS3, Lunar 3, Mars 3]
Are the deleterious changes that occur in skeletal muscle (atrophy, alterationsin
14e | contractile phenotype, etc.) during long-duration space flight missions completely
reversible upon return to Earth? [ISS 3, Lunar 3, Mars 3]
Do the deficits in skeletal muscle associated with long-duration space flight affect the
14f structural/functional properties of the sensory system and motor nerves (e.g., motor unit
recruitment strategies within a muscle, altered muscle recruitment strategl esfora given
joint)?[1SS 1, Lunar 1, Mars1] .
Wheat are the appropriate ground-based space flight anal og environments that can be
14 used as test beds for evaluating neurological adaptation time constants, adverse
9 operational implications, countermeasures and impacts of adaptation on other anatomical
and physiological wstems’7 [I1SS Lt Lunar 1, M ars 1]
Related Risks: 1SS
Bone Loss/™ w dind - g
Accel erated Bone Loss and Fracture Rlsk
Impaired Fracture Healmg
Injury to Joints-and Intervertebral Structures
Renal Stone Eormation
Lunar :
Bone L oss
Accelerated Bone L oss and Fracture Risk
Impaired Fracture Healing
Injury to Joints and Intervertebral Structures
Rena Stone Formation
Mars:
Bone L oss
Accelerated Bone L oss and Fracture Risk
Impaired Fracture Healing
Injury to Joints and Intervertebral Structures
Rena Stone Formation
| mportant Adams GR, Caiozzo VJ, Baldwin KM. Skeletal muscl ighting: spaceflight and ground-based
References - lams GR, Caiozzo VJ, win . etal muscle unweighting: spaceflight and ground-
models. JAppl Physiol 95:2185-201, 2003.
http://www.nchi.nim.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=14600160
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Antonutto G, Capelli C, Girardis M, Zamparo P, di Prampero PE. Effects of microgravity on
maximal power of lower limbs during very short efforts in humans. J Appl Physiol 86: 85-92,
1999.

http://www.nchi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=9887117

Baldwin KM, Edgerton VR, Roy RR. Muscle lossin space: physiological consegquences.
Encyclopedia of Space Sciences and Technology. Vol. 2; H. Mark, M. Salkin and A. Y ousef (eds).
John Wiley & Sons, Inc. Hoboken NJ, 2003, pp. 149-166.

di Prampero PE, Narici MV. Musclesin microgravity: from fibers to human motion. J
Biomech.;36(3):403-412, 2003.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi 2cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=12594988

Edgerton VR, Zhou MY, Ohira Y, Klitgaard H, Jiang B, Bell G, Harris B, Saltin B, Gollnick PD,
Roy RR, et al. Human fiber size and enzymatic properties after 5 and 11 days of space flight. J
Appl Physiol May; 78(5):1733-9, 1995

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=7649906

Fitts RH, Riley DR, Widrick JJ. Physiology of a microgravity environment invited review:
microgravity and skeletal muscle. JAppl Physiol 89: 823-39, 2000 (Review).

http://www.ncbi.nim.nih.gov/entrez/query. fcgl'?cmd Retrleve& db—pubmed& dopt=Abstract&list_
uids=10926670

LeBlanc A, Lin C, Shackelford L, Sinitsyn V/, Evans H, Belichénko O, Schenkman B,
Kozlovskayal Oganov, V, Bakulln A, Hedrick T and waack D. Muscle volume, MRI
relaxation ti mes (T2) and body composmon after| spacefllght J. Appl Physiol. 89: 2158-2164,
2000. -

I
http://www.nchi. nIm n|h gov/entrez/query fegi '?cmd Retrieve& db=pubmed& dopt=Abstract&list_
Uids=11090562

McCall GE, Goulet €, Boorman Gl, Roy RR, Edgerton VR. Flexor bias of joint positionin
humans during spaceflight. Exp Brain Res 152: 87-94. 2003.

http://www.ncbi.nlm.nih.gov/entrez/query fcgi2cmd=Retrieve& db=pubmed& dopt=Abstract& list_
uids=12844202

Narici M, Kayser B, Barattini P, Cerretelli P. Changesin electrically evoked skeletal muscle
contractions during 17-day space flight and bed rest. Int. J. Sports Medicine 18: S290-S292, 1997.

http://www.nchi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=9391835

NASA, Space Life Sciences, Final Report Task Force on Countermeasures, (Chair, Kenneth M.
Baldwin) May 1997. Appendix E-26.

Tidball JG, Quan DM. Reduction in myotendinous junction surface area of rats subjected to 4-day
space flight. J Appl Physiol. Jul; 73(1):59-64, 1992.

http://www.nchi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=1506399

Zhou MY, Klitgaard H, Saltin B, Roy RR, Edgerton VR, Gollnick PD. Myosin heavy chain
isoforms of human muscle after short-term space flight. J Appl Physiol May; 78(5):1740-4, 1995.

http://www.nchi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=7649907

Risk Title: Vertigo, Spatial Disorientation and Perceptual Illusions

Theme:

Human Health and Countermeasures (HH& C)

Discipline:

Neurovestibular Adaptation
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Risk Number :

15

Risk Description :

When astronauts transition between gravitational environments, head movements and/or vehicle
maneuvering can cause spatial disorientation, perceptual illusions and/or vertigo. Should any of these
occur in flight deck crewmembers during critical entry or landing phases it could lead to loss of
vehicle. In-flight spatial disorientation can cause operational difficulties during docking and remote
manipulation of payloads that can (and has) caused dangerous collisions, while in-flight frame-of-
reference illusions, direction vertigo, or navigation problems could cause reaching errors, spatial
memory failures, difficulty locating emergency egress routes and/or fear of falling during EVA
(height vertigo). While rotational artificial gravity (AG) has great potential as a bone, muscle,
cardiovascular and vestibular countermeasure, head movements out of the plane of rotation will
produce illusory spinning sensations about an axis orthogonal to the head motion, which may lead to
spatia disorientation.

Context/Risk
Factors:

Landing0-G exposure duration. (Vertigo is an aftereffect of neurovestibular adaptation to 0-G, which
may require several weeks.) ; Manual or supervisory control of vehicle by crewmember during
critical phase of flight ; Non-zero gravitational level ; Pilot head movements, especially large or rapid
ones. (Head movement contingent vertigo reported in early phases of entry. Orbiter crews routinely
make slow practice head movements during entry to initiate re-adaptation) ; Poor visual reference to
runway environment. (e.g., approaches at night or with low ceilings or poor visibility or to unfamiliar
runway) ; Turbulence or wind shear in approach area ; Vehicle maneuvers (e.g. deceleration on inner
glide slope; flare)

In-FlightTeleoperations requiring user to cognitively integrate several different views of awork area,
or transform commands to a different reference frame ; Physical orientation of 1-G training modules;
Ambiguous visual orientation cues (interior architectural symmetries, rack orientation and labeling,
EVA visual cues) ; Inconsistent visual verticals (within and between medules) ; Individual ability
differences (mental rotation, perspective taking, and sense of_direction)

RYG Risk
Assessment :

ISS: Yellow /

High risk of serious health or performance consequenceﬁ there IS N0 m|t| gation strategy that has been
validated in space. [ .

Lunar: Yellow

High risk of serieus health or performance consequences, ithere is no/mitigation strategy that has been
validated in space.. |

Mars: Yelow | | |/

High risk of serious health or performance consequences; there is no mitigation strategy that has been
validated in space,

Justification :

1SS -
Problem has been Wwith us throughout Shuttle program (e.g. perhapsas early as STS-3), and became
recognized-after multi-week shuttle missionsin late 90s (cf. McCluskey, ef al 2001). Currently
constrains time on orbit of shuttle pilots, and night and low visibility approaches. Shuttle auto-land
capability has not been operationally verified, and contingency landing sites do not have required
microwave landing system. Skylab and Shuttle crews described almost universal incidence of
occasional in-flight spatial disorientation and frame-of-reference illusions. Mir and ISS crews report
susceptibility continues throughout long missions, and are  exacerbated by complex 3D station
architectures, inconsistent interior visual verticals, and perhaps by physical orientation of their
ground trainers. Shuttle crews visiting Mir and ISS occasionally became lost, a concern in case
emergency egresswasrequired. EVA crewmembers occasionally report disorientation and
disabling fear of falling to Earth. Reference frame integration problems have been noted by Shuttle
and ISS teleoperators, and contributed to Mir-Progress collision, and complicated several other
emergencies NASA Man System Integration Standard 3000 required locally consistent cue
orientation and lighting, but did not address consistency between modules or work areas. However

I SS (SSP5005) deleted many M SIS requirements. 1SS modules have symmetric cross section and
dual visual verticals.

Lunar:

Some degree of manual control and maneuvering will be required for landing at unprepared lunar
landing sites. Effects on crew capability of 7 day 0-G transits and 30 day adaptation to lunar 1/6 g,
and are currently unknown. Apollo mission durations were less than 15 days. Crews 1/6 g exposure
on lunar surface was limited to 75 hours. No vertigo reported during lunar landing or EVA. Lunar
Module did not have auto-land. Command module auto-landed in Earth’s ocean. Significant exposure
tothisrisk in 0-G areas of Lunar transit vehiclesand 0-G EVA. Teleoperator frame of reference
integration problems potentially afactor in Lunar surface operations.

Mars:

Even if Earth and Mars landings are nominally auto-landed, some degree of maneuvering and
contingency manual control will be needed for landing at unprepared or contingency sites. Effects of
4-6 month adaptation to 0-G during transit to Mars on astronaut’ s ability to transition to Mars 1/3 g
are unknown. However, large radius continuous AG may be possible. On return to Earth, pilot will

JSC62577

B-42




have adapted to 0-G for 4-6 months, and | SS experience indicates many will experience strong
landing vertigo. Significant exposure to thisrisk in 0-G areas of Marstransit vehicles and 0-G EVAs.
Teleoperator frame of reference integration problems potentially afactor in Mars surface operations

Current
Countermeasures:

ISS:

Landing CDRs are space flight veterans. CDR flies approach, PLT assists. Previous flight
experience may help pilots cope with vertigo ; Re-adaptation head movements during entry. No
formal procedure exists. Efficacy is unknown ; Restrictions on night and low ceiling/visibility
approaches. Visual approach aids and runway lighting ; Shuttle pilot’s 0-G exposure currently limited
to 2-3 weeks

In-Flight Luminous exit placards, and module surface labels ; Pre-flight EVA training using virtual
reality techniques ; Pre-flight training in 1-G modules and neutral buoyancy

Lunar :

None

Mars:

None

Projected
Countermeasures:

ISS:

Landing Implement shuttle auto-land capability at landing sites ; Correlate shuttle approach flight
technical error, vehicle accelerations, head movements, display legibility, post-flight visual acuity,
gaze stability, OTTR, and G-excessillusions ; Determine efficacy of re-adaptation head movements
during entry ; Evaluate landing vertigo effect on pilots supervisory control capability. ; Evaluate pre-
flight or in-flight neurovestibular g-context-specific pre-adaptation techniques (e.g. short radius
artificial gravity) and in-flight landing rehearsal simulators. ; Improved standards for workstation and
spacecraft interior architecture ; Improved teleoperator dlspl ays ; Quantitative metrics for visual
symmetry and polarity cues; Redesi gn cockpit procedures and displays (e.g. flight director) to
minimize head movements and accel erations, and to improve legibility, during vertigo ; Validated
spatial ability tests to predict and improve individual performance ; Pre-flight visual orientation
training for IVA activitiesusing VR technlques[CRL 2:5] i
Lunar : '

Landing Auto-land capability on Iunar or Mars landing and Teturn vehlcles Pre-flight or in-flight g-
specific pre-adaptation technlques, (e. g art|f|C|aI gravnty)
Mars:

Landing Auto- Iand capablllty on Iunar or Mars Iandmg and return vehicles ; Pre-flight or in-flight g-
specific pre-adaptanon technlqua (e.g. arificia-gravity)

Enabling Questions
[With Mission
Priority]:

No. S - Question

What are the physologlcal bases for spatial disorientation, perceptua illusions, and
Jvertigo?[1SS 1, Lunar 1, Mars1]

What combinations of visual, vestibular, and haptic cues cause spatial disorientation,
15b | perceptual illusions, and vertigo during and after g-transitions? [I SS 2, Lunar 2, Mars
2]

Can g-transition-related spatial disorientation, perceptual illusions, and vertigo be
predicted from mathematical models?[ISS 3, Lunar 3, Mars 3]

What individual physiological and behavioral characteristics contribute to the large inter
15d |-individual differencesin neurovestibular symptoms and signs?[ISS 1, Lunar 1, Mars
1]

What individual physiological and behavioral characteristics will best predict
susceptibility and adaptability [ISS 3, Lunar 3, Mars 3]

15f What is the physiological basis for context-specific-adaptation? [ISS 1, Lunar 1, Mars
1

15a

15¢

15e

To what extent can neurovestibular adaptation to weightlessness and/or artificial gravity
take place in context-specific fashion, so crewmembers can be adapted to multiple
environments and switch between them without suffering disorientation or motion
sickness?[ISS 2, Lunar 2, Mars 2]

What preflight training techniques (e.g. virtual reality simulations, parabolic flight) can
15h | beused to alleviate the risks of spatial disorientation, perceptua illusions, and vertigo as
astronauts launch, enter, and adapt to 0-G?[ISS 2, Lunar 2, Mars 2]

159
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What in-flight training techniques (e.g. virtual reality simulations, treadmill with

15i vibration isolation system, artificial gravity) can be used to alleviate the risks of vertigo,
disorientation, and perceptual illusions as astronauts land and (re)adapt to Earth, Moon,

or Mars gravity?[ISS 3, Lunar 3, Mars 3]

15 How can voluntary head movements during entry and landing be used to accelerate re-
J adaptation? [ISS 3, Lunar 3, Mars 3]

15k I's adaptation to the lunar gravity environment sufficient to reduce incidence of landing
vertigo upon return to Earth? [Lunar 3]

What artificial gravity exposure regimens (g level, angular velocity, duration, and
15] repetition) will ameliorate the bone, muscle, cardiovascular, and vestibular

deconditioning associated with hypogravity during surface operation phases of a
mission? [Lunar 5, Mars 5]

What artificial gravity exposure regimens (g level, angular velocity, duration, and

15m repetition) will ameliorate the bone, muscle, cardiovascular, and vestibular
deconditioning associated with hypogravity during transit phases of amission? [Lunar

5, Marsb5]

15n What level of supervisory control will mitigate the landing vertigo risk in landing on the
Moon, Mars, and Earth? [ISS 4, Lunar 4, Mars 4]

150 How can traditional clinical vestibular rehabilitation techniques be employed to usefully
accelerate readaptation following g-transitions? [I SS 3, Lunar 3, M-ars 3]

15p What objective assessment techniques can be used to.determine crew readinessto return

to normal activities following g transitions? [| SS2, L unar 2, Mars 2]

Related Risks:

ISS: e ] LT
Space Human Factors Engineering ' )

Mismatch betwien Crew, Physical Capabilities and Task Demands

Mis-assignment of Responsibilities within Multi -agent Systems

Lunar: [ | !

Space Human Factor s En_ginéerl'ng';.

Mismatch between Crew Physical Capabilities and Task Demands

Mis-assi 'ghrhent of Responsibilities within Multi-agent Systems

Mars:

Space Human Factors Engineering

Mismatch between Crew Physical Capabilities and Task Demands

Mis-assignment of Responsibilities within Multi-agent Systems

Important
References::

Baldwin, et al (1997) NASA Task Force on Countermeasures, Final Report. Appendix E

Guedry, F.E. and A.J. Benson. Coriolis cross-coupling effects: Disorienting and nauseogenic or
not? Aviation, Space, and Environmental Medicine 49(1): 29-35, 1978.

http://www.nchi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=304719

McCluskey, R., Clark, J., Stepaniak, P. (2001) Correlation of Space Shuttle Landing Performance
with Cardiovascular and Neurological Dysfunction Resulting from Space flight. (Significant
correlation between post-flight neurovestibular signs and shorter, faster, harder landings.)

Paloski, W. H., & Young, L. R. (1999). Artificia gravity workshop: Proceedings and
recommendations. NASA/NSBRI Workshop Proceedings.

Reschke, M. F., J. J. Bloomberg, et al. (1994). Neurophysiological Aspects. Sensory and Sensory-
Motor Function. Space Physiology and Medicine. A. E. Nicogossian, L ea and Febiger.
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Young, L. R. Artificial gravity considerations for a Mars exploration mission. In B. J. M. Hess &
B. Cohen (Eds.), Otalith function in spatial orientation and movement, 871 (pp. 367-378), 1999
NY, NY Academy of Sciences.

http://www.nchi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=10372085

Young L, Hecht H, Lune LE, Sienko KH, Cheung CC, Kavelaars J. Artificial gravity: head
movements during short radius centrifugation. Acta Astronautica 49(3-10): 215-226, 2001

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi 2cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=11669111

Risk Title: Impaired Movement Coordination Following G-Transitions

Theme: Human Health and Countermeasures (HH& C)
Discipline: Neurovestibular Adaptation
Risk Number : 16

Risk Description :

When astronauts adapt to 0-G transition to an Earth, Moon, or Martian gravitational environment,
balance, locomotion and eye-head coordination are transiently disrupted. Some symptoms may be
masked by sensory substitution, only to emerge unexpectedly in response to changing sensory
affordance contexts. Muscle atrophy and orthostatic hypotension may also-eontribute to post-flight
balance and locomotion impairment. Some long-duration crewmembers have been unable to egress
the spacecraft unassisted in 1-G, so affected crew are at an-increased risk of emergency at or soon
after landing. There are Iargerndrvrdual differences, but recovery of normal abilities requires several
days to weeks. Recovery time increases as the 0-G exposure time increases. Lower extremity
coordination is often the slowest to-return. Post-flight rehabilitation currently employs only
traditional methods and may-not be optimal. Sensory-motor-ehanges on long-duration flights
increases the potential risk/of post:landing falls and bone fractures and delays safe return to normal
daily activities (runnr ng, driving.and flymg) i

Context/Risk Cardio-regul ar[ory changes or reduced blood velume inereasing susceptibility to fainting ; Muscle

Factors: aterations and atrophy due to lack of appropriate 0-G exercise ; Physical activity leading to head
movement, or requiring visual acwty (e.g: running, operation of avehicle or aircraft) ; Thelonger a
crewmember is exposed to 0-G, generally the more profound and long lasting the post-flight
symptoms; Zero-g exposure duration

RYG Risk ISS:  Yellow

Assessment : High risk of serious health or performance consequences; there is no mitigation strategy that has been
validated in space.
Lunar: Yellow
High risk of serious health or performance consequences; there is no mitigation strategy that has been
validated in space.
Mars: Yellow
High risk of serious health or performance consegquences; there is no mitigation strategy that has been
validated in space.

Justification : ISS:

Shuttle post-landing emergency egress requires crew to stand up, operate a hatch, attach and lower
themselves on atether, and run away from the vehicle. Cardiovascular and muscul o-skeletal
countermeasures have mitigated the incidence of muscle weakness, fatigue, and fainting, but many
returning crews still exhibit clinically and operationally significant post-flight neurovestibular signs.
Long duration crews currently undergo a post-flight physical rehabilitation program based on
traditional techniques. Flight surgeons have taken a conservative clinical approach, and no NASA
crewmembers have had post-flight fractures or auto accidents. However, none have been ableto run
1000 feet on atreadmill on landing day. Animal experiments indicate the vestibular system may play
arolein cardiovascular orthostatic regul ation.

Lunar:

Apollo EVA crews adopted aloping gait in the 1/6 g lunar environment. No reported vertigo and
coordination problems. Fracturerisksin 1/6 g likely minimal. Primary risks are after return to Earth
after long duration (44 day) missions.

Mars:

Mars landings may be in unprepared areas, so posture and locomotion ability in 1/3 g immediately
after landing is potentially important in emergencies. Fracture risk in 1/3 g not yet determined, and
will depend on countermeasures available in transit vehicle. Mars transit vehicles may use
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intermittent or continuous AG to pre-adapt crews for Mars surface operations, and to prepare crews
for return to Earth.

Current
Countermeasures:

ISS:

Quantitative post-flight tests of spontaneous, positional and positioning nystagmus, postural stability,
dynamic visual acuity, and gait (TRL/CRLS8) ; Traditional clinical rehabilitation techniques

Lunar :

None

Mars:

None

Projected
Countermeasures:

ISS:

General or G-specific pre-adaptation techniques, (e.g. in-flight or pre-flight artificial gravity; sensory
-motor generalization training techniques ; 1-G balance prostheses (e.g. tactile vest, TRL/CRLS) ;
Quantitative post-flight tests of gaze stahility, and locomotion and corner turning stability (TRL 6,
CRL 6)

Lunar :

Pre-flight or in-flight g- specific pre-adaptation techniques, (e.g. artificial gravity) (CRL2, TRL1)
Mars:

Improved EVA suits designed to mechanically mitigate fracture risk in the event of falls ; G-specific
pre-adaptation for Mars landing (e.g. short radius intermittent or large radius continuous artificial
gravity) and return to Earth

Enabling Questions
[With Mission
Priority]:

No. Question

16a What are the physiological bases for disruption of balance, loeoriotion, and eye-head
coordination following g-transitions? [ISS 1, Lunar.2; Mars 1]

16b Can disruption of balance, locomotion, and eéye-head eoordination followi ng g-
transitions be predicted from mathematical models?[I1SS 3, Lunar 3, Mars 3]

What individual physiological and behavioral characteristics contribute to the large inter

16¢c |-individual differencesin neurovestibular symptoms and signs? [ISS 1, Lunar 1, Mars

16d Wheat-individugl physiological and behavitl)ral characteristics will best predict
susceptibility and adaptability? [I'SS 3, L unar 3, Mars 3]

166 Whet is the physiol ogical\basis for context-specific-adaptation?[I SS 1, Lunar 1, Mars

To what extent can neurovestibular adaptation to weightlessness and/or artificial gravity
16f take place in context-specific fashion, so crewmembers can be adapted to multiple

environments and switch between them without suffering impaired balance control
and/or movement coordination? [ISS 2, Lunar 2, Mars 2]

What in-flight training techniques (e.g. virtual reality simulations, treadmill with
vibration isolation system, artificial gravity) can be used to alleviate the risks of
impaired balance control and movement coordination as astronauts land and (re)adapt to
Earth, Moon, or Mars gravity?[ISS 3, Lunar 3, Mars 3]

16h I's adaptation to the lunar gravity environment sufficient to reduce incidence of sensory-
motor balance and coordination problems upon return to Earth? [Lunar TBD]

169

What artificial gravity exposure regimens (g level, angular velocity, duration, and

16i repetition) will ameliorate the bone, muscle, cardiovascular, and vestibular
deconditioning associated with hypogravity during surface operation phases of a mission

[Lunar TBD, Mars TBD]

What artificial gravity exposure regimens (G level, angular velocity, duration, and
16i repetition) will ameliorate the bone, muscle, cardiovascular, and vestibular

J deconditioning associated with hypogravity during transit phases of amission? [Mars
TBD]

16k How can traditional clinical vestibular rehabilitation techniques be employed to usefully
accelerate readaptation following g-transitions? [ISS TBD, Lunar TBD, Mars TBD]

16| What objective assessment techniques can be used to determine crew readiness to return
to normal activities following g transitions? [ISSTBD, Lunar TBD, Mars TBD]

How can preflight or in-flight sensory-motor training or sensory aids improve post-
16m |landing postural and locomotor control and orthostatic tolerance? [I SSTBD, Lunar
TBD, Mars TBD]
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16n To what extent can crew "learn how to learn" by adapting to surrogate sensory-motor
rearrangements? [ISSTBD, Lunar TBD, Mars TBD]

What are the relative contributions of sensory-motor adaptation, neuromuscular
160 |deconditioning, and orthostatic intolerance to postflight neuro-motor coordination,
ataxia, and locomotion difficulties? [ISS TBD, Lunar TBD, Mars TBD]

16 What posture, locomotion and gaze deficits result from transition to Mars gravity and
P~ |Moon gravity? [ISSTBD, Lunar TBD, Mars TBD]

Related Risks:

ISS:

Cardiovascular Alterations

Occurrence of Serious Cardiovascular Dysrhythmias

Diminished Cardiac and Vascular Function

Neurovestibular Adaptation

Vertigo, Spatial Disorientation and Perceptual Illusions

Impaired Movement Coordination Following G-Transitions

Motion Sickness

Nutrition

Inadequate Nutritional Requirements

Lunar : : N

Neurovestibular Adaptation

Vertigo, Spatial Disorientation and Perceptual IIlusons

Impaired M ovement: Coordmanon FoIIOW| ng G- Transmpns
Motion Sickness !

Mars: ‘

Neurovestlbular Adaptatlon e

Vertigo, Spatlal Dlsorlentanon and Perceptual Illusions

Impaired Movement Coordination Following G-Transitions

Motion Sickness

Important
References:

Baldwin, et a (1997) NASA Task Force on Countermeasures, Final Report. Neurovestibular
Countermeasures Appendix E-26

Bloomberg JJ, Mulavara AP (2003). Changesin walking strategies after space flight. IEEE
Engineering in Medicine and Biology Magazine, 22(2): 58-62.

http://www.nchi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=12733460

Guedry, F.E. and A.J. Benson. Coriolis cross-coupling effects: Disorienting and nauseogenic or
not? Aviation, Space, and Environmental Medicine 49(1): 29-35, 1978.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi 2cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=304719

Homick, J. L. and E. F. Miller (1975). Apollo flight crew vestibular assessment. Biomedical
results of Apollo. R. S. Johnston and L. F. Deitlein, US Government Printing Office. NASA SP-
368: 323-340.

Lackner JR, DiZio P. (2000) Human orientation and movement control in weightlessness and
artifical gravity environments. Exp. Brain Res. 130: 2-26

Paloski, W. H., & Young, L. R. (1999). Artificial gravity workshop: Proceedings and
recommendations. NASA/NSBRI Workshop Proceedings.
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Paloski, W. H., Reschke, MF, Black FO, Doxey DD, Harm DL. Recovery of postural equilibrium
control following spaceflight. Sensing and Controlling Motion: Vestibular and Sensorimotor
Function. B. Cohen, D. L. Tomko and F. E. Guedry. NY, Annals of the NY Academy of Sciences
656: 747-754, 1992.

http://www.ncbi.nlm.nih.gov/entrez/query .fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract& list_
uids=1599180

Richards J. T., Clark J. B., Oman C. M. and Marshburn T. H. (2002) Neurovestibular Effects of
Long-Duration Space flight: A Summary of Mir Phase 1 Experiences, NSBRI/NASA technical
report, p. 1-33, also Journal of Vestibular Research 11(3-5): 322

Young, L. R. Artificial gravity considerations for aMars exploration mission. In B. J. M. Hess &
B. Cohen (Eds.), Otalith function in spatial orientation and movement, 871 (pp. 367-378), 1999
NY, NY Academy of Sciences.

http://www.ncbi.nlm.nih.gov/entrez/query .fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=10372085

Risk Title: Motion Sickness

Theme: Human Health and Countermeasures (HH& C)
Discipline: Neurovestibular Adaptation
Risk Number : 17

Risk Description :

Motion sickness symptoms frequently occur in crewmembers duri ng and after G-transitions.
Symptoms include nausea, stomach awareness; gastr0| ntestinal stasis, anorexia, dehydration and less
overt but operationally significant symptoms such as " space-sttipids," irritability, profound fatigue
("sopite” syndrome) and changesiin sleep-wake cycle. Motion sickness symptoms decrease crew
work capacity, vigilance and mativation, impair short-term memory and increase the likelihood of
cognitive error=-Although only 10-20% of Shuttle crews vomit, 75% experience symptoms for the
first 2-4 daysin 0-G and many-experience similar syrﬁptomsfor hours to days after landing. Several
crewmembers havejremained symptomatic during flight for up to two weeks. Current anti-motion
sickness drugs are only/partially effective. Though they appear to reduce symptoms and delay onset,
they have significant side effects that prevent regular prophylactic use. Whilerotational AG has great
potential as abone, muscle, cardiovascular and vestibular countermeasure, head movements out of
the plane of rotation' mayTead to motion sickness. How provocative the AG stimulusis at levels
between 0 and 1-G and how rapidly and completely humans can adapt is largely unknown and cannot
be fully determined in ground laboratories. If motion sickness drives an EVA crewmember to vomit
in the extant extravehicular mobility unit (EMU), a complete shutdown of the primary and secondary
oxygen supplies could occur, leaving only afew minutes of residual oxygen in the suit, creating a
serious emergency. Vomit on the faceplate could also block vision. Even if the crewmember
survives, vomit is biologicaly active, so the EMU cannot be reused and must be returned to the
ground for refurbishment.

Context/Risk Initial week of exposure to altered gravity ; Head movements and visual cues causing frame-of-
Factors: reference illusions ; Diseases, conditions or drugs which cause nausea and vomiting (gastroenteritis,
contaminated food or water, certain medications, pregnancy)
Assessment : Health and performance consequences are known or suspected, but will not affect mission success
due to effective mitigation strategies that have been validated in space.
Lunar: [ Green
Health and performance consequences are known or suspected, but will not affect mission success
due to effective mitigation strategies that have been validated in space.
Mars: ] Green
Health and performance consequences are known or suspected, but will not affect mission success
due to effective mitigation strategies that have been validated in space.
Justification : ISS:

Mercury and Gemini crews were restrained in their capsules, and did not report sickness. Primary
stimuli are clearly head movements and frame-of-reference illusions resulting from 3D movement.
Crews move slowly and stay upright to limit symptoms. Prior space flight experience reduces
susceptibility. Apollo, Skylab and early Shuttle crews took prophylactic oral scopolamine/dexedrine
or promethazine/ephedrine, with limited effectiveness, and sometimes objectionable side-effects.
Symptoms are currently treated with intramuscular promethazine and sleep/rest, but injections leave
apainful sore spot. Early US and Russian programs implemented aerobatic flight and various forms
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of extreme vestibular stimulation as pre-flight countermeasures, and use of Coriolisinduced sickness
susceptibility as a predictor, without demonstrable success, though many crew believe aerobatic and
parabolic flight practice should be helpful. NASA developed TransdermScop patch in early 80s, but
effectiveness and side effects were too variable for deployment. Russians deployed neck restraints
and foot-pressure-inducing boots, but there is no data showing effectiveness. Biofeedback/autogenic
training techniques can be effective against laboratory induced sickness, but flight evaluations have
been equivocal, and techniques may not be usable by everyone.

Lunar:

Several Apollo crews retrospectively reported symptomsin Earth orbit, and on the way to the moon.
No symptoms reported on lunar surface. One report of symptoms during O-G return.

Mars:

Crew will be potentially susceptible to motion sickness for several days after each major G-level
change during the mission (1-G to 0-G to AGto 0-G to 0-G to Martian-g to 0-G to artificial-g to 0-G
to Earth-g.)

Current ISS:
Countermeasures: | Head and body movement restriction ; Intramuscular promethazine injection ; Oral
Promethazine/Ephedrine ; Oral Scopolamine/Dexedrine
Lunar :
Head and body movement restriction ; Intramuscular promethazine injection ; Oral
Promethazine/Ephedrine ; Oral Scopolamine/Dexedrine
Mars:
Head and body movement restriction ; Intramuscular promethazine injection ; Oral
Promethazine/Ephedrine ; Oral Scopolamine/Dexedrine
Proj ected ISS: 3
Countermeasures: | New administration methods for rapid, reliable relief Wlth fewerside effects- Techniques to quantify

cognitive deficits

Lunar :

Mars: ]

Large radius continuous or shortradiusi ntermlttent AG

Enabling Questions

[With Mission NO. | usiSiEl, ¢ - ' Q“a“’”
Priority]: 17a What are the physi ol ogical mechanlsms that trigger vomiting in space motion sickness?

[ISSl Lunar 1, Mars 1]

17b What isthe physiol og|cal basis of the emetic linkage between vestibular and emetic
centers? [ISS 2, Lunar 2, Mars 2]
What-individual physiological and behavioral characteristics contribute to the large inter

17c¢ H+individual differencesin neurovestibular symptoms and signs?[ISS 1, Lunar 1, Mars
1

17d What individual physiological and behavioral characteristics will best predict
susceptibility and adaptability? [ISS 3, Lunar 3, Mars 3]

17e What isthe physiological basis for context-specific-adaptation? [ISS 1, Lunar 1, Mars
1
To what extent can neurovestibular adaptation to weightlessness and/or artificial gravity

17f take place in context-specific fashion, so crewmembers can be adapted to multiple
environments and switch between them without suffering disorientation or motion
sickness?[ISS 3, Lunar 3, Mars 3]

17 What preflight training techniques (e.g. virtual reality simulations, parabolic flight) can

9 | be used to aleviate the risks of space motion sickness?[1SS 4, Lunar 4, Mars 4]

What in-flight training techniques (e.g. virtual reality simulations, treadmill with

17h vibration isolation system, artificial gravity) can be used to alleviate the risks of space
motion sickness as astronauts land and (re)adapt to Earth, Moon, or Mars gravity [I SS 4,
Lunar 4, Mars 4]

17i I's adaptation to the lunar gravity environment sufficient to reduce incidence of motion
sickness upon return to Earth? [Lunar 4]

17 |!s adaptation to the lunar gravity environment sufficient to reduce incidence of motion

| 'sickness upon return to Earth? [Lunar 5, Mars 5]

What artificial gravity exposure regimens (g level, angular velocity, duration, and

17k | repetition) will ameliorate the bone, muscle, cardiovascular, and vestibular
deconditioning associated with hypogravity during transit phases of amission? [Mar s 5]
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How does susceptibility to motion sickness due to Coriolis forces and cross-coupled
171 |canal stimuli vary as afunction of g-levels between 0-G and 1-G, and also on RPM,
radius, and head orientation during AG? [Lunar 1, Mars 1]

What are the best methods for quantifying the symptoms and signs of motion sickness
17m |and associated performance decrements and drug side effects in a non-intrusive way?
[ISS2, Lunar 2, Mars 2]

What better ways can be found to administer anti-motion sickness drugs to provide more

17| rapid and reliable relief, with fewer objectionable side effects? [1SS 3, L unar 3, Mars 3]

Do scopolamine and promethazine prevent or impair sensory-motor adaptation to 0-G?

170 111SS4, Lunar 4, Mars 4]

What new drugs will more specifically prevent nausea, fatigue, memory and vigilance

170 | deficits without side effects? [1SS 4, Lunar 4, Mars 4]

Can drugs be developed to effectively block the emetic linkage without unacceptable

17q side effects? [ISS 4, Lunar 4, Mars 4]

Can operationally practical, non-pharmacol ogic techniques be developed that are

ol effective against motion sickness?[1SS 4, Lunar 4, Mars4]

Is 1/6-G lunar gravity or 3/8-Mars gravity adequate to prevent all cases of motion

17s sickness? [ISS 4, Lunar 4, Mars 4]

Related Risks:

ISS:

Human Behavior & Performance and Space Human Factbrs(Cogniti\)é)
Human Performance Failure Due to Poor Psychosocial Adapiation

Human Performance Failure Dueto:Neurobehavioral Problems

Mismatch between Crew Cogritive Capabilities and Task Demands

Human Performance Failure Ptie to'Sleep Loss and Circadian Rhythr.n Problems

Lunar: | | |

Human Behavior & Performance and Space Human Factors (Cognitive)

Human Performance Faiture Due to Poor Psychosocial Adaptation

Human Performénce Failure Due to Neurobehavioral Problems

Mismatch between Crew Cognitive Capabilities and Task Demands

Human Performance Failure Due to Sleep L oss and Circadian Rhythm Problems

Mars:

Human Behavior & Performance and Space Human Factor s (Cognitive)

Human Performance Failure Due to Poor Psychosocial Adaptation

Human Performance Failure Due to Neurobehavioral Problems

Mismatch between Crew Cognitive Capabilities and Task Demands

Human Performance Failure Due to Sleep L oss and Circadian Rhythm Problems

Important
References:

Baldwin, et a (1997) NASA Task Force on Countermeasures, Final Report. Neurovestibular
Countermeasures Appendix E-26

Cowings, P.S. (1990). Autogenic-Feedback Training: A Preventive Method for Motion and Space
Sickness. In: (G. Crampton (ed.). Motion and Space Sickness. Boca Raton Florida: CRC Press.
Chapter 17, Pp.354-372

Davis, J. R., J. M. Vanderploeg, et a. (1988). " Space motion sickness during 24 flights of the
Space Shuttle." Aviat. Space Environ. Med. 59: 1185-1189

http://www.nchi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=3240221
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Graybiel, A. and Lackner, J.R. Treatment of severe motion sickness with antimotion sickness drug
injections. Aviat Space & Environ Med, 58, 773-776, 1987.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi 2cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=3632537

Guedry, F.E. and A.J. Benson. Coriolis cross-coupling effects: Disorienting and nauseogenic or
not? Aviation, Space, and Environmental Medicine 49(1): 29-35, 1978.

http://www.ncbi.nlm.nih.gov/entrez/query .fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=304719

Lackner, J.R. and Graybiel, A. Head movements made in non-terrestrial force environments dlicit
motion sickness: implications for the etiology of space motion sickness. Aviat Space & Environ
Med 57: 443-448, 1986.

http://www.ncbi.nlm.nih.gov/entrez/query .fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=3632537

Matsnev, E. I., 1. Y. Yakovleva, et a. (1983). " Space motion sickness: phenomenology,
countermeasures, and mechanisms." Aviat. Space Environ. Med. 54: 312-317.

http://www.nchi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=6847567

Oman, C. M. (1990). "Moation sickness: a synthesis and eval uatlon of the sensory conflict theory."
Can. J. Physiol. Pharmacol. 68: 294-303.

Oman, C. M., B. K. Lichtenberg, et a. (1990). Symptoms and srgns of space motion sickness on
Spacelab 1. Motion and Space Sickness. G./H. Crampton./Boca Raton, FL, CRC Press: 217-246.

Reschke, M. F., J. J. Bloomberg; €t al. (1994). Neurophysi'ol ogical Aspects: Sensory and Sensory-
Motor Function. Space Ph'ysi ol ogy and Medicing A. E. Nicogossian, Leaand Febiger.

Wood CD, Graybiel A. (1968) Evaluation of erteen Anti-motion Sickness Drugs Under
Controlled Laboratory Condrtlons Aerosp Med 39:1341-4.

Risk T-itle~: I.nadequate-NutritionaI Requirements

Theme: Human Health and .Counterrrreasures(HH&C)
Discipline: Nutrition =~
Risk Number : 18

Risk Description :

Without scientifically supported nutritional requirements, afood system cannot be devel oped to
support astronaut health. Nutritional requirements for space include fluids, macronutrients,
micronutrients and compounds or elements that may be essential and may include compounds that
may be required to optimize health status such as lipids, energy distribution (e.g., % calories from
carbohydrate), fiber, and non-nuitritive factors such as various phytochemicals, etc. Requirements
must take into account any changesin the sensory system that might influence taste and smell
influence intake, and the role of countermeasure-induced alterations on nutrient requirements.

Context/Risk For missions where in situ food production are required, failure of this system would be an associated

Factors: risk aswell ; Psychosocial factors, elevated stress and boredom all contribute to this risk ; Undefined
nutritional requirements causing inability to provide nutritional foods, exacerbate substandard food
intakes, countermeasure-induced aterations in nutrient requirements leading to poor countermeasure
performance; e.g., bone, muscle, immune system and radiation protection

RYG Risk 1SS: ] Green

Assessment : Health and performance consequences are known or suspected, but will not affect mission success
due to effective mitigation strategies that have been validated in space.
Lunar: [ Green
Health and performance consequences are known or suspected, but will not affect mission success
due to effective mitigation strategies that have been validated in space.
Mars: Yellow
High risk of serious health or performance consequences; there is no mitigation strategy that has been
validated in space.

Justification : ISS:

Essentially all US crews have experienced nutritional deficiencies. Limited foods, physiological
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changes, stress and other factors may have consequences for physical and cognitive performance.
Inadequate micronutrient or vitamin intake could adversely affect crew health, making determination
of al required nutrients (absorption, metabolism, excretion) a priority. Furthermore,
nutrition/nutrients may play arole in counteracting the negative effects of space flight (e.g., radiation,
bone and muscle loss). These have yet to be fully explored.

Lunar:

Essentially all US crews have experienced nutritional deficiencies. Limited foods, physiological
changes, stress and other factors may have consegquences for physical and cognitive performance.
Inadequate micronutrient or vitamin intake could adversely affect crew health, making determination
of al required nutrients (absorption, metabolism, excretion) a priority. Furthermore,
nutrition/nutrients may play arole in counteracting the negative effects of space flight (e.g., radiation,
bone and muscle loss). These have yet to be fully explored.

Mars:

Essentially all US crews have experienced nutritional deficiencies. Limited foods, physiological
changes, stress and other factors may have consequences for physical and cognitive performance.
Inadequate micronutrient or vitamin intake could adversely affect crew health, making determination
of al required nutrients (absorption, metabolism, excretion) a priority. Furthermore,
nutrition/nutrients may play arole in counteracting the negative effects of space flight (e.g., radiation,
bone and muscle loss). These have yet to be fully explored.

Current
Countermeasures:

ISS:

The countermeasure is the provision of adequate diet to maintain health and to provide correct
nutrient and non-nutrient proportions to prevent problems due to bone and muscle loss, radiation and
potential changes in immune function. This has not been implemented (e.g., food system limitations),
utilized (e.g., inadequate intake), or evaluated (e.g., lack of research) fully.todetermine whether the
current provisions are fully meeting requirements
Lunar : )

The countermeasure is the provision of adequate diet to/maintain” hea] th and to provide correct
nutrient and non-nutrient proportions to preverit problems due to,boneiand muscle loss, radiation and
potential changes in immune function. This has not been implemented (e.g., food system limitations),
utilized (e.g., inadequate intake), or evaluated (e.g,, lack of research) fully to determine whether the
current prowsuons are fully meeting requwements

Mars: 5 [

The countermeasure is the provi sion of adequate diet to maintain health and to provide correct
nutrient and non-nutrient propartions to prevent prablems due to bone and muscle loss, radiation and
potential chianges in immune function./This has not been implemented (e.g., food system limitations),
utilized (e.g., inadequatejintake); or.evaluated (e.g., lack of research) fully to determine whether the
current provisions are fully meeting requirements

Projected
Countermeasures:

ISS: ‘

Food, nutnents improved dietary compliance and counseling, enhanced food system. Provide diet
and nutritional supplementation that ensures and/or enhances the effectiveness of other
countermeasures. Nutritional requirements must include the role of food in psychosocial needs.
Refined nutritional requirements, understanding and implementing an acceptable food system and
understanding the psychological benefits of food all may serve as potential countermeasures
[TRL/CRL TBD]

Lunar :

Food, nutrients, improved dietary compliance and counseling, enhanced food system. Provide diet
and nutritional supplementation that ensures and/or enhances the effectiveness of other
countermeasures. Nutritional requirements must include the role of food in psychosocial needs.
Refined nutritional requirements, understanding and implementing an acceptable food system and
understanding the psychological benefits of food all may serve as potential countermeasures
[TRL/CRL TBD]

Mars:

Food, nutrients, improved dietary compliance and counseling, enhanced food system. Provide diet
and nutritional supplementation that ensures and/or enhances the effectiveness of other
countermeasures. Nutritional requirements must include the role of food in psychosocial needs.
Refined nutritional requirements, understanding and implementing an acceptable food system and
understanding the psychological benefits of food al may serve as potential countermeasures
[TRL/CRL TBD]

Enabling Questions
[With Mission
Priority]:

No. Question

What are the nutritional requirements for extended stay |SS missions, including (but not
18a |limited to): calories, protein, calcium, iron, antioxidants, iodine, vitamin D, sodium,
potassium?[ISS 1, Lunar 1, Mars1]
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18b What are the potential impacts of countermeasures on nutritional requirements or
nutritional status?[1SS 1, Lunar 1, Mars1]

18¢ What are the decrementsin nutritional status due to long-term LEO, lunar, and
exploration missions?[ISS 1, Lunar 1, Mars 1]
What are the means of monitoring nutritional status during the mission?[I1SS 3, Lunar

18d
3, Mars 3]

18e What monitoring (biochemical, anthropometric, clinical assessments) during
rehabilitation is required? [ISS 3, Lunar 3, Mars 3]

18f What level of dietary counseling is needed for crewmembers during rehabilitation? [I SS
3, Lunar 3, Mars 3]
Can general nutrition or specific nutrient countermeasures mitigate the negative effects

18g | of space flight on bone, muscle, cardiovascular and immune, systems and protect against
damage from radiation?[ISS 1, Lunar 1, Mars1]

18h What isthe role of adequate nutrition/weight maintenance on crew health (specifically
bone, muscle and cardiovascular adaptation)?[ISS 1, Lunar 2, Mars 1]

. | What level of dietary counseling is needed for crewmembers pre-flight? [I SS 1, L unar

18i
2, Mars1]

18; How does on-orbit exercise affect nutritional requirements and vice versa'? [ISS1,

J Lunar 2, Mars 1] _

18k Can nutrition mitigate radiation induced cataractogenws and carcinogenesis? [ISS 1,
Lunar 1, Mars1] ]

18 |Are there long-term effects of diseaseyisk post-flight .and can nutritional
countermeasures be preventative? [ISS 1, Lunar 2, Mars 1] |

Related Risks: 1SS ]
Bone L 0ss I

Accelerated BoneiLos;s and Fracture Risk

|mpaired Fracture Healmg e

Renal Stone Formamon

Cardiovastular Alterations

Diminished Cardiac and Vascular Function

Muscle Alterations & Atrophy

Skeletal Muscle Atrophy Resulting in Reduced Strength and Endurance

Increased Susceptibility to Muscle Damage

Neurovestibular Adaptation

Motion Sickness

Radiation Health

Carcinogenesis

Acute and Late CNS Risks

Other Degenerative Tissue Risks

Heredity, Fertility and Sterility Risks

Acute Radiation Syndromes

Advanced Life Support (ALS)

Manage Waste

Provide and Maintain Bioregenerative Life Support Systems

Provide and Recover Potable Water

Cross Discipline
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Inadeguate Mission Resources for the Human System

Lunar :

Bone L oss

Accelerated Bone Loss and Fracture Risk

Impaired Fracture Healing

Renal Stone Formation

Cardiovascular Alterations

Diminished Cardiac and Vascular Function

Muscle Alterations & Atrophy

Skeletal Muscle Atrophy Resulting in Reduced Strength and Endurance

Increased Susceptibility to Muscle Damage

Neurovestibular Adaptation

Motion Sickness

Radiation Health

Carcinogenesis

Acute and Late CNS Risks

Other Degenerative Tissue Risks [ £ S

Heredity, Fertility and Sterility Risks

Acute Radiation Syndromes-

Advanced Life Support(ALS) |
Manage Waste - ' ot

Provide and Mai ntain B i'oregmerati ve'Life Stjpport Systems

Provide and Recover/Potable Water -
Cross Discipline " '

Inadequate Mission Resources for the Human System

Mars:

Bone L oss

Accelerated Bone Loss and Fracture Risk

Impaired Fracture Healing

Renal Stone Formation

Cardiovascular Alterations

Diminished Cardiac and Vascular Function

Muscle Alterations & Atrophy

Skeletal Muscle Atrophy Resulting in Reduced Strength and Endurance

Increased Susceptibility to Muscle Damage

Neurovestibular Adaptation

Motion Sickness

Radiation Health

Carcinogenesis

Acute and Late CNS Risks

Other Degenerative Tissue Risks

Heredity, Fertility and Sterility Risks
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Acute Radiation Syndromes

Advanced Life Support (ALS)

Manage Waste

Provide and Maintain Bioregenerative Life Support Systems
Provide and Recover Potable Water

Cross Discipline

Inadequate Mission Resources for the Human System

:?rgfpecr)rétnagets_ NASA Johnson Space Center. Nutritional Requirements for International Space Station Missions
: Up To 360 Days. JSC-28038; 1996.

Nutrition 18:793-936, 2002. (volume dedicated to nutrition and space, >20 articles)

Risk Title: Monitoring & Prevention

Theme: Autonomous Medical Care (AMC)
Discipline: Clinica capabilities
Risk Number : 19

Risk Description : | Monitoring and Prevention (Health Tracking, Prophylaxis & Disease Prevention). The primary
means to reduce the risk of life and/or mission-threateni ng-medicali conditionsis to prevent those
conditions from happening. The second most effective meansto reduce such risk isto monitor for
medical conditions so as to catch them at an éarly|stage to treat.

Context/Risk

Factors Family history ; Medical histdry : Pre-flight screening ; Premiééion screening

RYG Risk 1SS Yellow | - - '

Assessment : High risk of serrous health or performance consequences there is no mitigation strategy that has been
validated inj space. | |

Lunar: Yelow |

High risk of serious health or performance consequences; there is no mitigation strategy that has been

validated in space. -

Mars: ] Red

Unacceptable risk of serious adverse health or performance consequences; there is no mitigation

strategy that has been validated in space or demonstrated on Earth.

Justification : ISS:
TBD
Lunar:
TBD
Mars:
TBD

Current ISS:

Countermeasures: | Annual comprehensive physical exam ; In-flight examination ; Selection criteriafor astronautsto
become active and to be selected for amission

Lunar :

Annual comprehensive physical exam ; In-flight examination ; Selection criteriafor astronauts to
become active and to be selected for amission

Mars:

Annual comprehensive physical exam ; In-flight examination ; Selection criteriafor astronauts to
become active and to be selected for amission

Projected ISS:

Countermeasures: | Additional screening criteria; Better equipment to monitor and track health in-flight
Lunar :
Additional screening criteria ; Better equipment to monitor and track health in-flight
Mars:

Additional screening criteria ; Better equipment to monitor and track health in-flight
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Enabling Questions
[With Mission
Priority]:

Question

Health Tracking

19a

Define the key parameters for health screening and early detection. [I SS4, Lunar 2,
Mars1]

19b

I dentify what resources and technologies are required for routine health monitoring,
including examination, laboratory, imaging and adaptation for operation in reduced-G
environments [ISS4, Lunar 2, Mars 1]

19¢c

What diagnostic imaging technologies and procedures need to be developed and/or
adapted to support the primary, secondary and tertiary prevention of illness and injury?
[ISS3, Lunar 2, Mars1]

19d

| dentify the parameters and sensors needed to monitor health and performance in
crewmembers performing EVA [ISS4, Lunar 2, Mars 2]

1%

| dentify the investigations needed to discriminate between terrestrial and space flight
norms in order to allow early detection of illnessand injury. [ISS 3, Lunar 2, Mars 2]

19f

What is space-normal physiology?[1SS 4, Lunar 3, Mars 3]

199

What are the signs, symptoms or abnormal examination findings (including laboratory)
associated with illness and injury in reduced-G?[ISS TBD, Lunar TBD, Mars TBD]

19h

How do aterations in space flight-associated physiology mteract across body systems?
[ISS4, Lunar 3, Mars 3]

19i

Identify the appropriate informatics tools to automate momtormg crew hedlth (i.e.,
prompting screening evaluations, off-nomina value detection, intelligent dlagnostlc
work-up), in order to free-up crew-time. [|SS2,/Lunar 1, Mars 1]

~ProphylaxigDisease Prevention |

19j

Identify.the ideal set-of. nutritional and medical prophylaxis and primary and secondary
preventive measures to reduce the risk of space illness. (stich as medical
countermeasures for known condltl onse. g bisphosphonates for loss of BMD). [ISS 3,
Lunar 2, Mars 2]~

19k

]dent|fy the pri mary, &condary and tertlary prevention strategies needed to mitigate the
risk of-anticipated environmental exposures to toxic substances and radiation.(i.e.,
shielding; nutritional and medical prophylaxis such as agents to augment cellular
defenses, immune surveillance, etc.). [ISS 2, Lunar 1, Mars 1]

191

| What are the essential technol ogies, resources, procedures, skills and training necessary

to provide effective primary prevention strategies to mitigate each of the conditions
listed in the SMCCB-approved Space Medicine Condition List (catalogued in the online
Patient Condition Database)? [I SS 4, Lunar 3, Mars 2]

19m

What are the essential technologies, resources, procedures, skills and training necessary
to provide effective secondary prevention strategies to mitigate each of the conditions
listed in the SMCCB-approved Space Medicine Condition List (catalogued in the online
Patient Condition Database)? [I SS 4, Lunar 3, Mars 2]

Related Risks:

ISS:

Human Behavior & Performance and Space Human Factor s (Cognitive)

Human Performance Failure Due to Poor Psychosocial Adaptation

Human Performance Failure Due to Neurobehavioral Problems

Mismatch between Crew Cognitive Capabilities and Task Demands

Human Performance Failure Due to Sleep L oss and Circadian Rhythm Problems

Lunar :

Human Behavior & Performance and Space Human Factor s (Cognitive)

Human Performance Failure Due to Poor Psychosocial Adaptation

Human Performance Failure Due to Neurobehavioral Problems

Mismatch between Crew Cognitive Capabilities and Task Demands
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Human Performance Failure Due to Sleep L oss and Circadian Rhythm Problems

Mars:

Human Behavior & Performance and Space Human Factor s (Cognitive)

Human Performance Failure Due to Poor Psychosocial Adaptation

Human Performance Failure Due to Neurobehavioral Problems

Mismatch between Crew Cognitive Capabilities and Task Demands

Human Performance Failure Due to Sleep L oss and Circadian Rhythm Problems

Important
References:
Risk Title: Major Illness& Trauma
Theme: Autonomous Medical Care (AMC)
Discipline: Clinical capabilities
Risk Number : 20

Risk Description :

Major IlIness & Trauma (Diagnosis, Management, CPR, BCLS, ACLS, BTLS, ATLS, DCS, Toxic
Exposure- Detection and Management, Surgical Management, Medical Waste-Management). There
isarisk of major illness that increases with length of mission. Thereisaways arisk of trauma,
which can vary according to activities (e.g. construction, vehiele dnvmg, ete.) Lack of capability to
treat these major illnesses and injuries poses athreat to l,rfe and mission. |

Context/Risk | ]
Factors: TBD J Ladiir  [ind
RYG Risk ISS:  Yelow
Assessment : High risk of serious health or performance consequenpes [thereis no mltlgatlon strategy that has been
validated in space.
Lunar: [l Red | '
Unacceptable risk of Serious adverse health or performance consequences; there is no mitigation
strategy that has been vajldated in-space or demonstrated on Earth.
Mars [liRed™
Unacceptable risk-of serious adverse health or performance conseguences; there is no mitigation
strategy that has been validated in space or demonstrated on Earth.
Justification : ISS:
TBD
Lunar:
Mars:
Current ISS:
Countermeasures: | Transport to terrestrial care facility ; Ventilator ; Defibrillator ; ISS Medical Kit
Lunar :
Transport to terrestrial care facility ; Ventilator ; Defibrillator ; 1SS Medical Kit
Mars:
Transport to terrestrial care facility ; Ventilator ; Defibrillator ; ISS Medical Kit
Projected ISS:
Countermeasures: | TBD
Lunar :
TBD
Mars:
TBD
Enabling Questions ;
[With Mission No. Question
Priority]: What are the essential technologies, resources, procedures, skills and training necessary
20a |t provide effective tertiary prevention strategies to mitigate each of the conditions listed
in the SMCCB-approved Space Medicine Condition List (catalogued in the online
Patient Condition Database)? [ISS 3, Lunar 1, Mars 1]
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20b

I dentify the technologies for employing decision support techniques for diagnostic
assistance of the crew medical personnel, emphasizing autonomy in decision-making
from ground resources and based on known space flight illnesses and injuries and
expedition analog experience. [ISS 2, Lunar 1, Mars 1]

20c

Define the appropriate role and resources required for telemedical consultation for the
diagnosis and management of major illnesses. [ISS 3, Lunar 2, Mars 1]

Major Illness Treatment

20d

Identify and adapt for reduced-G operation the resources, procedures and technologies
arerequired for treatment of major illnesses, emphasizing autonomy from ground
resources and based on known space flight illnesses and injuries and expedition analog
experience. [ISS 2, Lunar 1, Mars1]

20e

Identify appropriate synergistic and alternative management strategies for reducing the
morbidity of major illnesses during space flight. []

20f

What procedures and protocols are necessary for rehabilitation after an acute medical
illness or trauma? [1SS 4, Lunar 3, Mars 1]

CPR/BCLS/ACL S (Cardiac Life Support)

20g

What is the most effective means of conducting life support operationsin the space
flight milieu, to include identification and modification of the resources and procedures
for reduced-G?[ISS 3, Lunar 2, Mars 1]

20h

I dentify the optimal resources and procedures for post—_r&euscitafion hanagement of the
ill/injured crewmember and modify for reduced-G-eperations. [ISS 2, Lunar 1, Mars1]

Decompression |lIness (DCS),& Other Environmental |liness

20k

Wheat is the most effective pre- E_VA DCS prevention :strategy to include pre-breathe with

20l

various gases, exercise and other medical measures?{I SS 5]

What-are the appropriate screening procedures to minimize predispositions for DCS?
[1SS4] ity .

20m

Identify the resources and techni gues for early diagnosis of DCS signs and symptoms,

20n

including the tse of Dopplér U/S and other bubble detection technologies. [1 SS 4]

What. are the best methods for predicting DCS risk and for reducing the risk, based on
understanding of the physiological mechanism for bubble formation and propagation,
employing best available knowledge from flight and anal og environment experience?

111ss 4]

200

Identify and adapt for reduced-G operations the most effective yet energy and space-
efficient, as well as safe means of managing DCS in the space flight milieu, including
the use of hyperbaric oxygen delivery and other promising technology. [ISS 3, moon 2,
Mars1] [ISS 3, Lunar 2, Mars 1]

20p

What isthe actual risk of space-related DCS? (from both de novo physiological causes
and through acute environmental insult - e.g., leaking module or damaged EMU etc.?)
[ISS3, Lunar 3, Mars 3]

20q

What are the operational and medical impacts of off-nominal performance of DCS
countermeasures? [I SS 4, Lunar 3, Mars 3]

20r

What are the risk factors that can increase the likelihood of DCS, such as the presence of
Patent Foramen Ovale (PFO)?[1SS 4, Lunar 3, Mars 2]

20s

What isthe likelihood of surviving an acute environmental insult severe enough to cause
damage to the vehicle or spacesuit? [ISS 2, Lunar 2, Mars 2]

20t

Isit possible and what are the DCS risk mitigation options for interplanetary EVA (e.g.,
moon and Mars) given that atri-gas breathing mixture including argon is present? [I SS
4, Lunar 4, Mars4]

20u

What istherole of individual susceptibility, age and gender on the risk of DCS during
NASA operations involving decompression? [ SS4, Lunar 3, Mars 3]

20v

What are the available and new technol ogies needed to provide hyperbaric treatment
options on the ISS and future habitats (or vehicles) beyond LEO (e.g., on the moon or
Mars)?[I1SS 3, Lunar 2, Mars1]

JSC62577

B-58




What is the correlation between the detecti on/existence of gas phase creation in the

20 bloodstream and development of clinically significant DCS?[I1SS 4, Lunar 3, Mars 3]
Toxic Exposure Detection
20X | dentify the signs and symptoms secondary to toxic chemical exposure and radiation in

reduced-G environments. [ISS2, Lunar 1, Mars 1]
T oxic Exposure/M anagement

20y What are the resources and procedures for the mitigation of toxic exposures? [ISS 3,
Lunar 1, Mars 1]

What primary prevention strategies (such as crew screening and selection criteria)
should be developed and implemented to identify individuals who are at increased risk
for developing hypersensitivity or alergies to space flight compounds, exposures, or
payloads?[ISS 3, Lunar 2, Mars 2]

What secondary prevention strategies (i.e., countermeasures) should be devel oped and
implemented to prevent adverse reactions to toxic exposures (e.g., sleep, nutritional,
medications, stress reduction, shielding, protective equipment, etc.)? [ISS 3, Lunar 2,
Mars?2]

20z

20aa

Surgical Management

What are the resources and procedures needed for surgical management of illness and
injury and major trauma?[ISS 3, Lunar 1, Mars1] _

What are the appropriate roles and resources required-for telemedical consultation for
the surgical management of major illnesses? [I SS3, Lunar, 2, Mars 1]

20dd | What are the issues surrounding wound care? [l SS4, Lunar 2,Mars 2]
~Medical Waste M anagément

What are the most effective means of management and drsposal of medical waste within
the surgrcal milieu? [1SS 2, Lunar1, Mars 1]

Drug StowagdUtrIrzatron/RepIenrshment

20bb

20cc

20ee

What are the resources and procedures needed to perform basic and advanced

20 management of trauma?{ISS 3, Lunar 1, Mars 1]
20] Wriat'. are 'resourc'&.required for telemedical consultation for the diagnosis and
management of major trauma? [ISS 3, Lunar 2, Mars 1]
Related Risks:
Important
References:
Risk Title: Pharmacology of Space Medicine Delivery

Theme: Autonomous Medical Care (AMC)
Discipline: Clinical capabilities
Risk Number : 21

Risk Description : | Pharmacology of Space Medication Delivery (Space flight Physiology Effects—
Pharmacodynamics/Pharmocokinetics, Drug Stowage/Utilization/Replenishment, Drug Use
Optimization), . If issues relating to pharmaceutical stowage, generation, effectiveness, and
administration methods are not solved then we may be unable to treat some medical conditions
during flight, resulting in athreat to both life and mission.

Context{Rrsk Limited or no resupply ; Micro-gravity ; Radiation environment

Factors:

RYG Risk ISS:  Yelow

Assessment : High risk of serious health or performance consequences; there is no mitigation strategy that has been

validated in space.

Lunar: Yellow

High risk of serious health or performance consegquences; there is no mitigation strategy that has been
validated in space.
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Mars: ] Red
Unacceptable risk of serious adverse health or performance consequences; there is no mitigation
strategy that has been validated in space or demonstrated on Earth.

Justification : ISS:
TBD
Lunar:
TBD
Mars:
TBD
Current ISS:
Countermeasures: | Resupply
Lunar :
Resupply
Mars:
Resupply
Projected ISS:
Countermeasures: | TBD
Lunar :
TBD
Mars:
TBD
Enabling Questions ; ~
[With Mission No. Question
Priority]: Phar macodynamics/Phar macokinetics
Wheat are the effects of space flight-and redué:ed—G'on_ the absorption, distribution,
21a metabolism, clearance, excretiony clinical efficacy;side effects and drug interactions for
medi cations used.in-primary, secondary and tertiary-prevention of conditions stated in
the Space Medlcme Condition Llst’> [l SS 2 Lunar 2, Mars 1]
How should the crew-and-medical team be trained and prepared to recognize and deal
21b |withside effects and mteractlon effects of commonly used medications? [I SS 3, Lunar
3, MarsZ] I
Wheat diagnostic, therapeutlc and Iaboratory technologies are necessary to predict
21c | (model) and manage medication side effects, interactions and toxicity during space
flight? [ISS 3, Lunar 3, Mars 3]
o1d What effect does space adaptation have on drug bio-availability and how can efficacy be
enhanced?[ISS 2, Lunar 2, Mars 1]
Drug Stowage/Utilization/Replenishment
21e What is the effect of long-duration space flight on drug stability and what measures can
be employed to extend the duration of drug efficacy?[I1SS 3, Lunar 1, Mars1]
21f Identify appropriate on-orbit/on-station means of drug and intravenous (1V) fluid
replenishment appropriate for space operations[ISS 3, Lunar 1, Mars1]
21g |What are Biomedical modelsfor drug efficacy? [ SS4, Lunar 3, Mars 3]
Drug Use Optimization
21h Define the optimal dosages and routes of administration for space flight/ reduced-G
clinical effectiveness. [ISS 3, Lunar 2, Mars 2]
21 Identify efficient means of monitoring drug levels for therapeutic effect and toxicity and
to minimize cross-reaction and negative synergy. [1SS 4, Lunar 3, Mars 3]
Related Risks: 1SS

Human Behavior & Performance and Space Human Factor s (Cognitive)

Human Performance Failure Due to Poor Psychosocial Adaptation

Human Performance Failure Due to Neurobehavioral Problems

Mismatch between Crew Cognitive Capabilities and Task Demands

Human Performance Failure Due to Sleep L oss and Circadian Rhythm Problems
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Radiation Health

Carcinogenesis

Acute and Late CNS Risks

Other Degenerative Tissue Risks
Heredity, Fertility and Sterility Risks
Acute Radiation Syndromes

Lunar :

Human Behavior & Performance and Space Human Factor s (Cognitive)

Human Performance Failure Due to Poor Psychosocial Adaptation

Human Performance Failure Due to Neurobehavioral Problems

Mismatch between Crew Cognitive Capabilities and Task Demands

Human Performance Failure Due to Sleep Loss and Circadian Rhythm Problems
Radiation Health

Carcinogenesis

Acute and Late CNS Risks

Other Degenerative Tissue Risks .

Heredity, Fertility and Sterility Risks s 3 =1

Acute Radiation Syndromes iy .

Mars:

Human Behavier-&., Performance and épéice Human Factors (Cognitive)

Human Performance FEailure Due to Poor P'sy'/chosocf al Adaptation

Human Perforfnanice Failure Dueto Néur_obeﬁawi oral Problems

M ismatch. between Crew C_ogn"rti ve Capébilities and Task Demands

Human Performance Faifure Due to Sleep L oss and Circadian Rhythm Problems
Radiation-Health

Carcinogenesis

Acute and Late CNS Risks

Other Degenerative Tissue Risks

Heredity, Fertility and Sterility Risks

Acute Radiation Syndromes

Important
References:
Risk Title: Ambulatory Care
Theme: Autonomous Medical Care (AMC)
Discipline: Clinica capabilities
Risk Number : 22

Risk Description :

Ambulatory Care (Minor llIness-Diagnosis, Management; Minor Trauma— Management) The risk of
not being able to diagnose and treat minor illnesses and minor trauma can lead to more significant
conditions that may threaten limb, life and mission.

Context/Risk
Factors:

RYG Risk
Assessment :

ISS: ] Green
Health and performance consequences are known or suspected, but will not affect mission success
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due to effective mitigation strategies that have been validated in space.

Lunar: [ Green

Health and performance consequences are known or suspected, but will not affect mission success
due to effective mitigation strategies that have been validated in space.

Mars: Yellow

High risk of serious health or performance consegquences; there is no mitigation strategy that has been
validated in space.

Justification : ISS:
TBD
Lunar:
TBD
Mars:
TBD
Current ISS:
Countermeasures: |ISSMedica Kit
Lunar :
ISS Medica Kit
Mars:
ISS Medica Kit
Projected ISS:
Countermeasures: | TBD
Lunar : ~
TBD
Mars: ]
TBD [ 3 L=
Enabling Questions ! | L
[With Mission No. . j QUESIEN S
Priority]: Minor |lIness Diagnesis
Identify and adapt for_réduced—G_op'erat'ioqs the resourcesfor establishing the diagnosis
22a of miner illnesses, emphasizing autonomy: in decision-making from ground resources
and based on known spacefhght |Ilnm and injuries and expedition anal og experience.
unar ars f
1SS 4, L 2,M
22 Define'the appropriate role and resources required for telemedical consultation for the
diaghosis'and-management of minor illnesses. [I SS4, Lunar 3, Mars 2]
i Minor IlIness Management
Identlfy and adapt for reduced-G operation the resources and procedures required for
opc | treatment of minor illnesses, emphasizing autonomy from ground resources and based
on known space flight ilinesses and injuries and expedition analog experience. [1SS 4,
Lunar 3, Mars 2]
22d | dentify appropriate synergistic and alternative management strategies for reducing the
morhidity of minor illnesses during space flight. []
Minor Trauma Management
Identify and adapt for reduced-G operations the resources and procedures required for
226 the treatment of minor trauma, emphasizing autonomy from ground resources and based
on known space flight illnesses and injuries and expedition analog experience. [I1SS 3,
Lunar 1, Mars 1]
Related Risks: 1SS
Clinical capabilities
Monitoring & Prevention
Lunar :
Clinical capabilities
Monitoring & Prevention
Mars:
Clinical capabilities
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Monitoring & Prevention

Important
References:
Risk Title: Return to Gravity/Rehabilitation
Theme: Autonomous Medical Care (AMC)
Discipline: Clinical capabilities
Risk Number : 23

Risk Description: | Return to Gravity/Rehabilitation. Possibility of deconditioning during space flight to another
gravitational body entails the need for rehabilitation once a crewmember returns to gravity.
Otherwise the crewmember may not be able to function as needed.

Context/Risk
Factors: M
Assessment : Health and performance consequences are known or suspected, but will not affect mission success
due to effective mitigation strategies that have been validated in space.
Lunar: Yellow
High risk of serious health or performance consequences; there is no mitigatienjstrategy that has been
validated in space. _
Mars: ] Red g
Unacceptable risk of serious adverse health or performance cqnsequentes there is no mitigation
strategy that has been validated in space or demonstrated on Earth.
Justification : ISS: ; ' '
TBD
Lunar: ~ . e A Rk Lok i
TBD ; ! - ftler f
Mars: [ Y | { .
TBD pEaf |
Current ISS:
Countermeasures: | Exercise during fllght Ground rehabllltatlon facilities ; Ground support personnel
Lunar :
Exercise during fllght Ground rehabilitation facilities ; Ground support personnel
Mars:
Exercise during flight ; Ground rehabilitation facilities ; Ground support personnel
Projected ISS:
Countermeasures: | TBD
Lunar :
TBD
Mars:
TBD
Enabling Questions ;
[With Mission No. Question
Priority]: 23a What are the primary, secondary and tertiary preventive strategies needed to ensure post-
landing performance for all DRMs?[ISS 4, Lunar 4, Mars 1]
What are the essential technologies, resources, protocols, skills and training necessary
23b  |for post landing rehabilitation (including psychological, cardiovascular, neurosensory,
musculoskeletal and nutritional)?[1SS 4, Lunar 4, Mars 1]
Related Risks:
Important
References:

Risk Title: Insufficient Data/l nfor mation/K nowledge M anagement & Communication Capability

Theme: Autonomous Medical Care (AMC)

Discipline: Clinical capabilities
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Risk Number :

24

Risk Description :

Insufficient Data/l nformation/Knowledge Management & Communication Capability. The risk of not
being able to get the right data/information/knowledge to the right place at the right time.

Context/Risk

Factors: TBD
RYG Risk 1SS: ] Green
Assessment : Health and performance consequences are known or suspected, but will not affect mission success
due to effective mitigation strategies that have been validated in space.
Lunar: Yellow
High risk of serious health or performance consequences; there is no mitigation strategy that has been
validated in space.
Mars: ] Red
Unacceptable risk of serious adverse health or performance consequences; there is no mitigation
strategy that has been validated in space or demonstrated on Earth.
Justification : ISS:
TBD
Lunar:
TBD
Mars:
TBD
Current ISS: ]
Countermeasures: | TBD .
Lunar : ) " _
TBD f '
Mars: el ot
TBD j : = |
Projected ISS: (s s gkl | i
Countermeasures: | TBD - NN e [ ks | psh] [
Lunar : . ) -~ (e |
TBD [ B ‘
Mars: | | | :
TBD | )
Enabling Questions =7 = :
[With Mission No. ; Question
Priority]: i What decision support technologies are needed to support clinical care? [I SS 4, Lunar
24a
2, Mars1]
24b What informatics systems and technology are needed, both for crew and ground support,
to optimize medical care?[ISS 3, Lunar 1, Mars 1]
2dc What are the impacts of communication latency on the ability to provide primary,
secondary and tertiary prevention during space flight? [I SS 4, Lunar 4, Mars 1]
Related Risks:
Important
References:
Risk Title: Skill Determination and Training
Theme: Autonomous Medical Care (AMC)
Discipline: Clinical capabilities
Risk Number : 25

Risk Description :

Skill determination and Training. Risk of not having crewmembers with the right medical skills and
training to perform the medical procedures needed. Assumption: For Mars, there will be at |east one
physician, assisted by non-physician space medical care providers.

Context/Risk

Factors: TBD

RYG Risk .

A ot - ISS: ] Green

Health and performance consequences are known or suspected, but will not affect mission success
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due to effective mitigation strategies that have been validated in space.

Lunar: Yellow

High risk of serious health or performance consequences; there is no mitigation strategy that has been
validated in space.

Mars: ] Red

Unacceptable risk of serious adverse health or performance consequences; there is no mitigation
strategy that has been validated in space or demonstrated on Earth.

Justification : ISS:
TBD
Lunar:
TBD
Mars:
TBD

Current ISS:
Countermeasures: | TBD
Lunar :
TBD
Mars:
TBD

Projected ISS:

Countermeasures: | TBD

Lunar :

TBD

Mars: e
TBD 3 3

Enabling Questions ! oL

[With Mission No. ! Question F2

Priority]: 25 What are the necessary clinica skllls/knowledgefor aspace medicine physician? [| SS 4,
Lunar-4;-Mars1]

25h How can the clinical Skl||S and knowledge of space medlcal care providers be
mal ntained durl ng missions? [1SS2, L unar2, Mars 1]

What isthe opt| mun crew compl ement (size, skill sets, etc.) to provide the appropriate
25c | medical carefor the primary, secondary and tertiary care for the conditionsin the Space
Medicine' Condition List?[ISS 4, Lunar 3, Mars 1]

| What techni ques can be used to train and maintain the skills of the crew medical
25d | personnel to perform specific medical procedures when needed?[ISS 3, Lunar 1, Mars

1

Related Risks:
Important
References:

Risk Title: Palliative, Mortem, and Post-M ortem Medical Activities
Theme: Autonomous Medical Care (AMC)
Discipline: Clinical capabilities
Risk Number : 26

Risk Description : | Palliative, Mortem and Post-Mortem Medical Activities. Asthe length of mission and distance from
Earth increase, the likelihood that a crewmember will become so ill or injured that he/she cannot
survive increases.

Context/Risk
Factors: TBD
E;(e;ﬁs?]z(nt . ISS: Yellow
’ High risk of serious health or performance consequences; there is no mitigation strategy that has been
validated in space.
Lunar: ] Red

Unacceptable risk of serious adverse health or performance consequences; there is no mitigation
strategy that has been validated in space or demonstrated on Earth.
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Mars: [l

Red

Unacceptable risk of serious adverse health or performance consequences; there is no mitigation
strategy that has been validated in space or demonstrated on Earth.

Justification : ISS:
TBD
Lunar:
TBD
Mars:
TBD
Current ISS:
Countermeasures: | Medical evacuation of ISS
Lunar :
Mars:
Projected ISS:
Countermeasures: | TBD
Lunar :
TBD
Mars:
TBD
Enabling Questions ;
[With Mission No._| Question
Priority]: Palliative Care Tl
What are the specific techniques, resources, protocels, training eurticula, skills and
26a | equipment (technology) necessary to |mpI ement palhattve care protocols for in-flight
use?[1SS4, Lunar 2, Mars1] .-
26b What is the policy and-precedure for determl ning a"_Do Not Resuscitate" (DNR) status
onaMartian mmon’?[lsss Llunar 1, Mars 1}
; Declaring Death
26c | What are the crlterlafor death during mlsaons'7 [1SS4, Lunar 3, Mars?2]
26d | What are procedur%_for pronouncing death during missions? [ISS4, Lunar 3, Mars 2]
26e What. réqdrc'es and broc'edures are needed to determine cause of death during a mission?
[ISS4, Lunar3, Mars 3]
o6f What is the policy and procedure for termination of a"Code" on a Martian mission?
[ISS3, Lunar 1, Mars 1]
Cadaver Management
2% What resources, procedures, protocols and technology are required to handle deceased
9 | crewmembers? [ISS3, Lunar 1, Mars1]
M anaging Remaining Crew
I dentify the strategies for psychological stress management and maintaining morale and
26h | acceptable functioning and safety of the remaining crewmembers[ISS 3, Lunar 1,
Mars 1]
Related Risks: 1SS
Human Behavior & Performance and Space Human Factor s (Cognitive)
Human Performance Failure Due to Poor Psychosocial Adaptation
Human Performance Failure Due to Neurobehaviora Problems
Mismatch between Crew Cognitive Capabilities and Task Demands
Human Performance Failure Due to Sleep L oss and Circadian Rhythm Problems
Lunar :
Human Behavior & Performance and Space Human Factor s (Cognitive)
Human Performance Failure Due to Poor Psychosocial Adaptation
Human Performance Failure Due to Neurobehaviora Problems
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Mismatch between Crew Cognitive Capabilities and Task Demands
Human Performance Failure Due to Sleep Loss and Circadian Rhythm Problems

Mars:

Human Behavior & Performance and Space Human Factor s (Cognitive)

Human Performance Failure Due to Poor Psychosocial Adaptation

Human Performance Failure Due to Neurobehavioral Problems
Mismatch between Crew Cognitive Capabilities and Task Demands
Human Performance Failure Due to Sleep Loss and Circadian Rhythm Problems

Important
References:
Risk Title: Human Performance Failure Dueto Poor Psychosocial Adaptation
Theme: Behaviora Health and Performance (BH& P)
Discipline: Human Behavior & Performance and Space Human Factors (Cognitive)
Risk Number : 27

Risk Description :

Human performance failure due to problems associated with adapting to-the sﬁ.a'ce environment; poor
interpersonal rel ationships and/or group dynamics; madequate team cohesiveness; and poor pre-
Mission preparation. =

Context/Risk
Factors:

Boredom with available foodstuffs ; Crew aytonomy and increased reliance on each other ; Crowdi ng
; Distance from family and friends ; Duration of flight ; Incompatible crewmembers ; Interpersonal

tens ons ; Mechanical breakdewns ; Poor c0mmun|catlons Scheduling constraints and reguirements
; Sleep dlsturbances SOC|aI |solatlon

RYG Risk
Assessment :

ISS: i Red ' ' o '

Unacceptable risk aof seriqus adverse heaI th or-performance consequences; there is no mitigation
strategy that has been validated i in space or demenstrated on Earth.

Lunar: Yelow |

High risk of serious health or performance consequences; there is no mitigation strategy that has been
validated in space. -

Mars: ] Red

Unacceptable risk of serious adverse health or performance consequences; there is no mitigation
strategy that has been validated in space or demonstrated on Earth.

Justification :

ISS:

Moderate likelihood/high consequence risk with low risk mitigation status; Need to reduce
probability of human error, performance and/or mission failure. Serious interpersonal conflicts have
occurred in space flight. The failure of flight crews to cooperate and work effectively with each other
or with flight controllers has been a periodic problem in both US and Russian space flight programs.
Interpersonal distrust, dislike, misunderstanding and poor communication have led to potentially
dangerous situations, such as crewmembers refusing to speak to one another during critical
operations, or withdrawing from voice communications with ground controllers. Such problems of
group cohesiveness have a high likelihood of occurrence in prolonged space flight and if not
mitigated through prevention or intervention, they will pose grave risksto the mission. Lack of
adequate personnel selection, team assembly, or training has been found to have del eterious effects
on work performance in organizational research studies.

Lunar:

Moderate likelihood/high consequence risk with low risk mitigation status; Need to reduce
probability of human error, performance and/or mission failure. Seriousinterpersonal conflicts have
occurred in space flight. The failure of flight crews to cooperate and work effectively with each other
or with flight controllers has been a periodic problem in both US and Russian space flight programs.
Interpersonal distrust, dislike, misunderstanding and poor communication have led to potentially
dangerous situations, such as crewmembers refusing to speak to one another during critical
operations, or withdrawing from voice communications with ground controllers. Such problems of
group cohesiveness have a high likelihood of occurrence in prolonged space flight and if not
mitigated through prevention or intervention, they will pose grave risks to the mission. Lack of
adequate personnel selection, team assembly, or training has been found to have del eterious effects
on work performance in organizational research studies.

Mars:

JSC62577

B-67




Moderate likelihood/high consequence risk with low risk mitigation status; Need to reduce
probability of human error, performance and/or mission failure. Serious interpersonal conflicts have
occurred in space flight. The failure of flight crews to cooperate and work effectively with each other
or with flight controllers has been a periodic problem in both US and Russian space flight programs.
Interpersonal distrust, dislike, misunderstanding and poor communication have led to potentially
dangerous situations, such as crewmembers refusing to speak to one another during critical
operations, or withdrawing from voice communications with ground controllers. Such problems of
group cohesiveness have a high likelihood of occurrence in prolonged space flight and if not
mitigated through prevention or intervention, they will pose grave risksto the mission. Lack of
adequate personnel selection, team assembly, or training has been found to have del eterious effects
on work performance in organizational research studies.

Current ISS:

Countermeasures: |In-flight psychological support ; Language and cultural training, ; Personal in-flight communications
with Earth ; Post-flight debriefs ; Pre-flight training and teambuilding, ; Select-in criteria; Self-report
monitoring of adaptation during mission with private psychological conference
Lunar :

In-flight psychological support ; Language and cultural training, ; Personal in-flight communications
with Earth ; Post-flight debriefs ; Pre-flight training and teambuilding, ; Select-in criteria ; Self-report
monitoring of adaptation during mission with private psychological conference

Mars:

In-flight psychological support ; Language and cultural training, ; Personal in-flight communications
with Earth ; Post-flight debriefs ; Pre-flight training and teambuilding, ; Select-in criteria; Self-report
monitoring of adaptation during mission with private psychological conference

Projected ISS: 3

Countermeasures: | Development of individual performance enhancement plan for-each crewmember ; Individua and

team selection for long-duration missions ; Monitoring & early detection of adaptatlon problems;
Predictive model of adaptability to long- durauon missions

Lunar : |

Development of individual perfermance enhancement plan for each crewmember ; Individual and
team sel ection for long-duration missions ; Monitari ng & early detectlon of adaotarnon problems;;
Predictive maodel-of adaptablllty to long- duratlon mlssons !

Mars:

Development of |nd|V|dua| performance enhancement plan for each crewmember ; Individual and
team sel ection for |ong-duratjon missions ; Monitori ng & early detection of adaptatlon problems;
Predictive model of adaptablllty to Iong-duratlon missions

Enabling Questions

[With Mission No. : Question
Priority]: IWhat are the fundamental behavioral and social stressors during long-duration missions
27a that will most likely affect crew performance, both individual and team and how can
they be tested in Earth anal ogue environments, to be eliminated or accommodated? [I SS
1, Lunar 1, Mars1]
What factors contribute to the breakdown of individual and team performance and team
27b | coordination with mission support with regard to scheduling, prioritization of work
activities and control of timelines?[ISS 1, Lunar 1, Mars 1]
What behaviors, experiences, personality traits and leadership stylesin crewmembers
27c | most contribute to optimal performance? How are these factors related to performance of
individuals and teams? [ISS 2, Lunar 2, Mars 2]
27d What criteria can be identified during the selection process and be used to select and
assembl e the best teams for long-duration missions? [ISS 2, Lunar 2, Mars 2]
What factorsin crew design, composition, dynamics and size will best enhance the
27e | crew'sahility to live and work in the space environment? How are these factors different
from shorter duration missions? [ISS 2, Lunar 2, Mars 2]
How can attitudes and behaviors of agency management, ground controllers,
27f | crewmembers and their families be modified to maintain and improve individual and
group performance? [ISS 2, Lunar 2, Mars 2]
Related Risks: 1SS
Human Behavior & Performance and Space Human Factor s (Cognitive)
Human Performance Failure Due to Poor Psychosocial Adaptation
Human Performance Failure Due to Neurobehaviora Problems
JSC62577 B-68




Mismatch between Crew Cognitive Capabilities and Task Demands

Human Performance Failure Due to Sleep Loss and Circadian Rhythm Problems

Lunar :

Human Behavior & Performance and Space Human Factor s (Cognitive)

Human Performance Failure Due to Poor Psychosocial Adaptation

Human Performance Failure Due to Neurobehavioral Problems

Mismatch between Crew Cognitive Capabilities and Task Demands

Human Performance Failure Due to Sleep Loss and Circadian Rhythm Problems

Mars:

Human Behavior & Performance and Space Human Factor s (Cognitive)

Human Performance Failure Due to Poor Psychosocial Adaptation

Human Performance Failure Due to Neurobehavioral Problems

Mismatch between Crew Cognitive Capabilities and Task Demands

Human Performance Failure Due to Sleep Loss and Circadian Rhythm Problems

Important
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Antarctic winter-over personnel. Environment & Behavior, 23(6), 782-799.

Palinkas, L. A., & Gunderson, E. K. E. (1988). Applied anthropology on theice: A
multidisciplinary perspective on health and adaptation in Antarctica (No. 88-21). San Diego: Naval
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Palinkas, L. A., Gunderson, E. K., Holland, A. W., Miller, C., & Johnson, J. C. (2000). Predictors
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http://www.nchi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=10870821

Taylor, A. J. (1998). Psychological adaptation to the polar environment. Int J Circumpolar Health,
57(1), 56-68,

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi 2cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=9567576
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Wood, J. A., Lugg, D. J., Hysong, S. J., Eksuzian, D. J., & Harm, D. L. (1999). Psychological
changes in hundred-day remote Antarctic field groups. Environment and Behavior, 31(3), 299-337.

http://mwww.ncbi.nlm.nih.gov/entrez/query.fcgi 2cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=11542387

Risk Title: Human Perfor mance Failure Due to Neur obehavioral Problems

Theme: Behavioral Health and Performance (BH& P)
Discipline: Human Behavior & Performance and Space Human Factors (Cognitive)
Risk Number : 28

Risk Description : | Human performance failure during missions due to such conditions as depression, anxiety, trauma or
other neuropsychiatric, cognitive problems

Context/Risk Clinical capabilities ; Concern about health or loss of life or mission failure ; Crowdedness;;
Factors: Differential vulnerability to neurobehavioral problems; Duration of flight ; Environmental health ;
Immunodeficiency issues ; Loneliness and worry about family ; Neurovestibular problems ; Nutrition
; Prolonged isolation and confinement ; Radiation exposure ; Trauma from unexpected event

RYG Risk 1SS: ] Red

Assessment : Unacceptable risk of serious adverse health or performance conseguences; there isno mitigation
strategy that has been validated in space or demonstrated on Earth. -

Lunar: Yellow

High risk of serious health or performance consequenceﬁ, therei |s no mitigation strategy that has been
validated in space.

Mars: ] Red

Unacceptable risk of serious adverse heaJth or performance consequenc&‘ there is no mitigation
strategy that has been valldated n space or/ demonstrated onEarth.

Justification : ISS: = : | -

Although infrequent, Serious neurobehaworal probl ems involving stress and depression have
occurred in space flight, especially during leng-duration missions. In some of these instances, the
distress has contributed to performance errors during critical operations, such as the collision of
Progress into Mir during manual,docking. In other instances, emotional problemsled to changesin
motivation, diet,-sleep and exercise—all critical to behaviora and physical health in-flight. No matter
how prepared crews are for long-duration flights, the US and Russian experiences reveal that at |east
some subset-ef astronauts will experience problems with their behavioral health, which will
negatively affect their performance and reliability, posing risks both to individual crewmembers and
to the mission. The IOM report, Safe Passages, notes that Earth analogue studies show an incidence
rate ranging from 3 — 13 percent per person per year. The report transposes these figuresto 6-7
person crew on a 3-year mission to determine that there is anot insignificant likelihood of psychiatric
problems emerging (p.106).

Lunar:

Although infrequent, serious neurobehavioral problems involving stress and depression have
occurred in space flight, especially during long-duration missions. In some of these instances, the
distress has contributed to performance errors during critical operations, such as the collision of
Progress into Mir during manual docking. In other instances, emotional problemsled to changesin
motivation, diet, sleep and exercise—all critical to behavioral and physical health in-flight. No matter
how prepared crews are for long-duration flights, the US and Russian experiences reveal that at least
some subset of astronauts will experience problems with their behavioral health, which will
negatively affect their performance and reliability, posing risks both to individual crewmembers and
to the mission. The IOM report, Safe Passages, notes that Earth analogue studies show an incidence
rate ranging from 3 — 13 percent per person per year. The report transposes these figuresto 6-7
person crew on a 3-year mission to determine that there is a not insignificant likelihood of psychiatric
problems emerging (p.106).

Mars:

Although infrequent, serious neurobehavioral problems involving stress and depression have
occurred in space flight, especially during long-duration missions. In some of these instances, the
distress has contributed to performance errors during critical operations, such as the collision of
Progressinto Mir during manual docking. In other instances, emotional problemsled to changesin
motivation, diet, sleep and exercise—all critical to behaviora and physical health in-flight. No matter
how prepared crews are for long-duration flights, the US and Russian experiences reveal that at least
some subset of astronauts will experience problems with their behavioral health, which will
negatively affect their performance and reliability, posing risks both to individual crewmembers and
to the mission. The IOM report, Safe Passages, notes that Earth analogue studies show an incidence
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rate ranging from 3 — 13 percent per person per year. The report transposes these figuresto 6-7
person crew on a 3-year mission to determine that there is a not insignificant likelihood of psychiatric
problems emerging (p.106).

Current ISS:

Countermeasures: | Crew medical officer behavioral medicinetraining pre-flight ; Detection at the time of failure ;
Emergency response protocol on orbit ; Individual pre-flight and post-flight evaluations ; Individual
pre-flight evaluations ; Medication therapy, including during space flight on-board ; Opportunity for
crewmember to communicate with crew medical officer or health provider on ground ; Select-in and
select-out criteria; Self monitoring of cognition on orbit and post-flight ; Self-report monitoring
during mission with private psychological conference

Lunar :

Crew medical officer behavioral medicine training pre-flight ; Detection at the time of failure ;
Emergency response protocol on orbit ; Individual pre-flight and post-flight evaluations ; Individual
pre-flight evaluations ; Medication therapy, including during space flight on-board ; Opportunity for
crewmember to communicate with crew medical officer or health provider on ground ; Select-in and
select-out criteria; Self monitoring of cognition on orbit and post-flight ; Self-report monitoring
during mission with private psychological conference

Mars:

Crew medical officer behavioral medicine training pre-flight ; Detection at the time of failure ;
Emergency response protocol on orbit ; Individual pre-flight and post-flight evaluations ; Individual
pre-flight evaluations ; Medication therapy, including during space flight on-board ; Opportunity for
crewmember to communicate with crew medical officer or health provider on ground ; Select-in and
select-out criteria; Self monitoring of cognition on orbit and post-flight ; Self report monitoring
during mission with private psychological conference

Projected ISS: -

Countermeasures: | Greater interaction and observation by behavioral specialist durmg ast'r-onaut professional training ;
Improved ability to safely and effectively manage an uncogperative crewmember during mission ;
Improved capability for remote diagnosis ; Improved diagnostic tognitive self-assessment ;
Individualized treastment algorithm devel oped pre-flight ; On-board information technologies as
astronaut aids for management of stress reactions and cognltlve or emotional problems ; On-board
modalities of therapy; On:board unobtrusive technol ogies as astronaut-aids for valid detection of
stress reactions and cognitive or émotional problems ; Predictive model for risk of neurobehavioral
illness in-flight ; Self monitoring of mood prefllght in-flight and post-flight ; Updated behavioral
medicine aeromedlcal standards L

Lunar: |

Greater interaction and observarnon'by behaworal specialist during astronaut professional training ;
Improved ahility to safely and effectively manage an uncooperative crewmember during mission ;
Improved capablllty for remote diagnosis ; Improved diagnostic cognitive self-assessment ;
Individualized treatment algorithm developed pre-flight ; On-board information technologies as
astronaut aids for management of stress reactions and cognitive or emotional problems ; On-board
modalities of therapy ; On-board unobtrusive technologies as astronaut aids for valid detection of
stress reactions and cognitive or emotional problems ; Predictive model for risk of neurobehavioral
illnessin-flight ; Self monitoring of mood pre-flight, in-flight and post-flight ; Updated behavioral
medicine aeromedical standards

Mars:

Greater interaction and observation by behavioral specialist during astronaut professional training ;
Improved ability to safely and effectively manage an uncooperative crewmember during mission ;
Improved capability for remote diagnosis ; Improved diagnostic cognitive self-assessment ;
Individualized treatment a gorithm developed pre-flight ; On-board information technologies as
astronaut aids for management of stress reactions and cognitive or emotional problems ; On-board
modalities of therapy ; On-board unobtrusive technol ogies as astronaut aids for valid detection of
stress reactions and cognitive or emotional problems ; Predictive model for risk of neurobehavioral
illnessin-flight ; Self monitoring of mood pre-flight, in-flight and post-flight ; Updated behavioral
medicine aeromedical standards

Enabling Questions ;

[With Mission No. Question

Priority]: What are the best select-out tools of astronaut candidates and best select-out tools for

28a selection of individuals to teams for specific missions to avoid possible neuropsychiatric
and psychological incompatibility with the mission and fellow team members?[1SS 1,

Lunar 1, Mars 1]

What are the long-term effects of exposure to the space environment (microgravity,
28b |isolation, stress) on human neurocognitive and neurobiological functions (from cellular
to behavioral levels of the nervous system)?[1SS 2, Lunar 2, Mars 2]
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What are the long-term effects of exposure to the space environment on human emotion
o8¢ and psychological responses, including emotional reactivity, stress responses, long-term

modulation of mood and vulnerahility to affective and cognitive disorders? [I SS 3,
Lunar 3, Mars 3]

What objective techniques and technologies validly and reliably identify when
28d |astronauts are experiencing distress that compromises their performance capability in
space?[ISS 1, Lunar 1, Mars1]

What are the best behavioral, technological and pharmacological countermeasures for
28e | managing cognitive dysfunction, neuropsychiatric and behavior problemsin space? [ISS
3, Lunar 3, Mars 3]

What are the best behavioral, psychological, technological and pharmacological
28f | countermeasures for managing emotional and stress-related problems in space? [ISS 3,
Lunar 3, Mars 3]

What are the best techniques and technologies for identification and treatment of
28g | cognitive disorders, neuropsychiatric and behavior problemsin space? [I SS 4, Lunar 4,
Mars4]

Related Risks:

ISS:

Human Behavior & Performance and Space Human Factor s (Cognitive)
Human Performance Failure Due to Poor Psychosocial Adaptation |

Human Performance Failure Due to Neurobehavioral Problems™

Mismatch between Crew Cognitive Capabilities,and Task Demands |

Human Performance Failure Dueto Sleep _Loss and Circadian Rhythm Problems
Lunar : = ' . -

Human Behavior & Per:forr.nan.ce and Spaée H'uman Factors(C'ogn'itive)

Human Performénce Failure Due'to Poor Psychosocial A daptation

Human Performance Failure Due to Neurobehavioral Problems

Mismatch between Crew C'ognitiv-e Capabilities and Task Demands

Human Performance Failure Due to Sleep Loss and Circadian Rhythm Problems

Mars:

Human Behavior & Performance and Space Human Factor s (Cognitive)

Human Performance Failure Due to Poor Psychosocial Adaptation

Human Performance Failure Due to Neurobehavioral Problems

Mismatch between Crew Cognitive Capabilities and Task Demands

Human Performance Failure Due to Sleep Loss and Circadian Rhythm Problems

Important
References::

Burrough, B. Dragonfly: NASA and the crisis aboard Mir. NY, Harper Collins, 1998.

Ellis, S.R.: Callision in space. Ergonomicsin Design: 8:4-9, 2000.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=12162316

Kanas, N., Manzy, D. Space Psychology and Psychiatry. El Segundo, CA, Microcosm Press, 2003.

Kanas, N. Psychiatric issues affecting long-duration space missions. Aviation Space &
Environmental Medicine 69:1211-1216, 1998.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi 2cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=9856550

Linenger, J.M. Off the Planet. NY, McGraw Hill, 2000.

Newkirk, D. Almanac of Soviet Manned Space flight, Houston, TX, Gulf Publishing, 1990
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Simpson, S. Staying sane in space. Scientific American 282:61-62, 2000

http://www.ncbi.nlm.nih.gov/entrez/query .fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=10736838

Risk Title: Mismatch between Crew Cognitive Capabilities and Task Demands
Theme: Behaviora Health and Performance (BH& P)
Discipline: Human Behavior & Performance and Space Human Factors (Cognitive)
Risk Number : 29

Risk Description :

Human performance failure due to inadequate accommodation of human cognitive limitations and
capabilities. If human cognitive performance capabilities are surpassed due to inadequate design of
tools, interfaces, tasks or information support systems, mission failure or decreased effectiveness or
efficiency may result. ldentifying, locating, processing or evaluating information to make decisions
and perform critical tasks in short time-frames in nominal and emergency situations, with limited
crew size, relying on strictly local resources is extremely subject to human error.

Context/Risk
Factors:

Blackouts ; Communications lags ; Mission duration ; Required levels of autonomy ; Time since
training, time since last performing atask and level of support available from mission control on
Earth are maj or factors that increase the probability of human error ; Very long crew return times
requiring a‘stand and fight' response to any malfunction on the lunar or Martian surface are expected
to increases the likelihood and severity of consequences of error due to forgetting knowledge, losing

RYG Risk
Assessment :

skills, or failing to find information and training materialsin databases

ISS: Yellow : f
High risk of serious health or performance consequencee there is no miti gatlon strategy that has been
validated in space. ) J [

Lunar: Yellow et y ’

High risk of serious health/or performance consequence; there isho mltlganon strategy that has been
validated in space. | ) f ’ f

Mars [liRed 7 | :

Unacceptable risk of serious adverse heaI thor performance consequences; there is no mitigation
strategy that has b%n valldated in space of demonstrated on Earth.

Justification :

ISS:

Crews reguire refrasher trar i ng and information support systems for numerous tasks during 6 month
missions. (Ev. Level 4) Psychological literature documents increases in error with time since learning
and decreases in error with correctly practicing the task. (Evidence level 1) Failure to correctly
follow procedures has leads to fatal accidents in commercial aviation, even with greatly over learned
tasks. (NTSB Reports-Level 2?)

Lunar:

Crews require refresher training and information support systems for numerous tasks during 6 month
missions. (Ev. Level 4) Psychological literature documents increasesin error with time since learning
and decreases in error with correctly practicing the task. (Evidence level 1) Failureto correctly
follow procedures has leads to fatal accidents in commercial aviation, even with greatly over learned
tasks. (NTSB Reports-Level 2?)

Mars:

Crews require refresher training and information support systems for numerous tasks during 6 month
missions. (Ev. Level 4) Psychological literature documents increasesin error with time since learning
and decreases in error with correctly practicing the task. (Evidence level 1) Failure to correctly
follow procedures has leads to fatal accidents in commercial aviation, even with greatly over learned
tasks. (NTSB Reports-Level 2?)

Current

Countermeasures:

ISS:

Crew resilience is the countermeasure for schedule and interface problems ; Crewmembers absorb
task and schedule impacts ; Mission Control provides training, information, procedures, etc. as
required to support crew actions and decision-making

Lunar :

Crew resilience is the countermeasure for schedule and interface problems ; Crewmembers absorb
task and schedule impacts ; Mission Control provides training, information, procedures, etc. as
required to support crew actions and decision-making

Mars:

Crew resilience is the countermeasure for schedule and interface problems ; Crewmembers absorb
task and schedule impacts ; Mission Control provides training, information, procedures, etc. as
required to support crew actions and decision-making
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Projected
Countermeasures:

ISS:

Design requirements for communications systems among crewmembers, between crew and mission
control and among crew and intelligent agents that reduce risk of mission failure ; Onboard training
systems that enable successful readiness to perform ; Tools for analyzing tasks to identify critical
skills and knowledge ; Tools for enabling crew autonomy with respect to information retrieval ;
Tools to enable self-assessment of readiness to perform

There isinadequate data to enable developing realistic workloads and schedules for tasks to be
performed in space contexts

Lunar :

Design requirements for communications systems among crewmembers, between crew and mission
control and among crew and intelligent agents that reduce risk of mission failure ; Onboard training
systems that enable successful readiness to perform ; Tools for analyzing tasks to identify critical
skills and knowledge ; Tools for enabling crew autonomy with respect to information retrieval ;
Tools to enable self-assessment of readiness to perform

There isinadequate data to enable developing realistic workloads and schedules for tasks to be
performed in space contexts

Mars:

Design requirements for communications systems among crewmembers, between crew and mission
control and among crew and intelligent agents that reduce risk of mission failure ; Onboard training
systems that enable successful readiness to perform ; Tools for analyzing tasks to identify critical
skills and knowledge ; Tools for enabling crew autonomy with respect to information retrieval ;
Tools to enable self-assessment of readiness to perform .

There isinadequate data to enable developing realistic workl oads and schedules for tasksto be
performed in space contexts g B

Enabling Questions
[With Mission
Priority]:

No. £ Questlon

What crew size.and compostron isrequired to provide the amount of information,
29a |variety.of skills, etc: requr red to accompllsh the design reference mission?[1SS 2,
L unar 1, Mars1] . f ’ |

20b What i |srequ| red to counteract the negative effects of communications lags on human
performance?|[I SS ], Lunar 1, Mars 1]

What information systems, mterface designs, intelligent systems and other toolsto
20c enable autonomy are required to enable human performance to be maintained at an

acceptable level over the design reference missions (Shared - Integrated Testing
'supports)?[1SS 2, Lunar 1, Mars 1]

What types and techniques of training are required and within what timeframes, to
29d | enable the crewmembers to accomplish the mission with increased effectiveness,
efficiency and safety?[ISS 1, Lunar 1, Mars 1]

What principles of task design, procedures, job aids and tools and equipment, are
29 | required to enable crewmembers to accomplish nominal and emergency perceptua and
coghitivetasks[1SS 2, Lunar 1, Mars1]

20f How can crewmembers and ground support personnel detect and compensate for
decreased cognitive readinessto perform?[ISS 1, Lunar 1, Mars 1]

What scheduling constraints are required to reduce the risk of human error due to

299 | fatigue? (Share with Sleep and Circadian Rhythm) [ISS 2, Lunar 2, Mars 2]

20h What tools and techniques will maintain the crew's situational awareness at alevel
sufficient to perform nominal and emergency tasks?[ISS 2, Lunar 1, Mars1]

What characteristics of equipment, tool and computer displays; instructions, procedures,
29i |labels and warning; and human-computer interaction designs will maintain critical
sensory and coghitive capabilities? [ISS 2, Lunar 2, Mars 2]

20 What approaches to human computer interactions will maintain crew critical capabilities
) [ to assess, control and communicate? [ISS2, Lunar 2, Mars 2]

What decision-support systems are required to aid crew decision-making? [I SS 2, Lunar
2K |2 Mars 2]

20| What design considerations are needed to accommodate effects of changesin gravity on
perception (Launch, lunar landing, lunar launch, Earth return)? [Lunar 1, Mars 1]

JSC62577

B-74



Related Risks:

ISS:
Human Behavior & Performance and Space Human Factor s (Cognitive)

Human Performance Failure Due to Poor Psychosocial Adaptation

Human Performance Failure Due to Neurobehavioral Problems
Mismatch between Crew Cognitive Capabilities and Task Demands
Human Performance Failure Due to Sleep Loss and Circadian Rhythm Problems

Lunar :

Human Behavior & Performance and Space Human Factor s (Cognitive)

Human Performance Failure Due to Poor Psychosocial Adaptation

Human Performance Failure Due to Neurobehavioral Problems
Mismatch between Crew Cognitive Capabilities and Task Demands
Human Performance Failure Due to Sleep Loss and Circadian Rhythm Problems

Mars:

Human Behavior & Performance and Space Human Factor s (Cognitive)

Human Performance Failure Due to Poor Psychosocial Adaptation

Human Performance Failure Due to Neurobehavioral Problems
Mismatch between Crew Cognitive Capabilities and Task Demands-i
Human Performance Failure Due to Sleep L:6ss and Circadian. Rhythm Problems

Important
References:

Ellis SR. Collision in spaée -Ergonomicsin D.eﬁgn 8(1): 4-9, 2000 |

http://www. ncb| nim. n|h gov/entrez/query fcgl'?cmd’-Retneve& db—pubmed& dopt=Abstract&list_
U|ds:12162316 o

Handbook of Human Factors and Ergonomlcs (2nd ed), G. Salvendy, ed. John Wiley and Sons,
Inc. 1997.

Handbook of Human Factors Testi ng and Evaluation, 2nd ed. S. G. Charlton, T.G. O'Brien, eds.
2002. :

Human Space flight: Mission Analysis and Design, eds. W.J. Larson, L.K. Pranke. McGraw Hill
Space Technology Series. 1999.

Sleep, performance, circadian rhythms and light-dark cycles during two spaceShuittle flights. Dijk
DJ, Neri DF, Wyatt JK, Ronda JM, Riel E, Ritz-De Cecco A, Hughes RJ, Elliott AR, Prisk GK,
West JB, Czeisler CA. Am JPhysiol Regul Integr Comp Physiol. 2001 Nov; 281(5):R1647-64.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi 2cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=11641138

Woolford, B., Hudy, C. E., Whitmore, M., Berman, A., Maida, J. and Pandya, A. (2002). In Situ
Training Project: LMLSTP Phase |11 Report. In Lane, H.W., Sauer, R.L. and Feeback, D.L. (Eds.),
ISOLATION: NASA Experimentsin Closed Environment Living. Advanced Human Life Support
Enclosed System Final Report. San Diego, CA: American Astronautical Society.

Risk Title:

Human Performance Failure Due to Sleep L oss and Circadian Rhythm Problems

Theme:

Behaviora Health and Performance (BH& P)

Discipline:

Human Behavior & Performance and Space Human Factors (Cognitive)

Risk Number :

30

Risk Description :

Human performance failure due to disruption of circadian phase, amplitude, period or entrainment
and/or human performance failure due to acute or chronic degradation of sleep quality or quantity

Context/Risk
Factors:

Artificial and transmitted ambient light exposure ; Individual differencesin vulnerability to sleep loss
and circadian dynamics ; Work shift and sleep schedules

JSC62577

B-75




RYG Risk
Assessment :

ISS: ] Green

Health and performance consequences are known or suspected, but will not affect mission success
due to effective mitigation strategies that have been validated in space.

Lunar: [ Green

Health and performance consequences are known or suspected, but will not affect mission success
due to effective mitigation strategies that have been validated in space.

Mars: Yellow

High risk of serious health or performance consequences; there is no mitigation strategy that has been
validated in space.

Justification :

ISS:

High likelihood/high consequence risk with high risk mitigation status; Need to reduce probability of
human error, performance and/or mission failure. Loss of circadian entrainment to Earth-based light-
dark cycles and chronic reduction of sleep duration in space result in fatigue and jeopardize astronaut
performance. Fatigue is a common symptom in prolonged space flight and every study of sleepin
space, including those on US, Russian and European astronauts, has found that daily sleep is reduced
to an average of 6 hours and even less when critical operations occur such as during nighttime
Shuttle docking on ISS or during an emergency (e.g., equipment failure). Astronaut sleep in spaceis
also physiologically atered and the most frequent medications taken in-flight by astronauts are
hypnotics for sleep disturbances. Extensive ground-based scientific evidence documents that
circadian disruptions and restriction of sleep at levels commonly experienced by astronauts can
severely diminish cognitive performance capability, posing risks to individual astronaut safety and
Mi SSion Success.

Lunar:

High likelihood/high consequence risk with high risk mitigation status; Need to reduce probability of
human error, performance and/or mission failure. Loss of circadian/entrainment to Earth-based light-
dark cycles and chronic reduction of sleep duration in space result in fatigue and jeopardize astronaut
performance. Fatigue is a common symptom in-prolonged space flight and every study of sleepin
space, including those on US, Russian and European astronauts, has found that daily sleep is reduced
to an average of 6 hours and even'less when critical operations occur such as during nighttime
Shuttle docking on 1SS or during.an emergency (e.g., equipment failure). Astronaut sleep in spaceis
al so physiologieally altered and the most frequent medlcatlons taken/in-flight by astronauts are
hypnotics for sleep disturbances. Extensive ground-based scientific evidence documents that
circadian disruptions and restriction of sieep at|evels commonly experienced by astronauts can
severely diminish cognitive performance capablhty posing risksto individual astronaut safety and
Mi SSioN SUCCESS. .

Mars:

High likelihood/high' consequence risk with high risk mitigation status; Need to reduce probability of
human error, performance and/or mission failure. Loss of circadian entrainment to Earth-based light-
dark cycles and chronic reduction of sleep duration in space result in fatigue and jeopardize astronaut
performance. Fatigue is a common symptom in prolonged space flight and every study of sleepin
space, including those on US, Russian and European astronauts, has found that daily sleep is reduced
to an average of 6 hours and even less when critical operations occur such as during nighttime
Shuttle docking on ISS or during an emergency (e.g., equipment failure). Astronaut sleep in spaceis
also physiologically altered and the most frequent medications taken in-flight by astronauts are
hypnotics for sleep disturbances. Extensive ground-based scientific evidence documents that
circadian disruptions and restriction of sleep at levels commonly experienced by astronauts can
severely diminish cognitive performance capability, posing risksto individual astronaut safety and
Mi SSi 0N SUCCESS.

Current

Countermeasures:

ISS:

Bright light entrainment pre-flight (only prior to launch) ; Individua active noise cancellation at
sleep ; Medications ; Scheduling constraintsin Ground Rules & Constraints document ; Self report
monitoring during mission with personal physician conference

Lunar :

Bright light entrainment pre-flight (only prior to launch) ; Individual active noise cancellation at
sleep ; Medications ; Scheduling constraintsin Ground Rules & Constraints document ; Self report
monitoring during mission with personal physician conference

Mars:

Bright light entrainment pre-flight (only prior to launch) ; Individual active noise cancellation at
sleep ; Medications ; Scheduling constraintsin Ground Rules & Constraints document ; Self report
monitoring during mission with personal physician conference

Projected

Countermeasures:

ISS:

Ability to monitor sleep, circadian and lighting parameters unobtrusively in order to predict
physiological and behavioral responses ; Develop flight rule limits on critical operations during sleep
period ; Model of performance deficit based on sleep and circadian data ; Personal lighting device
(e.g., light visor) ; Sleep/circadian rhythm non-photic adjustment tools pre- in- and post-flight ;
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Sleep/circadian rhythm pharmacological interventions pre- in- and post-flight. ; Sleep/circadian
rhythm photic adjustment tools pre- in- and post-flight

Lunar :

Ability to monitor sleep, circadian and lighting parameters unobtrusively in order to predict
physiological and behavioral responses ; Develop flight rule limits on critical operations during sleep
period ; Model of performance deficit based on sleep and circadian data ; Personal lighting device
(e.g., light visor) ; Sleep/circadian rhythm non-photic adjustment tools pre- in- and post-flight ;
Sleep/circadian rhythm pharmacological interventions pre- in- and post-flight. ; Sleep/circadian
rhythm photic adjustment tools pre- in- and post-flight

Mars:

Ability to monitor sleep, circadian and lighting parameters unobtrusively in order to predict
physiological and behavioral responses ; Develop flight rule limits on critical operations during sleep
period ; Model of performance deficit based on deep and circadian data ; Personal lighting device
(e.g., light visor) ; Sleep/circadian rhythm non-photic adjustment tools pre- in- and post-flight ;
Sleep/circadian rhythm pharmacological interventions pre- in- and post-flight. ; Sleep/circadian
rhythm photic adjustment tools pre- in- and post-flight

Enabling Questions
[With Mission
Priority]:

No. Question

What are the acute and long-term effects of exposure to the space environment on
30a |biological rhythmicity on sleep architecture, quantity and quality and their relationship
to performance capability? [ISS 1, Lunar 1, Mars 1]

Which countermeasures or combination of behavioral and physiological

30p | countermeasures will optimally mitigate specific performance problems associated with
sleep loss and circadian disturbances during the des gn reference missions?[ISS 1,

Lunar 1, Mars1]

What are the long-term effects of counterme‘asuree employed to mitigate pre, - in- and
30c | post-flight performance problems with sleep loss andici rcad|an disturbances?[I SS 3,
Lunar 4, Mars 2] J

What are the best methods for in-flight/monitori ng of the status of sleep, circadian
30d functioning,and light exposures for assessing the effects ofsleep loss and circadian

dysrhythmia on performance capability that are also portable and non-intrusive in the
space flight environment? (€.g., actigraphy) [I SS 2, Lunar 2, Mars 2]

30e What work, workloa"(_j and sleep schedule(s) will best enhance crew performance and
mitigate adverse effectsof the space environment?[ISS 1, Lunar 1, Mars 1]

What individual biological and behavioral characteristics will best predict successful
30f ] adaptation to long-term space flight of sleep, circadian physiology and the
neurobehavioral performance functionsthey regulate? [ISS 4, Lunar 5, Mars 1]

What mathematical and computational models should be used to predict performance
30 associated with sleep-wake, schedule, work history, light exposure and circadian rhythm

9 | status and also provide guidelines for successful countermeasure strategies? [I SS 1,
Lunar 1, Mars 1]

Related Risks:

Important
References::

Akerstedt, T. Work hours, sleepiness and the underlying mechanisms. J. Sleep Res. 4: 15-22, 1995.

http://www.ncbi.nlm.nih.gov/entrez/query .fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=10607206

Belenky, G, et a. Patterns of performance degradation and restoration during sleep restriction and
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Risk Title: Carcinogenesis

Theme: Radiation Health
Discipline: Radiation Health
Risk Number : 31

Risk Description :

Unacceptable levels of increased cancer morbidity or mortality risk in astronauts caused by
occupational radiation exposure or the combined effects of radiation and other space flight factors.
These risks would be expressed following the mission (late).

Context/Risk Microgravity ; Physiological changes ; Radiation (space, medical diagnostic, atmospheric,

Factors: experimental and nuclear sources including propulsion systems) and synergistic effects of radiation
with other space flight factors including stress

RYG Risk ISS: Yellow

Assessment :

High risk of serious health or performance consegquences; there is no mitigation strategy that has been
validated in space.

Lunar: ] Red

Unacceptable risk of serious adverse health or performance consequences; there is no mitigation
strategy that has been validated in space or demonstrated on Earth.

Mars: ] Red

Unacceptable risk of serious adverse health or performance consequences; there is no mitigation
strategy that has been validated in space or demonstrated on Earth.
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Justification :

ISS:

Crew Health and Performance Post-Mission

Lunar:

Crew Health and Performance Post-Mission

Mars:

Crew Health and Performance Post-Mission

Current
Countermeasures:

ISS:

Polyethylene shielding

Lunar :

Polyethylene shielding

Mars:

Polyethylene shielding

Projected
Countermeasures:

ISS:

Hydrogenous shielding ; Anti-oxidants ; Gene therapy ; Pharmaceuticals

Lunar :

Hydrogenous shielding ; Anti-oxidants ; Gene therapy ; Pharmaceuticals

Mars:

Hydrogenous shielding ; Anti-oxidants ; Gene therapy ; Pharmaceuticals

Enabling Questions
[With Mission
Priority]:

No.

Question

3la

What are the probabilities for increased carcinogenesis from space radiation as a
function of NASA's operational parameters (age at exposure, age, latency, gender, tissue,
mission, radiation quality, dose rate and exposure protractlon)’?[l SS1, Lunar 1, Mars
1

31b

How can tissue specific probabilities for increased carcmogeneas risk from space
radiation be best evaluated and what molecular,/genetic, epigenetic and abscopal (effect
that irradiation of atissue has oniremote non- -irradiated tissue) ior other factors contribute
to the tissue specificity of carci nogenlc risk?[1SS 1, Lunar 1, Mars1]

3lc

How-canthe |nd|V|duaI‘s senstlwty to radlathn carcinogenes's be estimated?[I SS 2,
Lunar 2, Mars Aq0

31d

How can effective biomarkers of carci nogenic risk from space radiation be devel oped

3le

and validated? [ISS3, Lunar 3, Mars 2]

What. are the.'most effective biomedical or dietary countermeasures to mitigate cancer
risks? By what mechanisms are the countermeasures expected to work and do they have
the same efficiency for low- and high-LET radiation? [ISS 3, Lunar 3, Mars 1]

31f

| How can animal models (including transgenics) of carcinogenesis be developed to

improve estimates of cancers from space radiation and what longitudinal studies are
needed?[1SS 2, Lunar 2, Mars1]

319

What improvements can be made to quantitative procedures or theoretical modelsin
order to extrapolate molecular, cellular, or animal results to determine the risks of
specific cancersin astronauts? How can human epidemiology data best support these
procedures or models? [ISS 3, Lunar 3, Mars 2]

31h

Are there significant combined effects from other space flight factors (microgravity,
stress, altered circadian rhythms, changes in immune responses, etc.) that modify the
carcinogenic risk from space radiation? [I SS 5, Lunar 5, Mars 3]

31i

What are the probabilities that space radiation will produce damage at specific sites on
DNA including clustered DNA damage?[1SS 3, Lunar 3, Mars 2]

31

What mechanisms modulate radiation damage at the molecular level (e.g., repair, errors
inrepair, signal transduction, gene amplification, bystander effects, tissue
microenvironment, etc.) that significantly impact the risk of cancers and how can the
understanding of mechanisms be used to predict carcinogenic risks from space radiation?
[ISS2, Lunar 2, Mars 1]

31k

What space validation experiments could improve estimates of carcinogenic risks for
long-term deep-space missions? [ISS5, Lunar 5, Mars 3]

31l

What are the most effective shielding approaches to mitigate cancer risks[ISS 1, Lunar
1, Mars1]

31m

What new materials or active shielding methods can be used for reducing space radiation
cancer risks?[ISS 1, Lunar 1, Mars 1]
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Related Risks:

Important
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Risk Title: Acute and Late CNS Risks

Theme:

Radiation Health

Discipline:

Radiation Hedlth

Risk Number :

32
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Risk Description :

Damage to the central nervous system (CNS) leading to unacceptable levels of risk for changesin
motor function and behavior, or neurological disorders caused by occupational radiation exposure or
the combined effects of radiation and other space flight factors. These risks can be manifested during
an extended mission (acute), or following return to Earth (late).

Context/Risk Microgravity ; Physiological changes ; Radiation (space, medical diagnostic, atmospheric,
Factors: experimental and nuclear sources including propulsion systems) and synergistic effects of radiation
with other space flight factors including stress
RYG Risk ISS:  Yelow
Assessment : High risk of serious health or performance consequences; there is no mitigation strategy that has been
validated in space.
Lunar: Yellow
High risk of serious health or performance consegquences; there is no mitigation strategy that has been
validated in space.
Mars: ] Red
Unacceptable risk of serious adverse health or performance consequences; there is no mitigation
strategy that has been validated in space or demonstrated on Earth.
Justification : ISS:
Crew Health and Performance In-Flight and Post-Mission
Lunar:
Crew Health and Performance In-Flight and Post-Mission
Mars:
Crew Health and Performance In-Flight and Post-Mission =
Current ISS: ]
Countermeasures: | Polyethylene shielding - i B
Lunar : — | g
Polyethylene shielding
Mars: i
Polyethylene shieldi ng
Projected ISS:
Countermeasures: | Hydrogenous shleldmg Antl OX|dants Gene therapy Pharmaceutlcals
Lunar :
Hydrogenous shleldmg Antl cmdants Gene therapy Pharmaceuticals
Mars:
Hydrogengus shleldlng 'Anti- OX|dants Gene therapy ; Pharmaceuticals
Enabling Questions
[With Mission No. & Question
Priority]: Isthere a significant probability that space radiation would lead to immediate or acute
32a |functional changesin the CNS due to along-term space mission and if so what are the
mechanisms of change?[ISS 3, Lunar 3, Mars1]
Isthere a significant probability that space radiation exposures would lead to long-term
32b |or late degenerative CNSrisks? If so what are the mechanisms of change? [I SS 3,
Lunar 3, Mars 1]
How does individual susceptibility including hereditary pre-disposition (Alzheimer’s,
32c | Parkinson's, apoE) and prior CNSinjury (concussion or other) alter significant CNS
risks?[1SS 3, Lunar 3, Mars1]
32d What are the most effective biomedical or dietary countermeasures to mitigate CNS
risks? By what mechanisms do the countermeasures work?[1SS 4, Lunar 4, Mars 1]
How can animal models of CNS risks, including altered motor and cognitive function,
32e |behavioral changes and late degenerative risks be best used for estimating space
radiation risks to astronauts? [I SS 4, Lunar 3, Mars1]
Are there significant CNS risks from combined space radiation and other physiological
32f | or space flight factors (e.g., bone loss, microgravity, immune-endocrine systems or
other)?[ISS5, Lunar 5, Mars 3]
What are the molecular, cellular and tissue mechanisms of damage (DNA damage
processing, oxidative damage, cell 1oss through apoptosis or necrosis, changesin the
32g |extra-cellular matrix, cytokine activation, inflammation, changesin plasticity, micro-
lesion (clusters of damaged cells along heavy ion track, etc.) in the CNS?[ISS 4, Lunar
3, Mars1]
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What are the different roles of neural cell populations, including neuronal stem cells and
32h |their integrative mechanismsin the morphological and functional consequences of space
radiation exposure? [ISS 2, Lunar 2, Mars 1]

30 Are there biomarkers for detecting damage or susceptibility to/for radiation-induced
CNS damage? [ISS 4, Lunar 3, Mars 2]

What quantitative procedures or theoretical models are needed to extrapolate molecular,
32j |celular, or animal resultsto predict CNS risksin astronauts? How can human
epidemiology data best support these procedures or models? [ISS 4, Lunar 3, Mars 2]

What are the most effective shielding approaches to mitigate CNS risks? [ISS 1, Lunar

32k 11 Mars 1]

3] What space validation experiments could improve estimates of CNS risks for long-term
deep-space missions? [I SS 5, Lunar 5, Mars 3]

Related Risks:

Important
References:

Joseph, JA., Hunt, W.A., Rabin, B.M. and Dalton, T.K. Possible “Accelerated Striatal Aging”
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To Photoreceptor Cdll Component Of The Rabbit Retina:-tmplications Far The Projected Manned
Mission To Mars. In Biological Effects Of Solar And Galactie Cosmic Radiation, Part A (C.E.

Swenberg, G. Horneck and e.g., Stassinopoulos, |Eds.); 185-201, Plenum Press, NY, NY: 1993,

National Academy of Sciences'Space Sciehce Board, HZE Particle Effectsin Manned Space
flight, National Academy of Sciences U.SA. Wash| ngton D.C., 1973

National Academy of’ Sciences, NAS. Natlonal Academy of SC|ences Space Science Board, Report
of the Task Group, on the Biological Effects of Space Radiation. Radiation Hazards to Crews on
Interplanetary Mission Natlonal Academy of Sciences, Washington, D.C., 1997.
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Particies on a Behavior! Mediicated by the Dopaminergic System. Adv. Space Res. 25, (10) 2065-
2074, 2000. ;
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Risk Title: Other Degenerative Tissue Risks

Theme:

Radiation Health

Discipline:

Radiation Hedlth

Risk Number :

33

Risk Description :

Unacceptable levels of morbidity or mortality risks for degenerative tissue diseases (non-cancer or
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non-CNS) such as cardiac, circulatory or digestive diseases or cataracts caused by occupational
radiation exposure or the combined effects of radiation and other space flight factors.

Context/Risk
Factors:

Microgravity ; Physiological changes ; Radiation (space, medical diagnostic, atmospheric,
experimental and nuclear sources including propulsion systems) and synergistic effects of radiation ;
Stress

RYG Risk
Assessment :

ISS: Yellow

High risk of serious health or performance consegquences; there is no mitigation strategy that has been
validated in space.

Lunar: Yellow

High risk of serious health or performance consequences; there is no mitigation strategy that has been
validated in space.

Mars: ] Red

Unacceptable risk of serious adverse health or performance consequences; there is no mitigation
strategy that has been validated in space or demonstrated on Earth.

Justification :

ISS:

Crew Health and Performance Post-Mission
Lunar:

Crew Health and Performance Post-Mission
Mars:

Crew Health and Performance Post-Mission

Current
Countermeasures:

ISS: -
Polyethylene shielding 2
Lunar : ] o
Polyethylene shielding - i B

Mars: — -
Polyethylene shielding

Projected
Countermeasures:

ISS:

Hydrogenous shleldlng Antl oxrdants Gene therapy Pharmaceutlcals
Lunar :

Hydrogenous shleldmg Antl OX|dants Gene therapy Pharmaceutlcals
Mars:

Enabling Questions

Hydrogenousshleldmg Antl cmdants Genetherapy Pharmaceuticals

[With Mission No. : Question
Priority]: What-are the probabilities for degenerative tissue risks from protons and HZE ions as a
333 function of NASA's operational parameters (age at exposure, age and time after
exposure, gender, tissue, mission, radiation quality, doserate)?[ISS 2, Lunar 2, Mars
1
33h What are the mechanisms of degenerative tissues risks in the heart, circulatory,
endocrine, digestive, lens and other tissue systems?[ISS 2, Lunar 2, Mars1]
33c How can the latency period for degenerative tissue risks, including sub-clinical diseases,
following space radiation exposures be estimated?[I1SS 3, Lunar 3, Mars 1]
What are the most effective biomedical or dietary countermeasures to degenerative
33d |tissuerisks? By what mechanisms do the countermeasures work?[ISS 3, Lunar 3, Mars
1
What quantitative procedures or theoretical models are needed to extrapolate molecular,
33e cellular, or animal resultsto predict degenerative tissue risks in astronauts? How can
human epidemiology data best support these procedures or models? [I SS 4, Lunar 4,
Mars 2]
Related Risks:
Important . . . i - .
References : Berrington, A., et al., 100 Y ears of observation of British radiologists: mortality from cancer and
' other causes 1897-1997. BrJ Radio 74:507-519. 2001.
http://www.ncbi.nlm.nih.gov/entrez/query .fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=12595318
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Boivin, JF., et al. Coronary Artery Disease Mortality in Patients Treated for Hodgkins Disease.
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Hauptmann, M., et. al. Mortality from Diseases of the Circulatory System in Radiologic
Technologistsin the United States. American Journal of Epidemiology 157: 239-248, 2003.
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National Academy of Sciences Space Science Board, Report of the Task Group on the Biological
Effects of Space Radiation. Radiation Hazards to Crews on Interplanetary Mission National
Academy of Sciences, Washington, D.C., 1997.

National Council on Radiation Protection and Measurements, Recommendations of Dose Limits
for Low Earth Orbit. NCRP Report 132, Bethesda MD, 2000.

Otake, M., Neriishi, K. and Schull, W.J. Cataract in atomic bomb survivorsbased on athreshold
and the occurrence of severe epilation. Radiation Research 146: 339-348, 1996.
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Preston, D.L., et al. Studies of-mortality of'atomic bomb survivors Report 13: Solid cancer and
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cancer mortality:1950-1990. Radiation Research 152: 374-389, 1999.
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Radiological Clinical Journal of North America 9, 511-531, 1971.
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Risk Title: Heredity, Fertility and Sterility Risks

Theme: Radiation Health
Discipline: Radiation Health
Risk Number : 34

Risk Description :

Unacceptable levels of increased hereditary, fertility, or sterility risk caused by occupational radiation
exposure or the combined effects of radiation and other space flight factors. These decrements can be
following return to Earth (late), or in the progeny of astronauts (for hereditary risks).

Context/Risk Microgravity ; Physiological changes ; Radiation (space, medical diagnostic, atmospheric,

Factors: experimental and nuclear sources including propulsion systems) and synergistic effects of radiation ;
Stress

RYG Risk .

A ot - ISS: ] Green

Health and performance consequences are known or suspected, but will not affect mission success
due to effective mitigation strategies that have been validated in space.

Lunar: [ Green

Health and performance consequences are known or suspected, but will not affect mission success
due to effective mitigation strategies that have been validated in space.

JSC62577

B-85




Mars: Yellow
High risk of serious health or performance consegquences; there is no mitigation strategy that has been
validated in space.

Justification : ISS:
Crew Health and Performance Post-Mission
Lunar:
Crew Health and Performance Post-Mission
Mars:
Crew Health and Performance Post-Mission
Current ISS:
Countermeasures: | Family counseling ; Polyethylene shielding
Lunar :
Family counseling ; Polyethylene shielding
Mars:
Family counseling ; Polyethylene shielding
Projected ISS:
Countermeasures: | Hydrogenous shielding ; Anti-oxidants ; Gene therapy ; Pharmaceuticals
Lunar :
Hydrogenous shielding ; Anti-oxidants ; Gene therapy ; Pharmaceuticals
Mars:
Hydrogenous shielding ; Anti-oxidants ; Gene therapy ; Pharmaceuticals
Enabling Questions ; -
[With Mission No. Question
Priority]: 34a What are the risks of hereditary, fertility or sterlllty effects asafresult of exposureto
spaceradiation?[ISS 4, Lunar 3, Mars?2] |
34b Isthere atransmissible risk for neurodegenerative or other non-cancer/non-CNS diseases
to the offspring of those exposed toradiation? [| SS 3, L unar 3, Mars 3]
Related Risks: sl ' -
| mportant Beir V, Health Effects of Ex Low Levels of | Radiation. NRC, National Acad
References - eir ects o posureto ow evelso onizing iation. ation emy
of Sciences Press, 1990. e
Bridges BA. Radiation and Germl fne Mutation at Repeat Sequences. Are Wein the Middle of a
Paradigm Shift? Radliation Research 156: 631-641, 2001.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi2cmd=Retrieve& db=pubmed& dopt=Abstract& list_
uids=11604085
National Academy of Sciences Space Science Board, Report of the Task Group on the Biologica
Effects of Space Radiation. Radiation Hazards to Crews on Interplanetary Mission National
Academy of Sciences, Washington, D.C., 1997.
National Council on Radiation Protection and Measurements, Recommendations of Dose Limits
for Low Earth Orbit. NCRP Report 132, Bethesda M D, 2000.
Schull, W.J., Otake, M. and Neel, J.V. Genetic Effects of the Atomic Bombs: A Reappraisal.
Science 213, 1220-1227, 1981.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=7268429
Risk Title: Acute Radiation Syndromes
Theme: Radiation Health
Discipline: Radiation Health
Risk Number : 35

Risk Description :

Any increased risk of clinically significant acute radiation syndromes caused by occupational
radiation exposure or the combined effects of radiation and other space flight factors. These
decrements can be manifested during an extended mission (acute), or following return to Earth (late)

Context/Risk
Factors:

Microgravity ; Physiological changes ; Radiation (space, medical diagnostic, atmospheric,
experimental and nuclear sources including propulsion systems) and synergistic effects of radiation ;
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Stress

RYG Risk
Assessment :

ISS: ] Green

Health and performance consequences are known or suspected, but will not affect mission success
due to effective mitigation strategies that have been validated in space.

Lunar: ] Red

Unacceptable risk of serious adverse health or performance consequences; there is no mitigation
strategy that has been validated in space or demonstrated on Earth.

Mars: ] Red

Unacceptable risk of serious adverse health or performance consequences; there is no mitigation
strategy that has been validated in space or demonstrated on Earth.

Justification :

|SS:

Crew Health and Performance In-Flight and Crew Health and Performance Post-Mission
Lunar:

Crew Health and Performance Post-Mission

Mars:

Crew Health and Performance Post-Mission

Current
Countermeasures:

ISS:

Polyethylene shielding

Lunar :

Polyethylene shielding

Mars:

Polyethylene shielding =]

Projected
Countermeasures:

ISS:

Hydrogenous shielding ; Anti-oxidants ; Gene therapy OF bone marrow transpl ant ; Pharmaceuticals
Lunar :

Hydrogenous shielding ; Anti- OX|dants Gene therapy or bone marrow transplant ; Pharmaceuticals
Mars:

Hydrogenous shielding ; Anti- OX|dants Gene therapy or bore marrow transplant ; Pharmaceuticals

Enabling Questions
[With Mission No. Question
Priority]: How can predlctl ons of acute space radiation events be improved? [ISS 5, Lunar 3,
35a
Mars 3] Y
Are there synerglstl c effects arising from other space flight factors (microgravity, stress,
350 immune status, bone loss, damage to intestinal cells reducing their ability to absorb
medieation? etc.) that modify acute risks from space radiation including modifying
‘I thresholds for such effects? [ISS 4, Lunar 3, Mars 3]
What are the molecular, cellular and tissue mechanisms of acute radiation damage (DNA
35c | damage processing, oxidative damage, cell loss through apoptosis or necrosis, cytokine
activation, etc.)?[1SS 4, Lunar 3, Mars 3]
354 Does protracted exposure to space radiation modify acute doses from SPEsin
relationship to acute radiation syndromes? [ISS 4, Lunar 3, Mars 3]
What are the most effective biomedical or dietary countermeasures to mitigate acute
35e |radiation risks? By what mechanisms do the countermeasures work? [1SS 4, Lunar 3,
Mars 3]
What quantitative procedures or theoretical models are needed to extrapolate molecular,
35f | cellular, or animal results to predict acute radiation risks in astronauts? How can human
epidemiology data best support these procedures or models?[ISS 4, Lunar 3, Mars 3]
35 What are the most effective shielding approaches to mitigate acute radiation risks? [I SS
9 1, Lunar 1, Mars1]
Related Risks:
| mportant Ai h, E.J. Early and | i heavy charged particles. Ad i
References - insworth, E.J. Early and late mammalian responses to heavy charged particles. Advancesin
Space Research 6: 153-165, 1986.
http://www.ncbi.nlm.nih.gov/entrez/query .fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=11537215
National Council on Radiation Protection and Measurements, NCRP. Guidance on Radiation
Received in Space Activities, NCRP Report 98, NCRP, Bethesda (MD), 19809.
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National Council on Radiation Protection and Measurements, Recommendations of Dose Limits
for Low Earth Orbit. NCRP Report 132, Bethesda MD, 2000.

Todd, P., Pecautt, M.J., Fleshner, M. Combined effects of space flight factors and radiation on
humans. Mutation Res. 430: 211-219, 1999.

http://www.ncbi.nlm.nih.gov/entrez/query .fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=10631335

Risk Title: Monitor Air Quality

Theme: Advanced Human Support Technologies (AHST)
Discipline: Advanced Environmental Monitoring & Control (AEMC)
Risk Number : 36

Risk Description :

Lack of timely information about the buildup of chemicals, pre-combustion reaction products,
malfunction of life support equipment, or other events (e.g., accidental release from an experiment)
can lead to delayed response by crew or by automated equipment resulting in a hazard to the crew.

Context/Risk
Factors:

Accidental event such asfire or leak ; Malfunction in life support system which may be gradual or
sudden

RYG Risk
Assessment :

ISS: Yellow

Considerable potential for improvement in mitigation effici ency |n afew areas

Lunar: ] Red

Considerable potential for improvement in mitigation efficiency in‘'many areas proposed missions
may be infeasible without improvements. 1 _

Mars: ] Red | == -

Considerable potential for |mprovement in mmgaru on eff|C| eney'in many areas, proposed missions
may bei nfeas bI e without rmprovements

Justification :

1SS 1 i ,
The time constant for meaajrement varies Wldely depending on the cause. Gradual buildup of toxic
chemicals may take manths, calling'for highly sensitive detection at slow intervals, perhaps daily.

L eakage or!pre-combustion events are expected to occur more rapidly, requiring more rapid detection
(minutes), though/less'sensitive detection may be necessary. Locaized information is needed to
identify the problem souree. Existing technology for ground-based measurement is massive, power
hungry and requires significant crew skill and time. No single technology currently can address all
Space Maximum Allowable Concentration SMAC chemicals. Combustion in micro, lunar and
Martian gravity is very different from combustion on Earth and has different pre-combustion
indicators. Harmful foreign matter may be inadvertently brought in following extravehicular activity
(EVA) and should be monitored prior to cabin entry as well asinside the habitat. The same
monitoring technology may be useful for helping diagnose crew health by providing breath
monitoring data.

Lunar:

The time constant for measurement varies widely depending on the cause. Gradual buildup of toxic
chemicals may take months, calling for highly sensitive detection at slow intervals, perhaps daily.
Leakage or pre-combustion events are expected to occur more rapidly, requiring more rapid detection
(minutes), though less sensitive detection may be necessary. Localized information is needed to
identify the problem source. Existing technology for ground-based measurement is massive, power
hungry and requires significant crew skill and time. No single technology currently can address all
Space Maximum Allowable Concentration SMAC chemicals. Combustion in micro, lunar and
Martian gravity is very different from combustion on Earth and has different pre-combustion
indicators. Harmful foreign matter may be inadvertently brought in following extravehicular activity
(EVA) and should be monitored prior to cabin entry aswell asinside the habitat. The same
monitoring technology may be useful for helping diagnose crew health by providing breath
monitoring data.

Mars:

The time constant for measurement varies widely depending on the cause. Gradual buildup of toxic
chemicals may take months, calling for highly sensitive detection at slow intervals, perhaps daily.
Leakage or pre-combustion events are expected to occur more rapidly, requiring more rapid detection
(minutes), though less sensitive detection may be necessary. Localized information is needed to
identify the problem source. Existing technology for ground-based measurement is massive, power
hungry and requires significant crew skill and time. No single technology currently can address all
Space Maximum Allowable Concentration SMAC chemicals. Combustion in micro, lunar and
Martian gravity is very different from combustion on Earth and has different pre-combustion
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indicators. Harmful foreign matter may be inadvertently brought in following extravehicular activity
(EVA) and should be monitored prior to cabin entry aswell asinside the habitat. The same
monitoring technology may be useful for helping diagnose crew health by providing breath
monitoring data.

Current
Countermeasures:

ISS:

Compound Specific Combustion Product Analyzer ; Crew indicators such as reports of odor, nausea;
Ground analysis of returned samples ; Major Constituent Analyzer (currently not functioning) ;
Volatile Organic Analyzer (currently not functioning)

Lunar :

Compound Specific Combustion Product Analyzer ; Crew indicators such as reports of odor, nausea ;
Ground analysis of returned samples ; Maor Constituent Analyzer (currently not functioning) ;
Volatile Organic Analyzer (currently not functioning)

Mars:

Compound Specific Combustion Product Analyzer ; Crew indicators such as reports of odor, nausea ;
Ground analysis of returned samples ; Mgjor Constituent Analyzer (currently not functioning) ;
Volatile Organic Analyzer (currently not functioning)

Projected
Countermeasures:

ISS:

Distributed network of rapid, smaller detectors ; Highly sensitive somewhat slower analyzer suite
Lunar :

Distributed network of rapid, smaller detectors ; Highly sensitive somewhat slower analyzer suite
Mars:

Enabling Questions

Distributed network of rapid, smaller detectors ; Highly sensitive somewhat slower analyzer suite

[With Mission No. Question i 3
Priority]: 36a What technologies can be used to detect slow, gradual 'changesin the chemical and
microbial environment (work with Environmental-Health)2[ISS 1, Lunar 1, Mars 1]
What set of technologies.and data can be used to-make the: diagnosis of potentially
36b | hazardous event.from chemical data qwckly (work-with Environmental Health, ALS)?
[ISSl Lunarl Mars 1] 1
How can envi ronmental information be used {0 assist in- fIight biomonitoring for health
36¢c |and performance of the aaronauts (supportl ng Biomedical monitoring)? [ISS 3, Lunar
3 Mars3] | o
36d What technologies must-be devel oped to rapidly detect and address fire in space? [I SS 1,
Lunar 1, Mars1]
36e How can technol ogy help make appropriate response to a hazardous event be achieved in
Tatimely manner (needed for automated systems)? [ISS 2, Lunar 2, Mars 2]
What set of technologies and data can be used to detect and diagnose hardware
36f malfunction, in such systems as life support or in situ resource utilization by assessment
of environmental (air, water, or surfaces) changes (work with ALS)?[ISS 2, Lunar 2,
Mars 2]
Related Risks: 1SS
Environmental Health
Define Acceptable Limits for Contaminants in Air and Water
Advanced Life Support (ALS)
Maintain Acceptable Atmosphere
Provide and Maintain Bioregenerative Life Support Systems
Provide and Recover Potable Water
Lunar :
Environmental Health
Define Acceptable Limits for Contaminantsin Air and Water
Advanced Life Support (ALS)
Maintain Acceptable Atmosphere
Provide and Maintain Bioregenerative Life Support Systems
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Provide and Recover Potable Water

Mars:

Environmental Health

Define Acceptable Limits for Contaminants in Air and Water
Advanced Life Support (ALS)

Maintain Acceptable Atmosphere

Provide and Maintain Bioregenerative Life Support Systems
Provide and Recover Potable Water

Important
References::

"Cabin Air Quality Dynamics on Board the International Space Station” J. Perry, B. Peterson, 33rd
International Conference on Environmental Systems, SAE#2003-01-2650, July 2003.

"Toxicological Assessment of the International Space Station Atmosphere with Emphasis on
Metox Canister Regeneration” J. James, 33rd International Conference on Environmental Systems,
SAE#2003-01-2647, July 2003.

Advanced Technology for Human Support in Space, National Research Council Report, 1997.
Downloadable from http://peerl.nasaprs.com/peer_review/prog/nap.pdf

http://peer1.nasaprs.com/peer_review/prog/nap.pdf =

NASA/JSC Toxicology Group Home Page http://www.jsc.nasa:gov/toxicology/

http://www.jsc.nasa.gov/toxicol ogy/

Risk Title;Monitor External Environment

Theme:

Advanced Hiiman Subpor{ Technologies(AH&‘;T ) ' f

Discipline:

Risk Number :

Advanced Environmenfal:M onitoring & Control (AEMC)
p o] oA T

Risk Description :

Failureto detect-hazardslextérnal to- the habitat can lead to lack of remedial action and poses a hazard
to the crew. o

Context/Risk
Factors:

TBD

RYG Risk
Assessment :

ISS: Yellow

Considerable potential for improvement in mitigation efficiency in afew aress.

Lunar: ] Red

Considerable potential for improvement in mitigation efficiency in many areas; proposed missions
may be infeasible without improvements.

Mars: [l Red

Considerable potential for improvement in mitigation efficiency in many areas; proposed missions
may be infeasible without improvements.

Justification :

|SS:
null
Lunar:
null
Mars:
null

Current

Countermeasures:

ISS:

Trace Gas Analyzer (TGA) using miniature quadrupol e mass spectrometry technology
Lunar :

Trace Gas Analyzer (TGA) using miniature quadrupol e mass spectrometry technology
Mars:

Trace Gas Analyzer (TGA) using miniature quadrupol e mass spectrometry technology

Projected

Countermeasures:

ISS:
Realtime radiation monitor ; Second generation TGA
Lunar :

JSC62577

B-90




Real-time radiation monitor ; Third generation TGA to include particulate measurement
Mars:
Real-time radiation monitor ; Third generation TGA to include parti culate measurement

Enabling Questions ;

[With Mission No. Question

Priority]: 37a What sensors are required to monitor hazardous conditions in the extra-vehicular

environment (work with AEVA)?[ISS1, Lunar 1, Mars1]

Related Risks:

| mportant “Trace Gas Analyzer for Extra-Vehicular Activity" T. Abbasi, M. Chri M. Vill

References - race Gas Analyzer for Extra-Vehicular Activity" T. asi, M. Christensen, M. Villemarette,
M. Darrach, A. Chutjian, 31st International Conference on Environmental Systems, SAE#2001-01
-2405, July 2001.

Risk Title: Monitor Water Quality

Theme: Advanced Human Support Technologies (AHST)

Discipline: Advanced Environmental Monitoring & Control (AEMC)

Risk Number : 38

Risk Description :

Lack of timely information about the build-up of chemicals or microbial growth in the crew water
supply, or elsewhere in the water reclamation system, can lead to a delayed-response by the crew or
the automated response equipment posing a hazard to the crew.

Context/Risk
Factors:

Accidental event such as leak of ammonia from cooling, system into-water supply through heat
exchanger ; Mafunctionin life support System. WhICh may be gradual or sudden

RYG Risk
Assessment :

ISS: Yellow ; |

Considerable potential for |mprovement in mltlgatlon effici ency in afew aress.

Lunar: ] Red :

Considerabl e potential for, |mpr0vement in mmgatlon'effla ency in many areas, proposed missions
may be infeasible without i mprovements

Mars i Red | |

Considerable potential for |mprovement II"I m|t|gat|0n efficiency in many areas; proposed missions
may be infeasiblewithout improvements.

Justification :

ISS: -

The time constant for measurement varies widely depending on the cause. Gradual buildup of toxic
chemicals may take months, calling for highly sensitive detection at slow intervals, perhaps daily.

L eakage events are expected to occur more rapidly, requiring more rapid detection (minutes), though
less sensitive detection may be necessary. Localized information is needed to identify the problem
source. Existing technology for ground-based measurement is massive, power hungry, needs
hazardous reagents, requires significant crew skill and time and is sensitive to micro, lunar, or
Martian gravity multiphase issues.

Lunar:

The time constant for measurement varies widely depending on the cause. Gradual buildup of toxic
chemicals may take months, calling for highly sensitive detection at slow intervals, perhaps daily.

L eakage events are expected to occur more rapidly, requiring more rapid detection (minutes), though
less sensitive detection may be necessary. Localized information is needed to identify the problem
source. Existing technology for ground-based measurement is massive, power hungry, needs
hazardous reagents, requires significant crew skill and time and is sensitive to micro, lunar, or
Martian gravity multiphase issues.

Mars:

The time constant for measurement varies widely depending on the cause. Gradual buildup of toxic
chemicals may take months, calling for highly sensitive detection at slow intervals, perhaps daily.

L eakage events are expected to occur more rapidly, requiring more rapid detection (minutes), though
less sensitive detection may be necessary. Localized information is needed to identify the problem
source. Existing technology for ground-based measurement is massive, power hungry, needs
hazardous reagents, requires significant crew skill and time and is sensitive to micro, lunar, or
Martian gravity multiphase issues.

Current
Countermeasures:

ISS:

Crew report of odor or taste ; Ground analysis of returned samples ; Manual plate culturing at
ambient temperature with visual estimate ; Total Organic Carbon (currently not in use dueto
difficulty in bubble removal) ; Water conductivity

Lunar :
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Crew report of odor or taste ; Ground analysis of returned samples ; Manual plate culturing at
ambient temperature with visual estimate ; Total Organic Carbon (currently not in use dueto
difficulty in bubble removal) ; Water conductivity

Mars:

Crew report of odor or taste ; Ground analysis of returned samples ; Manual plate culturing at
ambient temperature with visual estimate ; Total Organic Carbon (currently not in use dueto
difficulty in bubble removal) ; Water conductivity

Projected
Countermeasures:

ISS:

Compact online chemical water analyzer suite ; Microbial analysisinstrument
Lunar :

Compact online chemical water analyzer suite ; Microbial analysis instrument
Mars:

Compact online chemical water analyzer suite ; Microbial analysisinstrument

Enabling Questions

[With Mission No. Question
Priority]: What technol ogies can be used to detect slow, gradual changesin the chemical and
38a |microbia environment (work with ALS and Environmental Health)? [ISS 1, Lunar 1,
Mars1]
What set of technologies and data can be used to make the diagnosis of potentially
38b | hazardous event from chemical data quickly (work with ALS and Environmental
Health)?[ISS 1, Lunar 1, Mars 1]
38¢ How can technology help make appropriate response to a hazardeusevent be achieved in
atimely manner (needed for developing automated Q/stem)'? [l SS 2/Lunar 2, Mars 2]
What set of technologies and data can be used to detect and dlagnose hardware
38d | malfunction by assessment of envjronmental (alr Water, or surfaces) changes (work with
ALS)?[ISS ], Lunar 1 Mars 1]
Related Risks: 1SS — i
Environmental Health e A 55
Define Acceptable Limits for Contammants in Air and Water
Advanced Life Support (AL S)
Maintain/Acceptable Atmosphere
Provide and-Mai ntain Bi oregenerative Life Support Systems
Provide and Recover Potable Water
Lunar :
Environmental Health
Define Acceptable Limits for Contaminantsin Air and Water
Advanced Life Support (ALS)
Maintain Acceptable Atmosphere
Provide and Maintain Bioregenerative Life Support Systems
Provide and Recover Potable Water
Mars:
Environmental Health
Define Acceptable Limits for Contaminants in Air and Water
Advanced Life Support (ALS)
Maintain Acceptable Atmosphere
Provide and Maintain Bioregenerative Life Support Systems
Provide and Recover Potable Water
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Important
References::

"I SS Potable Water Sampling and Chemical Anaysis: Expeditions 4-6" D. Plumlee, P. Mudgett, J.
Schultz, J. James, 33rd International Conference on Environmental Systems, SAE#2003-01-2401,
July 2003.

Advanced Technology for Human Support in Space, National Research Council Report, 1997.
Downloadable from http://peerl.nasaprs.com/peer_review/prog/nap.pdf

http://peer1.nasaprs.com/peer_review/prog/nap.pdf

AEMC Technology Development Requirements (1998) downloadable from
http://peerl.nasaprs.com/peer_review/prog/prog.html
http://peer1.nasaprs.com/peer_review/prog/prog.html

Characterization and Monitoring of Microbial Speciesin the International Space Station Drinking
Water,” M. LaDuc, 33rd International Conference on Environmental Systems, SAE#2003-01-
2404, July 2003.

NASA/JSC Toxicology Group Home Page http://www.jsc.nasa.gov/toxicology/

http://www.j sc.nasa.gov/toxicol ogy/

Risk Title: Monitor Surfaces Food and Soil

Theme:

Advanced Human Support Technologies (AHST) |

Discipline:

Advanced Environmental Monitoring & Control (AEMC) ]

Risk Number :

39 ] /

Risk Description :

Lack of timely information, or failure to detect the presence of harmful chemicals or microbial
growth on surfaces, food supph& or soil reqwred for plant growth can pose a crew health hazard.

Context/Risk
Factors:

Low or microgravity al lows far greater accumulatl on of liquids on surfaces by surface tension and
longer persistence of matter suspended in airyincreased the likelihood of surface impact

RYG Risk
Assessment :

1SS Yellow |

Considerable potential for |mprovement in mltlgatlon efficiency in afew areas.

Lunar: [iRed ./ /

Considerable potential for |mprovement in mitigation efficiency in many areas; proposed missions
may be infeasiblewithout improvements.

Mars: i Red

Considerable potential for improvement in mitigation efficiency in many areas, proposed missions
may be infeasible without improvements.

Justification :

ISS:

The area of contamination of surfacesin the space environment has received relatively little attention
to date. Therisk is essentially unknown.

Lunar:

The area of contamination of surfacesin the space environment has received relatively little attention
to date. Therisk is essentially unknown.

Mars:

The area of contamination of surfacesin the space environment has received relatively little attention
to date. Therisk is essentially unknown.

Current

Countermeasures :

ISS:

Occasional manual plate culturing of samples from swabbed surfaces
Lunar :

Occasional manual plate culturing of samples from swabbed surfaces
Mars:

Occasional manual plate culturing of samples from swabbed surfaces

Projected

Countermeasures :

ISS:

Detection and identification of surface contamination by optical interrogation ; Reliable, repeatable
sampling methods taking minimal crew time

Lunar :

Detection and identification of surface contamination by optical interrogation ; Reliable, repeatable
sampling methods taking minimal crew time

Mars:

Detection and identification of surface contamination by optical interrogation ; Reliable, repeatable
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sampling methods taking minimal crew time

Enabling Questions
[With Mission
Priority]:

No. Question

What technol ogies can be used to detect slow, gradual changesin the chemical and
3% |microbia surface environment? (work with Environmental Health and ALS) [1SS 1,
Lunar 1, Mars 1]

What set of technologies and data can be used to make the diagnosis of potentially
39b | hazardous event involving surfaces quickly? (work with Environmental Health and Life
Support) [ISS1, Lunar 1, Mars 1]

What technologies are required to meet the radiation monitoring requirements of a

39 | mission?[ISSTBD, Lunar TBD, Mars TBD]

What sample acquisition and preparation technol ogies can meet the requirements of the
39d | gaseous, aqueous and solid-phase matrices monitoring? [| SSTBD, Lunar TBD, Mars
TBD]

What research is required to validate design approaches for multiphase flow for
3% | monitoring systemsin varying gravity environments? [ISS TBD, Lunar TBD, Mars
TBD]

Related Risks:

ISS:

Environmental Health "

Define Acceptable Limits for Contaminantsin Air and Water

Advanced Life Support (ALS) | o

Maintain Acceptable Atmosphere

Provide and Maintain Bi oregeneranve Life Support slstems 3

Provide and.Recover Potable Water | |

Lunar :

Environmental I-I;ealt-h.

Define Acceptable Limits for Contaminants in Air and Water

Advanced Life Support (ALS)

Maintain Acceptable Atmosphere

Provide and Maintain Bioregenerative Life Support Systems

Provide and Recover Potable Water

Mars:

Environmental Health

Define Acceptable Limits for Contaminants in Air and Water

Advanced Life Support (ALS)

Maintain Acceptable Atmosphere

Provide and Maintain Bioregenerative Life Support Systems

Provide and Recover Potable Water

Important
References::

Advanced Technology for Human Support in Space, National Research Council Report, 1997.
Downloadable from http://peerl.nasaprs.com/peer_review/prog/nap.pdf

http://peer1.nasaprs.com/peer_review/prog/nap.pdf

AEMC Technology Development Requirements (1998) downloadable from
http://peerl.nasaprs.com/peer_review/prog/prog.html

http://peer1.nasaprs.com/peer_review/prog/prog.html

Risk Title: Provide Integrated Autonomous Control of Life Support Systems

JSC62577

B-94




Theme:

Advanced Human Support Technologies (AHST)

Discipline:

Advanced Environmental Monitoring & Control (AEMC)

Risk Number :

40

Risk Description :

Lack of stable, reliable, efficient process control for the life support system.

Context/Risk
Factors:

Decreasing life support system mass by decreasing air or water buffer sizes (an economically
desirable objective) increases potentia for system to become unstable ; Longer mission time such as
Martian scenario means greater potential for life support system to become unstable

RYG Risk
Assessment :

ISS: ] Green

Minimum or limited potential for improvement in mitigation efficiency

Lunar: Yellow

Considerable potential for improvement in mitigation efficiency in afew areas.

Mars: [l Red

Considerable potential for improvement in mitigation efficiency in many areas; proposed missions
may be infeasible without improvements.

Justification :

ISS:

Automated control of life support is needed to minimize the crew workload. Industrial process
control technology is manufacturing-oriented (input/output) with a narrow range of time constants.
Space life support is an endless loop-recycling environment, with time constants ranging from fast
accidental incidentsto life cycles of plant crops (months). Advancesin proc&s control technology
are needed for safe, efficient control of the life support system.

Lunar:

Automated control of life support is needed to minimize the crew workI oad. Industrial process
control technology is manufacturing-oriented (i nput/output) with-a'narrow!range of time constants.
Space life support is an endless loop-recycling environment, with time constants ranging from fast
accidental incidents to life cycles of plant crops (months). Ad\'/ariceﬁ in process control technology
are needed for safe, effici ent control of the, Ilfe support system.~

Mars:

Automated centrol of life support is needéd to minimize the crew workload. Industrial process
control technology-is manufacturing-ori iented (input/outpuit) with a narrow range of time constants.
Space life support is anjendless loop-recycling environment, with time constants ranging from fast
accidental incidents to life cycles of ‘plant crops (months). Advancesin process control technology
are needed for wfe efﬁc:ent contral-of the life support system.

Current
Countermeasures:

ISS: o

Manual and low-evel process control
Lunar : =

Manual and low level process control
Mars:

Manual and low level process control

Projected
Countermeasures:

ISS:

Automated control of life support, integrated with monitoring system
Lunar :

Automated control of life support, integrated with monitoring system
Mars:

Automated control of life support, integrated with monitoring system

Enabling Questions
[With Mission
Priority]:

No. Question

How do we design an effective control system with flexibility, modularity, growth
potential, anti-obsolescence and accommodate varied, new, & unknown test articles,
taking advantage of standards (work with Integrated Testing)?[ISS 1, Lunar 1, Mars 1]

40a

How does a control system manage and plan for the long time constants of certain
biological processes that lead to changes days, months later; and reconciles between
discrete events, continuous processing and varying time constants (work with Integrated
Testing)?[1SS 1, Lunar 1, Mars1]

40b

How do we assure that human situation awarenessis at a high level when needed, while
offloading the crew workload for most of the time (work with SHFE and Integrated
Testing)?[1SS 2, Lunar 2, Mars 2]

40c

How can a control system support strategic decisions; launch readiness/abort/return
home decisions and procedures (work with SHFE and Integrated Testing)?[1 SS 1,
Lunar 1, Mars 1]

40d
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How can we develop real time prognostic capabilitiesto predict failures before they
40e |occur and degradations before they have impact (work with ALS and Integrated
Testing)?[I1SS 1, Lunar 1, Mars1]
40f How do we allocate efficiently and safely between space-based control and ground-
based control (work with SHFE and Integrated Testing)?[ISS 1, Lunar 1, Mars1]
40 In very large and complex systems, how can we synchronize system states across
9 subsystems (work with Integrated Testing)?[ISS 1, Lunar 1, Mars 1]
40h How do we trade between buffers and controls to ensure safe and reliable system (work
with ALS and Integrated Testing)?[I1SS 1, Lunar 1, Mars1]
How can understanding process control help determine which sensors may be missing
40i | and where sensors should be placed (work with Integrated Testing)?[ISS 1, Lunar 1,
Mars 1]
Related Risks: 1SS
Environmental Health
Define Acceptable Limits for Contaminants in Air and Water
Advanced Life Support (ALS)
Maintain Acceptable Atmosphere
Lunar :
Environmental Health [ i
Define Acceptable Limits for Contaminantsin Air and Water
Advanced L ife Support (ALS)™
Maintain Acceptable Atmosphere
Mars: '
Envwonmental I-Fealth
Define Acceptable Li mlts for Contaminants in Air and Water
Advanced Life Support (ALS)
M aintain-Acceptable Atmosphere
| mportant Advanced Technology for Human Support i National Research Council Report, 1997
References - vanced Technology for Human Support in Space, National Research Council Report, :
Downloadable from http://peerl.nasaprs.com/peer_review/prog/nap.pdf
http://peer1.nasaprs.com/peer_review/prog/nap.pdf
AEMC Technology Development Reguirements (1998) downloadable from
http://peer1.nasaprs.com/peer_review/prog/prog.html
http://peer1.nasaprs.com/peer_review/prog/prog.html
Final Report, Workshop on Advanced System Integration and Control for Life Support (ASICLS)
Monterey Plaza Hotel , 26 — 28 August 2003, Monterey, CA
NASA Advanced Environmental Monitoring and Control (AEMC) Program Review, Final Report,
USRA, August 1999. Also, AEMC review response sent to HQ Sept 1999.
Risk Title: Provide Space Suits and Portable Life Support Systems
Theme: Advanced Human Support Technologies (AHST)
Discipline: Advanced Extravehicular Activity (AEVA)
Risk Number : 41
Risk Description : | Inability to provide arobust EVA system that provides the life support resources, mobility and
ancillary support, including robotics interactions and airlock design, to perform defined mission EVA
tasks.
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Context/Risk

Accommodation for waste including potential for emisses ; CO2 removal system consumption ; Dust

Factors: contamination ; Power consumption ; Suit pressure ; Thermal comfort consumables, increased carry
weight

RYG Risk 1SS: ] Green

Assessment : Minimum or limited potential for improvement in mitigation efficiency
Lunar: Yellow
Considerable potential for improvement in mitigation efficiency in afew aress.
Mars: ] Red
Considerable potential for improvement in mitigation efficiency in many areas; proposed missions
may be infeasi ble without improvements.

Justification : ISS:
Long-duration in Martian partial Gravity leads to increased hardware use. Hardware failures could
occur without the capability for equipment servicing and overhaul. Dust contamination leads to
equipment failures and decreased suit mobility from contaminated bearings and joints.
Lunar:
Long-duration in Martian partial Gravity leads to increased hardware use. Hardware failures could
occur without the capability for equipment servicing and overhaul. Dust contamination leads to
equipment failures and decreased suit mobility from contaminated bearings and joints.
Mars:
Long-duration in Martian partial Gravity leads to increased hardware use. Hardware failures could
occur without the capability for equipment servicing and overhaul. Dust contamination leads to
equipment failures and decreased suit mobility from contaminated bearings and.joints.

Current ISS:

Countermeasures: | Dedicated water ; Limited maintenance ; Longer life rechargeable barten& “Regenerable CO2
removal systems f ;
Lunar :
Apollo Eradust mitigation ; Dedicated watef ; L|m|ted mai ntenance Longer life rechargeable
batteries ; Regenerable CO2 removal systems 1
Mars:
Apollo Eradust mltlgatlon Ded|cated Water L|m|ted maintenance ;--onger life rechargeable
batteries ; Regenerable COZ removal systems '

Projected ISS: f

Countermeasures: | Cleaning and maJ ntenance of sdﬁ goods (eg., LCVG) Increased on-orhit space suit service life;

Longer shelf and servicellife batterres ; Non-venting heat rejection system ; Regenerable closed Ioop
CO2 removd systems '

Lunar :

Cleaning and maintenance of soft goods (e.g., LCVG) ; Dust removal and dust prevention ; Increased
on-orbit space suit service life ; Longer shelf and service life batteries ; Non-venting heat rejection
system ; Reduced mass of suit and PLSS ; Regenerable closed loop CO2 removal systems

Mars:

Cleaning and maintenance of soft goods (e.g., LCVG) ; Dust removal and dust prevention ; Increased
on-orbit space suit service life ; Longer shelf and service life batteries ; Non-venting heat rejection
system ; Reduced mass of suit and PLSS ; Regenerable closed loop CO2 removal systems

Enabling Questions
[With Mission
Priority]:

No. Question

Ma What EVA system design can be devel oped to reduce the pre-breath requirement?
[Lunar 1, Mars1]

41b What suit and PL SS technology must be developed to meet mission requirements for
EVA mobility?[Lunar 1, Mars 1]

alc How do we protect against planetary surface dust through suit and airlock system
design?[Lunar 1, Mars1]

41d | How do we protect against toxic fluids and contaminants? [I SS 2, Lunar 2, Mars 2]

Ale How do we design space suits to fit multiple crewmembers of various sizes and shapes?
[ISS1, Lunar 1, Mars 1]

41f  |How do we improve glove dexterity?[ISS 1, Lunar 1, Mars 1]

41 What technol ogies can be developed to provide passive or active thermal insulation in

9 |various envi ronments, including deep-space and lunar vacuum? [Lunar 1, Mars 1]

41h What technol ogies must be developed to meet mission non-venting and non-

contaminating requirements? [Lunar 2, Mars 2]
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How do we provide and manage increased information to EVA crewmember, including

41i | suit parameters, systems status, caution and warning, video, sensor data, procedures and
text and graphics?[Lunar 2, Mars 2]

41j How do we achieve EVA and robotic interaction and cooperation? [Lunar 1, Mars1]

41K What biomedical sensors are needed to enhance safety and performance during EVAS?
[Lunar 2, Mars 2]

411 How can space suit design accommodate crewmember physical changes after long time
in microgravity? [Lunar 1, Mars 1]

41m What technology can be devel oped to monitor EVA crewmember thermal status and
provide auto-thermal control?[Lunar 1, Mars1]
Can apractical EMU containment receptacle for emesis be developed? If a vomiting

a1n episode occurs, isthere away of refurbishing the suit during the mission? How can suit
life support systems be designed to be more resistant to vomiting episode? [I SS 1,
Lunar 1, Mars 1]

Related Risks: 1SS

Human Behavior & Performance and Space Human Factor s (Cognitive)

Mismatch between Crew Cognitive Capabilities and Task Demands

Advanced Environmental Monitoring & Control (AEMC) 2|
Monitor Air Quality =7 |

Monitor External Environment

Monitor Water Quality PERE B

Monitor Surfaces Food arid Soil

Provide I ntégrated Autonomous Control of Liife S.upport'glstems
Advanced Life Support (ALS) -

Provide and Recover Potable Water f

Space Human-Factor s Engineering

Mismatch b_etweéh Crew Physical Capabilities and Task Demands

Mis-assi Qnment of Responsibilities within Multi-agent Systems

Lunar :

Human Behavior & Performance and Space Human Factor s (Cognitive)

Mismatch between Crew Cognitive Capabilities and Task Demands

Advanced Environmental Monitoring & Control (AEM C)

Monitor Air Quality

Monitor Externa Environment

Monitor Water Quality

Monitor Surfaces Food and Soil

Provide Integrated Autonomous Control of Life Support Systems

Advanced Life Support (ALS)

Provide and Recover Potable Water

Space Human Factors Engineering

Mismatch between Crew Physical Capabilities and Task Demands

Mis-assignment of Responsibilities within Multi-agent Systems

Mars:

Human Behavior & Performance and Space Human Factor s (Cognitive)
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Mismatch between Crew Cognitive Capabilities and Task Demands
Advanced Environmental Monitoring & Control (AEMC)
Monitor Air Quality

Monitor External Environment

Monitor Water Quality

Monitor Surfaces Food and Soil

Provide Integrated Autonomous Control of Life Support Systems
Advanced Life Support (ALS)

Provide and Recover Potable Water

Space Human Factors Engineering

Mismatch between Crew Physical Capabilities and Task Demands
Mis-assignment of Responsibilities within Multi-agent Systems

:?”éfpe?gagés . Advanced Technology for Human Support in Space, Committee on Advanced Technology for
) Human Support in Space, Aeronautics and Space Engineering Board, National Research Council,
National Academy Press, Washington DC, 1997.
Risk Title: Maintain Food Quantity and-Quality
Theme: Advanced Human Support Technologies (AHST)! I '
Discipline: Advanced Food Technology (AFT) '
Risk Number : 42 .0 e

Risk Description :

If the food wstem isinadequate for the mission, then crew nutritional .requi rements may not be met
and crew health and performance will suffer.-An inadequate food system is one that is unsafe
provides food that fails'to meet'nutritional requirements or is unacceptable from a sensory standpoint.

Context/Risk Below standard food intakes'; Chemical or microbial contamination of food ; Crew psychological
Factors: and physialogieal changes;Elevated stress and boredom ; Inadequate food packaging ; Inadequate
food processing/preservation ; | nadequate quantity of food ; Inadequate shelf life ; Inadequate storage
conditions-and environmental control ; Inadequate variety ; Product formulation ; Undefined
nutritional requirements
RYG Risk ISS:  Yellow

Assessment : Considerable potentia for improvement in mitigation efficiency in afew aress.
Lunar: [l Green
Minimum or limited potential for improvement in mitigation efficiency
Mars: ] Red
Considerable potential for improvement in mitigation efficiency in many areas; proposed missions
may be infeasible without improvements.

Justification : ISS:
Food provides the crew with the required nutritional daily intake. In addition, food through its variety
and acceptability provides a psychosocial component by decreasing stress during amission. An
inadequate food supply will lead to unhealthy crewmembers hence resulting in a compromised
mission through reduced crew performance.
Lunar:
Food provides the crew with the required nutritional daily intake. In addition, food through its variety
and acceptability provides a psychosocial component by decreasing stress during amission. An
inadequate food supply will lead to unhealthy crewmembers hence resulting in a compromised
mission through reduced crew performance.
Mars:
Food provides the crew with the required nutritional daily intake. In addition, food through its variety
and acceptability provides a psychosocial component by decreasing stress during amission. An
inadequate food supply will lead to unhealthy crewmembers hence resulting in a compromised
mission through reduced crew performance.

Current ISS:

Countermeasures: | Hazard analysis critical control point processing ; Increased menu cycle ; Increased variety of menu
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items ; Menu developed based on daily nutritional requirements ; Testing and evaluation ; Vitamin D
supplementation

Lunar :

Hazard analysis critical control point processing ; Increased menu cycle ; Increased variety of menu
items ; Menu developed based on daily nutritional requirements ; Testing and evaluation ; Vitamin D
supplementation

Mars:

Hazard analysis critical control point processing ; Increased menu cycle ; Increased variety of menu
items ; Menu developed based on daily nutritional requirements ; Testing and evaluation ; Vitamin D
supplementation

Projected
Countermeasures:

ISS:

Assessment of food psychosocial importance ; Determine effects of radiation on food ; Development
of extended shelf life food through improved food preservation technologies ; Enhanced food system
with increased variety and acceptability ; Hazard analysis critical control point processing ; High
barrier and low mass food packaging materials ; Refined nutritional requirements

Lunar :

Assessment of food psychosocial importance ; Determine effects of radiation on food ; Development
of extended shelf life food through improved food preservation technologies ; Enhanced food system
with increased variety and acceptability ; Hazard analysis critical control point processing ; High
barrier and low mass food packaging materials ; Refined nutritional requirements

Mars:

Assessment of food psychosocial importance ; Determine effects of radiation on food ; Development
of extended shelf life food through improved food preservation technologies ; Enhanced food system
with increased variety and acceptability ; Hazard analysis critical control_peint processing ; High

Enabling Questions
[With Mission
Priority]:

barrier and low mass food packaging materials ; Refined nutritional-requirements

No. Ques'tion ;

42a What procedures (e.g., storage, processing, preparation, clean-up), such as HACCP,
need to be devel oped 1o assure a'safe food system? [¥SS 1/ Lunar 1, Mars 1]

42 What.arethe allowable limits of microbial and chemical contamination in the food?[I SS
L Lunar 1}Marsi}" ./ [} i- f

42c How does space radiation affect the functionality and nutritional content of the stored
Staple ingredients for food processing? [Lunar 1, Mars 1]

42d Wheat food processing technol ogies are required when using stored staple ingredients to
ensure afood-system that is nutritious, safe and acceptable? [Lunar 1, Mars 1]

| What food packaging materials will provide the physical and chemical attributes,
42e |including barrier properties, to protect the food from the outside environment and assure
the 3-5 year shelf life?[ISS 1, Lunar 1, Mars 1]

What food packaging material will be biodegradable, easily processed, or be lighter in
a0f  |mess than the current packaging and can still provide the physical and chemical

attributes including barrier properties to protect the food from the outside environment
and assure the 3-5 year shelf life?[ISS 1, Lunar 1, Mars 1]

42 What food preservation technologies will provide prepackaged food items with a shelf
9 |lifeof 3-5 years?[ISS 2, Lunar 2, Mars 2]

42h What are the impacts of reduced Gravity and atmospheric pressure on the food
processing activities? [Lunar 2, Mars 1]

40i What are the impacts of reduced Gravity and atmospheric pressure on the food
preparation activities? [ISS 3, Lunar 2, Mars 1]

What nutritional content and sensory attributes changes (including radiation induced
42 | effects) in the prepackaged food items will occur over the shelf life of the food?[1SS 2,
Lunar 2, Mars?2

What food system technology selection criteriawill be used to effectively reduce critica
42k | resources such as air, water, thermal, biomass and solid waste processing, during a
mission?[I1SS 2, Lunar 2, Mars 2]

42| What are the changes (taste, odor, etc.) that occur in crewmember's sensory perceptions
during space flight that would affect food acceptability?[ISS 3, Lunar 3, Mars 3]
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What are the physical and chemical requirements for each of the stored staple ingredient
42m |itemsto assure effective processing into acceptable, safe and nutritious food ingredients?
[Lunar 2, Mars 2]

a2n What level of acceptability in the food system is required to provide psychosocia well
being of the crew?[ISS 3, Lunar 3, Mars 2]

What level of variety (e.g., number of food items, length of menu cycle) in the food
420 |systemisrequired to provide psychosocia well being of the crew?[ISS 3, Lunar 3,
Mars 2]

What modeling techniques can be used to measure the subjective portions of the food
42p | system such as palatability, nutrition, psychological issues and variety? [I SS 3, Lunar 3,
Mars 2]

Related Risks:

ISS:

Immunology, Infection & Hematology

Allergies and Autoimmune Diseases

Muscle Alterations & Atrophy

Skeletal Muscle Atrophy Resulting in Reduced Strength and Endurance

Nutrition

Inadequate Nutritional Requirements

Human Behavior & Performance and Space Human Fact-ors'CCogniti\}é)

Human Performance Failure Due to Poor Psychasocial Adaptation

Mismatch between Crew Cognitive Capabilities and Task Demands |
Radiation Health ' Eaaf L]

. ! I
Carcinogenesis--

Acute and; Laté CI‘E\IS Rl §I<s

Other Degenerative Tissue Risks -
Acute Radiation Syndromes

Advanced-Environmental Monitoring & Control (AEMC)

Monitor Air Quality

Monitor External Environment

Monitor Water Quality

Monitor Surfaces Food and Soil

Provide Integrated Autonomous Control of Life Support Systems

Advanced Life Support (ALS)

Maintain Acceptable Atmosphere

Maintain Thermal Balance in Habitable Areas

Manage Waste

Provide and Maintain Bioregenerative Life Support Systems

Provide and Recover Potable Water

Space Human Factors Engineering

Mis-assignment of Responsibilities within Multi-agent Systems

Lunar :

Immunology, Infection & Hematology

Allergies and Autoimmune Diseases

Muscle Alterations & Atrophy
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Skeletal Muscle Atrophy Resulting in Reduced Strength and Endurance

Nutrition

Inadequate Nutritional Requirements

Human Behavior & Performance and Space Human Factor s (Cognitive)

Human Performance Failure Due to Poor Psychosocial Adaptation

Mismatch between Crew Cognitive Capabilities and Task Demands

Radiation Health

Carcinogenesis

Acute and Late CNS Risks

Other Degenerative Tissue Risks

Acute Radiation Syndromes

Advanced Environmental Monitoring & Control (AEM C)

Monitor Air Quality

Monitor Externa Environment

Monitor Water Quality

Monitor Surfaces Food and Soil

Provide Integrated Autonomous Control of Life Support Syst-ems_' 1
Advanced Life Support (ALS) '

Maintain Acceptable Atmosphere

Maintain Thermal-Balance in Habitable Areas
Manage Waste - ' ot e

Provide and Mai ntain B i'oregmerati ve'Life Stjpport Systems
Provide and Recover Potable Water =

Space Human Factor sEngineering

Mis-assignment of Responsibilities within Multi-agent Systems

Mars:

Immunology, | nfection & Hematology

Allergies and Autoimmune Diseases

Muscle Alterations & Atrophy

Skeletal Muscle Atrophy Resulting in Reduced Strength and Endurance

Nutrition

Inadequate Nutritional Requirements

Human Behavior & Performance and Space Human Factor s (Cognitive)

Human Performance Failure Due to Poor Psychosocial Adaptation

Mismatch between Crew Cognitive Capabilities and Task Demands

Radiation Health

Carcinogenesis

Acute and Late CNS Risks

Other Degenerative Tissue Risks

Acute Radiation Syndromes

Advanced Environmental Monitoring & Control (AEMC)

Monitor Air Quality
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Monitor External Environment

Monitor Water Quality

Monitor Surfaces Food and Soil

Provide Integrated Autonomous Control of Life Support Systems

Advanced Life Support (ALS)

Maintain Acceptable Atmosphere

Maintain Thermal Balance in Habitable Areas

Manage Waste

Provide and Maintain Bioregenerative Life Support Systems

Provide and Recover Potable Water

Space Human Factors Engineering

Mis-assignment of Responsibilities within Multi-agent Systems

Important

References:

Isolation NASA Experimentsin Closed-Environment Living Advanced Human Life Support
Enclosed System Volume 104SCIENCE AND TECHNOLOGY SERIES; A Supplement to
Advances in the Astronautical Sciences Edited by: Helen W. Lane, Richard L. Sauer, and Daniel
L. Feeback. Published for the American Astronautical Society by Univelt; Incorporated P.O. Box
28130, San Diego, California 92198 web: http://Isda.jsc. nasagov/books/grgund/chambers pdf.

web:%20%20http://Isda.jsc. nasagov/books/ground/chémbers pdf

Kerwin, J. and Seddon, R. (2002) Eatmgln Space FromanAstronautsPerspectlve Nutrition 18
(10):913 - 920 )

http://www,nebiznlm:nih. govlentrez/query fcgl 7cmd Retrieve& db=pubmed& dopt=Abstract&list_
uids=12361788 -

M Perchonok, S. French, B. Swango, \2 I_(Ioeri_s, D. Barta, M. Lawson, J. Joshi, Advanced Food
Technology Workshop Report'Volume I, NASA/CP-2003-212055, 2003.

M Perchonok;, S! French, B. SNanéo, V. Kloeris, D. Barta, M. Lawson, J. Joshi, Advanced Food
Technolagy Workshop Report Volume [1, NASA/CP-2003-212055, 2003.

NASA Jehnson Space Center. Nutritional Requirements for International Space Station Missions
Up To 360 Days. JSC-28038; 1996.

Perchonok, M. and Bourland, C. (2002). NASA food systems: past, present and future. Nutrition
18 (10):913- 920.

http://www.nchi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=12361787

Perchonok, M.H. (2002) "Shelf Life Considerations and Techniques', Food Product Devel opment
Based on Experience; Catherine Side, editor. lowa State University Press, pp. 59-74.

Safe Passage: Astronaut Care for Exploration Missions, Board on Health Sciences Policy, Institute
of Medicine, National Academy Press, Washington, DC, 2001

U. S. Food and Drug Administration. Hazard Analysis and Critical Control Point Principles and
Application Guidelines. http://www.cfsan.fda.gov/~comm/nacmcfp.html. August 1997.

http://www.cfsan.fda.gov/~comm/nacmcfp.html

U. S. Food and Drug Administration. Kinetics of Microbial Inactivation for Alternative Food
Processing Technologies. http://vm.cfsan.fda.gov/~comm/ift-toc.html. June 2000.

http://vm.cfsan.fda.gov/~comm/ift-toc.html

Risk Title: Maintain Acceptable Atmosphere

Theme:

Advanced Human Support Technologies (AHST)

Discipline:

Advanced Life Support (ALS)

JSC62577

B-103




Risk Number :

43

Risk Description :

Inability to control atmosphere concentration CO2, O2 and trace contaminants in habitable areas
(excessive airborne chemical pollutants e.g., formaldehyde, ethylene glycol, freon from leaks, fires,
etc.) including microbial contaminants (microbial degradation of biological wastes).

Context/Risk
Factors:

Complexity of systems and increase in the number of systems (e.g., additional solid waste
processing, plant growth, food processing, etc. for what?) ; Insensitivity of control system to
contaminants leading to toxic build ups due to a closed system ; Remoteness ; Severely constrained
resources (such as mass, power, volume, thermal, crew time)

RYG Risk
Assessment :

ISS: ] Green

Minimum or limited potential for improvement in mitigation efficiency

Lunar: Yellow

Considerable potential for improvement in mitigation efficiency in afew areas.

Mars: [l Red

Considerable potential for improvement in mitigation efficiency in many areas; proposed missions
may be infeasible without improvements.

Justification :

ISS:

Theinability to control and condition the atmosphere and maintain the makeup & composition, limits
the ability of the crew to perform basic functions and can present an immediate threat to the health,
life and success of crew and mission.

Lunar:

Theinability to control and condition the atmosphere and maintain the makeup-& composition, limits
the ability of the crew to perform basic functions and can present an immediate threat to the health,
life and success of crew and mission.No rapid return capablllty (days)

Mars:

The inability to control and condition the atmosphere ahd maintain the makeup & composition, limits
the ability of the crew to perform basic functions and can present an immediate threat to the health,
life and success of crew and mission::No rapld return capablllty (months).

Current
Countermeasures:

ISS:

Looking at petentially'more robust methgds of removmg CO2 and combining functions for air
management ; Regenerable Trace Contaminant Control System (TCCS) development (testing,
modeling) ; Reﬂjpply Technelogy, development to further close the air loop and increase carbon
dioxide reduction. Thlsmcl ud&st&tmg modeling and analysis

Lunar :

Development in-new sorbent technol ogy, application in CO2 Moisture Remova System (CMRS), an
open loopsystem ;-Limited resupply ; Model and analysis trade of technology ; Regenerable Trace
Contaminant Control System (TCCS)

Mars:

Analysis to identify projected contaminant sources from other systems ; Compressor technology
applicable also for ISRU ; Extremely limited resupply ; Looking at potentially more robust methods
of removing CO2 and combining functions for air management ; Regenerable Trace contaminant
control (testing, modeling) ; Technology development to further close the air loop and increase
carbon dioxide reduction. Thisincludes testing, modeling and analysis

Projected
Countermeasures:

ISS:

Regenerable TCCS ; Improved Carbon Dioxide Removal and Reduction System—[TRL 3, 4]

Lunar :

Bioregenerative Life Support ; ISRU ; Look to have better models identifying contaminant load ;
CMRS

Mars:

Bioregenerative Life Support ; ISRU ; Regenerable TCCS ; Improved Carbon Dioxide Removal and
Reduction System [TRL 3, 4]

Enabling Questions

[With Mission No. Question
Priority]: 43a What system will meet all the requirements for controlling atmospheric pressure, O2 and

CO2 partial pressure?[ISS 1, Lunar 1, Mars 1]

43b What method for recovering O2 from CO2 is most effective in an integrated ECL S?
[ISS2, Lunar 2, Mars?2]

43¢ What is the proper trace contaminant |oad and performance model to drive the design
and operation of atrace contaminant system?[1SS 2, Lunar 2, Mars 2]

43d What sensors are required to provide environmental data, monitor performance and
provide inputs to control systems (AEMC)?[ISS 2, Lunar 2, Mars 2]
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43e What monitoring and control system can provide semi-to-total autonomous control of
Life Support Systems (AEMC)?[ISS 2, Lunar 2, Mars 2]

43f How can microbes and candidate crop species be engineered to perform better and fulfill
multiple functions in a bioregenerative system? [Lunar 3, Mars 1]

43 What are the interfaces between the biological and physical chemical life support
9 subsystems for a specified mission? [Lunar 3, Mars 1]

43h Can viability and genetic integrity of the biological components be maintained for the
duration of different missions?[Lunar 3, Mars 2]

43 What are the effects of radiation on biological components of the life support system?
[Lunar 3, Mars1]

What research is required to validate design approaches for multiphase flow and
43j | particulate flowsfor air revitalization systemsin varying gravity environments? [L unar
TBD, Mars TBD]

Related Risks:

ISS:

Advanced Life Support (ALS)

Maintain Thermal Balancein Habitable Areas

Lunar :

Advanced Life Support (ALS) .
Maintain Thermal Balancein Habitable Areas [ 4 =
Mars: i .
Advanced L ife Support (ALS)™

Maintain Thermal-Balance in Habitable Areas

Important
References::

Designing for Human Presencein Space: ArrTntroduetion to Environmental Control and Life
Support Systems, NASA RP-1324,1994°  ~

I solation, NASA Experiments in-Closed-Environment Living, Advanced Human Life Support
Enclosed System Final/Report, Volume 104, Science And Technology Series, A Supplement to
Advances in the-/Astronautical Sciences, Edited by Helen W. Lane, Richard L. Sauer and Daniel L.
FeebackPublished for the American Astronautical Society by Univelt, Incorporated, P.O. Box
28130, San Diego, CA 92198. web: http://Isda.jsc.nasa.gov/books/ground/chambers.pdf

http://|sda.jsc.nasa.gov/books/ground/chambers.pdf
Space flight Life Support and Biospherics, Eckart, 1996

Risk Title: Maintain Thermal Balancein Habitable Areas

Theme:

Advanced Human Support Technologies (AHST)

Discipline:

Advanced Life Support (ALS)

Risk Number :

a4

Risk Description :

Inability to acquire, transport and reject waste heat from life support systems reliably and efficiently
with minimum power, mass and volume. Capability is crucial to enabling extended human
exploration of space.

Context/Risk L ocation on planetary surface ; Orientation of the vehicle during flight ; Orientation of vehicle and/or

Factors: habitat on planetary surface ; Planetary environment (temperature ranges & extremes, dust, seasonal
variations, etc.) ; Sources of heat from other elements of the mission ; Use or availability of local
planetary resources

Assessment :

Minimum or limited potential for improvement in mitigation efficiency

Lunar: Yellow
Considerable potential for improvement in mitigation efficiency in afew areas.

Mars: [l Red
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Considerable potential for improvement in mitigation efficiency in many areas; proposed missions
may be infeasible without improvements.

Justification :

ISS:

Humans cannot live and work on Mars without a thermally controlled environment.
Lunar:

Humans cannot live and work on Mars without a thermally controlled environment.
Mars:

Humans cannot live and work on Mars without a thermally controlled environment.

Current
Countermeasures:

ISS:

Thermal control systems have been a mandatory system on every space vehicle that has ever flown
Lunar :

Thermal control systems have been a mandatory system on every space vehicle that has ever flown
Mars:

Thermal control systems have been a mandatory system on every space vehicle that has ever flown

Projected
Countermeasures:

ISS:

Several advances are underway to improve the reliability and life, or decrease the mass, volume, or
power required for thermal control system hardware. [TRL 3-6]

Lunar :

Several advances are underway to improve the reliability and life, or decrease the mass, volume, or
power required for thermal control system hardware. [TRL 3-6]

Mars:

Several advances are underway to improve the reliability and life, or decrease the mass, volume, or
power required for thermal control system hardware. [TRL 3-6] i

Enabling Questions

[With Mission No. Question J [ bes
Priority]: 44a What hest transport fluids meet theTeqw rementsfor spe(:|f|ed missions? [1SS 1, Lunar
1, Mars1] ]
445 What materials| and dw gns WI|| meet the heat ach|S|t|on (cold plates, heat exchangers,
cooling ]ackets etc.) reqw rements for specmepl missions? [ISS1, Lunar 1, Mars1]
a4c What materials and designs will meet the heat transport (pumps, two-phase loops, heat
pumps etc.) requi rementsfor specn‘led missions?[ISS 1, Lunar 1, Mars1]
a4d What materials and dea gns will meet the heat rejection (radiators, sublimators,
evaparators, etc.) requirements for specified missions? [ISS 1, Lunar 1, Mars 1]
Me What materials and designs will meet the humidity control requirement requirements for
i} specified missions?[ISS 1, Lunar 1, Mars 1]
a4f What thermal system sensors will meet the requirements to provide monitoring and data
collection for specified missions? [ISS 2, Lunar 2, Mars 2]
a4 What monitoring and control system hardware and design will meet the requirements for
9 specified missions? (AEMC) [ISS 2, Lunar 2, Mars 2]
Related Risks:
| mportant Advanced Technology of Human Support i Commi Advanced Technology f
References: vanced Technology of Human Support in Space, Committee on Advanced Technology for

Human Support in Space, Aeronautics and Space Engineering Board, National Research Council,
National Academy Press, Washington DC, 1997

Designing for Human Presence in Space: An Introduction to Environmental Control and Life
Support Systems, NASA RP-1234, 1994

Isolation, NASA Experiments in Closed-Environment Living, Advanced Human Life Support
Enclosed System Final Report, Volume 104, Science And Technology Series, A Supplement to
Advances in the Astronautical Sciences, Edited by Helen W. Lane, Richard L. Sauer and Daniel L.
Feeback. Published for the American Astronautical Society by Univelt, Incorporated, P.O. Box
28130, San Diego, CA 92198. web: http://Isda.jsc.nasa.gov/books/ground/chambers. pdf

http://| sda.jsc.nasa.gov/books/ground/chambers.pdf

Space flight Life Support and Biospherics, Eckart, 1996
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Theme:

Advanced Human Support Technologies (AHST)

Discipline:

Advanced Life Support (ALS)

Risk Number :

45

Risk Description :

Inability to adequately process solid wastes reliably with minimum power, mass, volume and
consumabl es can harm to crew health and safety. |nadequate waste management can also lead to
contamination of planetary surfaces or significant increases in mission costs in terms of system mass,
power, volume and consumabl es.

Context/Risk
Factors:

Crew health/susceptibility to degree of system closure, mission duration, microgravity environment ;
Failure of other systems such as diminished or failed power supply ; Remoteness

RYG Risk
Assessment :

ISS: ] Green

Minimum or limited potential for improvement in mitigation efficiency

Lunar: Yellow

Considerable potential for improvement in mitigation efficiency in afew aress.

Mars: ] Red

Considerable potential for improvement in mitigation efficiency in many areas; proposed missions
may be infeasi ble without improvements.

Justification :

ISS:

I nadequate waste management can lead to harm to crew health and safety including reduced
performance, sickness and death. Inadequate waste management can also lead to contamination of
planetary surfaces or significant increases in mission costs in terms of system-mass, power, volume
and consumables.

Lunar:

I nadequate waste management can lead to harm to crew, health and sﬁ-ety mcl uding reduced
performance, sickness and death. Inadequate waste management can also lead to contamination of
planetary surfaces or SIgnlflcant increases |n 'mission costsin terms of isystem mass, power, volume
and consumabl es. 1

Mars:

Inadequate wastehanagement can lead to harm to crew health and safety including reduced
performance, sickness and death:’ Inadequate Waste management can also lead to contamination of
planetary surfages or significant i increases in m+$| on costs in terms of system mass, power, volume
and consumables. | | - !

Current
Countermeasures:

ISS:

Adsorbents are used for odor control Crew manually compacts waste and/or stores waste in bags ;
Feces is mechanically compacted ; Waste i returned in the Shuttle for disposal or returned in
logistics modules to be destroyed on entry

Lunar :

Adsorbents are used for odor control ; Crew manually compacts waste and/or stores waste in bags ;
Feces is mechanically compacted ; Return of waste is unlikely and overboard disposal is not
currently developed as an option for aLunar or Mars mission. Other countermeasures are not
currently devel oped

Mars:

Adsorbents are used for odor control ; Crew manually compacts waste and/or stores waste in bags ;
Feces is mechanically compacted ; Return of waste is unlikely and overboard disposal is not
currently developed as an option for aLunar or Mars mission. Other countermeasures are not
currently devel oped

Projected
Countermeasures:

ISS:

Current practice though less than optimum may be adequate for the life of 1SS

Lunar :

Provide a system for adequately collecting waste . ; Provide a system for adequately transporting
waste ; Provide a system for processing waste for storage , resource recovery or disposal of trash
generated (including clothing) throughout the mission, reliably and efficiently with minimum power,
mass and volume.

Mars:

Provide a system for adequately collecting waste . ; Provide a system for adequately transporting
waste ; Provide a system for processing waste for storage , resource recovery or disposal of trash
generated (including clothing) throughout the mission, reliably and efficiently with minimum power,
mass and volume.

Enabling Questions

[With Mission No. Question

Priority]: 45a What system will meet the storage and/or disposal requirements for specified missions?
[ISS1, Lunar 1, Mars 1]
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45b What system will meet requirements for processing wastes to recover resources for
specified missions?[ISS 1, Lunar 1, Mars 1]

45¢ What waste management will handle complex waste streams such as packaging, paper,
etc. in order to meet mission requirements? [ISS 2, Lunar 2, Mars 2]

454 What waste management will handle medical wastes such as blood, tissues and syringes
etc. in order to meet mission requirements? [Lunar 2, Mars 2]

What system will separate wastes (inedible plant biomass, trash and/or paper, feces, etc.)
45e |in order to meet compatibility mission requirements for waste management? [I SS 1,
Lunar 1, Mars 1]

45 What system will meet the requirements for managing residuals for planetary protection?
[Lunar 2, Mars2]

45 How can microbes and candidate crop species be engineered to perform better and fulfill
9 | multi ple functionsin a bioregenerative system? [Lunar 3, Mars1]

45h What are the interfaces between the biological and physical chemical life support
subsystems for a specified mission? [Lunar 3, Mars 1]

45i Can viability and genetic integrity of the biological components be maintained for the
duration of different missions? [Lunar 3, Mars 2]

45j How do partial and microgravity affect biological waste processing? [Lunar 3, Mars1]

45Kk What are the effects of radiation on biological components of thelife support system?
[Lunar 3, Mars1]

451 What sensors are required to monitor performance and pr0\hde mputs to control systems
(AEMC)?[ISS 2, Lunar 2, Mars2] .

What monitoring and-control system can provide semi to total ‘autonomous control to
45m | relieve the crew of monitoring and control functionsto the extent possible (AEMC)?
[1SS2; Lunar2 MarsZ] | I

45n Couldany of the solid waste be recycled |n such away to provrde building material for
habltablhty featuras needed in subsequent phases of the mission? [Lunar 3, Mars 3]

What researchis requl red tovalidate design approaches for multiphase flows for solid
450 | waste management and resource recovery in varying gravity environments. [L unar
TBD, Mars TBD]

450 What resources are required to manage waste disposal as an environmental risk during
P long and remote missions (from EH)? [ISSTBD, Lunar TBD, Mars TBD]

Related Risks:
| mportant Advanced Technology of Human Support Commi Advanced Technology f
References: vanced Technology of Human Support in Space, Committee on Advanced Technology for
Human Support in Space, Aeronautics and Space Engineering Board, National Research Council,
National Academy Press, Washington DC, 1997
Designing for Human Presence in Space: An Introduction to Environmental Control and Life
Support Systems, NASA RP-1324, 1994
Isolation, NASA Experiments in Closed-Environment Living, Advanced Human Life Support
Enclosed System Final Report, VVolume 104, Science And Technology Series, A Supplement to
Advances in the Astronautical Sciences, Edited by Helen W. Lane, Richard L. Sauer and Daniel L.
Feeback. Published for the American Astronautical Society by Univelt, Incorporated, P.O. Box
28130, San Diego, CA 92198. web: http://Isda.jsc.nasa.gov/books/ground/chambers. pdf
http://| sda.jsc.nasa.gov/books/ground/chambers.pdf
Space flight Life Support and Biospherics, Eckart, 1996
Risk Title: Provide and Maintain Bioregenerative Life Support Systems
Theme: Advanced Human Support Technologies (AHST)
Discipline: Advanced Life Support (ALS)
Risk Number : 46
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Risk Description :

Inability (with minimal or no re-supply) to provide adequate fresh food products, assimilate carbon
dioxide, produce oxygen and recycle solid and liquid wastes at the levels of performance required for
a specified mission due to lack of bio-regenerative subsystems integrated with other physical and
chemical life support systems.

Context/Risk Effect of radiation on plants ; For some scenarios, reduced atmospheric pressure ; For some
Factors: scenarios, reduced sunlight ; Limited availability of water ; Limits on power availability for artificial
lighting ; Reduced gravity ; Remoteness
Assessment : Minimum or limited potentia for improvement in mitigation efficiency
Lunar: Yellow
Considerable potentia for improvement in mitigation efficiency in afew areas.
Mars: ] Red
Considerable potential for improvement in mitigation efficiency in many areas; proposed missions
may be infeasible without improvements.
Justification : ISS:
Risk to mission success relatively low. Resupply lineis short and resources limited for
bioregenerative systems. Possible decrease in crew performance without biological systems.
Lunar:
Necessary to sustain long-term habitats on Lunar surface due to distance required for resupply.
Mars:
Risk to mission successis high. Very high life support requirement masses necessary for Martian
habitat. Bioregenerative systems only means of producing food and primary-eoritributor for CO2
removal, O2 production and H20 purification and achieving high degree of autonomy
Current ISS:
Countermeasures: | Development of Vegetable Production Unit ; Fresh fruit and vegetables i ncI uded on current resupply
missionsto ISS ; Screen acceptable cultrvarsfor Space systems-1
Lunar : i
Closed system testing (BPC) to |dent|fy aréa requrrement forfood water; O2. Screen / develop
acceptable cultivars ;-Development of V egetable Production Unit for! luse'with partial Gravity ;
Telescience and robotrc management‘of cropping systems
Mars:
Atmospheric prmre Irmrtatrons to productron being determined ; Conduct long-duration tests to
assess reliability ; Develop surface deployable systems ; Materials for Martian greenhouse being
evauated ; M ixed cropping systemsfor continuous production under long-duration missions being
tested ; Screen'/ devel op-acceptable cultivars ; VPU for salad crop production during transit
Projected ISS:
Countermeasures: |Provide Vegetable Production Unit for ISS
Lunar :

Mixed cropping systems for continuous production evaluated ; Scale gravity based salad production
module to meet all water and partial O2 and food reguirements for surface mission

Mars:

Integrated Bioregenerative / PC test bed ; Low pressure Martian greenhouse ; Scale system to meet
al 02, CO2 requirements for surface habitat and meet partial food requirements

Enabling Questions

[With Mission No. Question
Priority]: What are the optimal methods of plant growth for a specified mission, including

46a development of appropriate hardware, management of light, water, nutrients, gas
composition and pressure, trace contaminants, horticultural procedures and disease
risks?[ISS2, Lunar 2, Mars 1]

46b How can microbes and candidate crop species be engineered to perform better and fulfill
multiple functions in a bioregenerative system? [Lunar 3, Mars 1]

46¢ What mechanized or automated systems are required for planting and harvesting crops
and monitoring and control for a specified mission? [Lunar 3, Mars 2]

46d Can viahility and genetic integrity of the biological components be maintained for the
duration of different missions?[Lunar 3, Mars 2]

460 What are the interfaces between the biological and physical chemical life support
subsystems for a specified mission? [Lunar 3, Mars 1]

46f | How do partial and microgravity affect plant growth and crop yield? [Lunar 3, Mars 1]
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46 What are the effects of radiation on biological components of the life support system?
9 [Lunar 3, Mars1]

46h What percentage of crew food needs should be attributed to AL S plant products for
specified missions? [Lunar 3, Mars 2]

461 What capabilities and associated hardware are required for processing and storing plant
products for a specified mission? [Lunar 3, Mars 2]

46i Can the plant production rates and AL S functions be sustained for the duration of the
| | mission? [Lunar 3, Mars1]

46K Can plant yields and AL S functions measured during low TRL (fundamental) testing be
scaled up for large bioregenerative systems? [Lunar 3, Mars1]

What sensors and monitoring systems will be required to measure environmental
46l | conditions and crop growth parameters and health for a specified mission (AEMC)?[1SS
3, Lunar 3, Mars?]

What control system hardware and software technologies will be required to monitor and

46m control crop systems for a specified mission (AEMC)?[ISS 3, Lunar 3, Mars 2]

Related Risks:

Important
References:

Advanced Technology of Human Support in Space, Committee on Advanced Technology for
Human Support in Space, Aeronautics and Space Engineering Board, National] Research Council,
National Academy Press, Washington DC, 1997.

Designing for Human Presence in Space: An Introduc'uon to Enwronmental Control and Life
Support Systems, NASA RP-1324, 1994

Isolation, NASA Experimentsin Cl O%d—E_nvi ronment Living, Advanced Human Life Support
Enclosed System Final Repert; Volume 104, Science/And Technology Series, A Supplement to
Advances in the Astronautical Sciences, Edited by Helen W. Lane, Richard L. Sauer and Daniel L.
Feeback. Published for the American Astronalitical Society by Univelt, Incorporated, P.O. Box
28130, San Diego, CA 92198. web: http://lsda.jsc.nasa.gov/books/ground/chambers.pdf

http://Isdalj sc.hasa;.gO\'}/t.)ooks'/grOLjnd/chambers.bdf

Space flight Life'Support and Biospherics, Eckart, 1996

Wheeler, R.M. and C. Martin-Brennan. 2000. Martian greenhouses: Concept and Challenges.
Proceedingsfrom a 1999 Workshop. NASA Tech. Memorandum 208577.

Wheeler, R.M., C.L. Mackowiak, G.S. Stutte, N.C. Yorio, L.M. Ruffe, J.C. Sager, R.P. Prince,
B.V. Peterson, G.D. Goins, W.L. Berry, C.R. Hinkle and W.M. Knott. 2003. Crop production for
Advanced Life Support Systems. Observations from the Kennedy Space Center Breadboard
Project. NASA Tech. Mem. 2003-211184. (58 pages).

Wheeler, R.M., G.W. Stutte, G.V. Subbarao and N.C. Y orio. 2001. Plant growth and human life
support for space travel. In: M. Pessarakli (ed.), 2nd Edition. Handbook of Plant and Crop
Physiology. pp. 925-941. Marcel Dekker Inc., NY

Risk Title: Provide and Recover Potable Water

Theme:

Advanced Human Support Technologies (AHST)

Discipline:

Advanced Life Support (ALS)

Risk Number :

47

Risk Description :

If thereis an inability to provide and recover potable water from human-generated wastewaters, then
a potable water shortage may exist. Lack of potable water isarisk to crew health.

Eg&toerxst/.R'Sk Crew health/susceptibility to degree of system closure ; Remoteness
EYG Ri?aknt- ISS: ] Green
ssessment - Minimum or limited potential for improvement in mitigation efficiency
Lunar: Yellow
Considerable potential for improvement in mitigation efficiency in afew areas.
Mars: [l Red
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Considerable potential for improvement in mitigation efficiency in many areas; proposed missions
may be infeasible without improvements.

Justification :

ISS:

Lack of potable water is a health risk.

Lunar:

Lack of potable water is a health risk. Lack of immediate resupply and increased reliance on water
recovery systems compounds risk.

Mars:

Lack of potable water is a health risk. Lack of resupply and increased reliance on water recovery
systems greatly compounds risk.

Current
Countermeasures:

ISS:

Resupply possible ; Stored potable water ; Water recovery system performance monitored
Lunar :

Minimal stored potable water ; Water recovery system performance monitored

Mars:

Minimal stored potable water ; Water recovery system performance monitored

Projected
Countermeasures:

ISS:

Possibility of in situ resource utilization (cannot assign TRL until presence of water is confirmed) ;
Biological systems; Redundant systems

Lunar :

Possihility of in situ resource utilization (cannot assign TRL until presence of water is confirmed) ;
Biologica systems ; Redundant systems )

Mars: ]

Possibility of in situ resource utilization (cannot assugn TRL until- pr&ence of water is confirmed) ;

Enabling Questions

Biological systems ; Redundant systems 2

[With Mission No. | Question_.
Priority]: 47a What system meets aﬂ reqw rements for supplying potablewater needs?[I1SS 1, Lunar
1, Mars1] y
47 What mechamsms te-collect and transport wastewater meet the mission requirements?
[I1SS1, Lunar|1, Marsl]
What methods for the removal of organ|c inorganic and microbial contaminantsin
47c | wastewater’ meet all mission requirements for efficiency and reliability? [I SS 1, Lunar
1, Mars1]
47d What method to store and maintain portability of recycled water meets all requirements
| for specified missions?[ISS 1, Lunar 1, Mars 1]
47e What sensors are required to provide water quality parameters, monitor performance and
provide inputsto a control system (AEMC)?[ISS 2, Lunar 2, Mars 2]
a7t What control system meets all mission requirements (AEMC)?[ISS 2, Lunar 2, Mars
2]
a7 How can microbes be engineered to perform better and fulfill multiple functionsin a
9 |pi oregenerative system? [Lunar 3, Mars1]
47h What are the interfaces between the biological and physical chemical life support
subsystems for a specified mission? [Lunar 3, Mars 1]
a7 Can viahility and genetic integrity of the biological components be maintained for the
duration of different missions?[Lunar 3, Mars 2]
47j How do partial and microgravity affect biological water processing? [Lunar 3, Mars 1]
47K What are the effects of radiation on biological components of the life support system?
[Lunar 3, Mars1]
47| What research is required to validate design approaches for multiphase flows for Water
recovery systemsin varying gravity environments?[1SS 1, Lunar 1, Mars 2]
Related Risks:
:?”éfpe?gagés . Advanced Technology of Human Support in Space, Committee on Advanced Technology for
' Human Support in Space, Aeronautics and Space Engineering Board, National Research Council,
National Academy Press, Washington DC, 1997
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Designing for Human Presence in Space: An Introduction to Environmental Control and Life
Support Systems, NASA RP-1234, 1994

Isolation, NASA Experimentsin Closed-Environment Living, Advanced Human Life Support
Enclosed System Final Report, Volume 104, Science And Technology Series, A Supplement to
Advances in the Astronautical Sciences, Edited by Helen W. Lane, Richard L. Sauer and Daniel L.
Feeback. Published for the American Astronautical Society by Univelt, Incorporated, P.O. Box
28130, San Diego, CA 92198. web: http://Isda.jsc.nasa.gov/books/ground/chambers.pdf

http://|sda.jsc.nasa.gov/books/ground/chambers.pdf
Space flight Life Support and Biospherics, Eckart, 1996

Risk Title: Inadequate Mission Resour ces for the Human System

Theme: Advanced Human Support Technologies (AHST)
Discipline: Cross Discipline
Risk Number : 48

Risk Description :

Lack of low mass, low power, low consumable, highly reliable, low maintenance solutions to human
support systems can lead to excessive mission Costs.

Context/Risk
Factors:

RYG Risk
Assessment :

ISS: Yellow

Considerable potential for improvement in m|t|gat|on effici ency rn afew aress.

Lunar: [ Red

Considerable potential for improvement in mltlgatl on efficit ency in many areas, proposed missions
may be infeasible without |mprovements

Mars: ] Red ]

Considerable potent|a| for |mpr0vement in mmgatlon'effla ency in many areas, proposed missions
may beinfeasi bl e WIthOut i mprovements

Justification :

I SS ) | .I 4

Human support and monitoring equi pment must be sufficiently low in mass and power requirements
to be affordableto launch. Reagents and other system consumables needs must be low and
nonhazardous. Crew training and maintenance must be low, or the human support technology will
not be used properly, increasing the risks. Anecdotal evidence suggests that crew training may be
behind the difficulties in water sampling and analysis—some are able to figure out how to remove
bubbles; others are not.

Lunar:

Human support equipment must be sufficiently low in mass and power requirements to be affordable
to launch. Reagent and other consumable needs must be low and nonhazardous. Crew training and
maintenance must be low, or the technology may not be used properly. Analytical capability must be
provided in situ, because samples can’t be returned to Earth readily

Mars:

Human support equipment must be sufficiently low in mass and power requirements to be affordable
to launch. Reagent and other consumable needs must be low and nonhazardous. Crew training and
maintenance must be low, or the technology may not be used properly. Analytical capability must be
provided in situ, because samples can't be returned to Earth .

Current

Countermeasures:

ISS:

The Electronic Noseis an attempt to develop arugged, small, reagentless easy to use monitor, which
isintended to be useful without trying to duplicate the capabilities of alaboratory analytical bench
instrument

Lunar :

The Electronic Noseis an attempt to develop arugged, small, reagentless easy to use monitor, which
isintended to be useful without trying to duplicate the capabilities of alaboratory analytical bench
instrument

Mars:

The Electronic Noseis an attempt to develop arugged, small, reagentless easy to use monitor, which
isintended to be useful without trying to duplicate the capabilities of alaboratory analytical bench
instrument

Projected

Countermeasures:

ISS:
Med checklist ; Second Generation Electronic Nose Sabatier ; VPCAR
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Lunar :

Med checklist ; Second Generation Electronic Nose Sabatier ; VPCAR
Mars:

Med checklist ; Second Generation Electronic Nose Sabatier ; VPCAR

Enabling Questions ;
[With Mission No. Question
Priority]: 48a What technol ogies can meet expected mission requirements for both monitoring and
efficiency?[ISS 1, Lunar 1, Mars 1]
48b How isthe total mass of the EVA system reduced significantly (portable life support
system and the pressure garment)? [ISS 2, Lunar 2, Mars 2]
What is the best method for minimizing space suits consumabl es through advanced
48c | subsystems designs (thermal control, CO2 removal, humidity control, trace
contaminants)? [ISS 2, Lunar 2, Mars 2]
48d How do we increase reliability and maintainability of space suits? [ISS 1, Lunar 1,
Mars1]
What levels of hardware, software and operations commonality are desirable and
48e |feasibleto enhance likelihood of mission success and reduce mission mass, risk and
cost?[ISS 2, Lunar 2, Mars 2]
agf  |Howcan the effectiveness, efficiency and safety of integrated human systemsin space
missions be measured and analyzed (Supports SHFE)?[1SS 1, Lunar 1, Mars 1]
What food system technology selection criteriawill be usedto éffecnvely reduce critical
489 |resources such asair, water, thermal, bi omass and-solid Waste processing, during a
mission?[1SS 2, Lunar 2, MarsZ] i A L
Related Risks: i
| mportant Advanced Technology fof H National Research Coundil Report, 1997,
References - vanced Technology or Human Support in Space, National Research/Council Report,
Downloadable fromhttp //peerl nasaprs com/peer | review/prog/nap! pdf
http: //peerl na&aprscornfpeer re\new/prog/nap paf
AEMC Technol ogy Devel opment Reqw rements (1998) downloadable from
http://peerl. na%prscor]ﬂpeer review/prog/prog.html
http://peerl.nasaprs.com/peer_review/prog/prog.htm
Risk Title: Mismatch between Crew Physical Capabilitiesand Task Demands
Theme: Advanced Human Support Technologies (AHST)
Discipline: Space Human Factors Engineering
Risk Number : 49

Risk Description :

Human performance failure due to habitats, work environments, workplaces, equipment, protective
clothing, tools and tasks, not designed to accommodate human physical limitations, including
changes in crew capabilities resulting from mission and task duration factors, leading to loss of
mission, crew injury or illness or reduced effectiveness or efficiency in nominal or predictable
emergency situations.

Context/Risk Design constraints ; Gravitational loads ; Human physical performance capability deteriorates with

Factors: lack of stimulation (such as gravity and practice), under adverse physical contexts (stabilization,
restrictive clothing, thermal stress etc.) and under task stress conditions that lead to fatigue, sleep loss
etc ; Lack of exercise and specific training countermeasures ; Temporal factors

RYG Risk 1SS: ] Green

Assessment : Minimum or limited potential for improvement in mitigation efficiency
Lunar: Yellow
Considerable potential for improvement in mitigation efficiency in afew areas.
Mars: [l Red
Considerable potential for improvement in mitigation efficiency in many areas; proposed missions
may be infeasible without improvements.

Justification : ISS:
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Crew accommodations are designed based primarily on volume and mass considerations. Anecdotal
information from crew reports and extrapolations from physiological studiesis available on impacts
of habitats, work environments, workplaces, equipment, protective clothing, tools and tasks on
human performance in space contexts. There is inadeguate data on physical performance changesin
strength, stamina and motor skill as functions of time in micro-g. Returning crewmembers usually
exhibit substantial physical and motor deficits.

Lunar:

Very limited anecdotal information is available on impacts of habitats, work environments,
workplaces, equipment, protective clothing, tools and tasks on human performancein lunar contexts.
There isinadequate data on physical performance changesin strength, stamina and motor skill as
functions of time in reduced G and while wearing protective clothing.

Mars:

No information is available on impacts of habitats, work environments, workplaces, equipment,
protective clothing, tools and tasks on human performance in long-duration space contexts. Thereis
minimal data on physical performance changes in strength, stamina and motor skill as functions of
timein reduced-g.

Current ISS:
Countermeasures: | Appropriate mission design ; Crew ‘resiliency ; Crew training
Lunar :
Appropriate mission design ; Crew ‘resiliency ; Crew training
Mars:
Appropriate mission design ; Crew ‘resiliency ; Crew training
Projected ISS:
Countermeasures: | Measurement, analysis, modeling and design tools for optimizing envwonment habltat workplace,

equipment, protective clothing and task design. ; Toolsfor analy2| ng physcal tasks to determine
allocations of functions between humans and machi nes. -

Lunar : ]

Measurement, analysis, modeling and design toolsfor optimizing environment , habitat, workplace,
equipment, protective clothing.and task design, ; Toolsfor analyzing physical tasks to determine
allocations of functi ons between humans and machl nes.

Mars:

M easurement, analyss, modelmg and design tools for opt| mizing envi ronment habitat, workplace,
equipment, protective clothing and task design::; Toolsfor analyzing physica tasks to determine
alocations of functions between humans and machines.

Enabling Questions

[With Mission No. [ Question
Priority]: 49a What are the effects of microgravity, 1/6-gravity, or 1/3-gravity on requirements for
i habitable volume and architecture?[ISS 2, Lunar 2, Mars 2]
490 What designs of workspace, equipment, tool and clothing will accommodate differences
in crew anthropometry? [ISS 2, Lunar 2, Mars 2]
49¢ What are the effects of duration of exposure to microgravity, 1/6-gravity, 1/3-gravity on
human physical performance? [ISS 1, Lunar 1, Mars 1]
What tools, equipment and procedures will enable crew physical performance to
49d | accommodate the effects of exposure to different gravity levels? [ISS 2, Lunar 2, Mars
2]
49 How can crewmembers and ground support personnel detect and compensate for
decreased physical readiness to perform during amission?[I1SS 2, Lunar 3, Mars 3]
49f What scheduling constraints are required to reduce the risk of human performance
failure due to physical fatigue to an acceptable probability? [ISS 2, Lunar 2, Mars 2]
49 What principles of task design and function allocation will result in operations concepts
9 | that meet crew performance requirements for the mission? [ISS 2, Lunar 2, Mars 2]
49h What limitations are required on physical workload to enable crewmembers to complete
physical tasks with an acceptable probability? [ISS 1, Lunar 1, Mars 1]
49 What crew size, composition and task allocations are required to accomplish the design
reference missions?[ISS 1, Lunar 1, Mars 1]
What design considerations are needed to accommodate effects of changesin gravity,
49  lincluding launch, reentry, lunar landing, lunar launch, Mars landing, Mars launch, and
Earth return?[ISS 1, Lunar 1, Mars 1]
Related Risks:
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L{rr;fpe?gqagé_ An Ergonomics Case Study: Manual Material Handling in Microgravity. M. Whitmore & T. D.
' McKay. Advancesin Industrial Ergonomics and Safety VI. London: Taylor & Francis. 1994.
Ergonomic Evaluation of a Spacelab Glovebox. M. Whitmore, T. D. McKay, & F. E. Mount.
International Journal of Industrial Ergonomics, 16, pp. 155-164. 1995.
Human Space flight: Mission Analysis and Design, eds. W.J. Larson, L.K. Pranke. McGraw Hill
Space Technology Series. 1999.
Set Phasers on Stun, S. Casey, Agean Publishing, 1993.
Thornton, W.E. and Rummel, JA. (1977). "Muscular Deconditioning and its Prevention in Space
flight,” Biomedical Results from Skylab, pp. 175-182, NASA SP-377.
Webb Associates, (1978), Anthropometric Source Book, Vol. I. Anthropometry for Designers, pp.
1-76, NASA RP 1024
West, J. B. (2000). Physiology in microgravity. Journal of Applied Physiology, 89(1): 379-384.
http://www.nchi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=10904075
Risk Title: Mis-assignment of Responsibilitieswithin Multi-agent Systems

Theme: Advanced Human Support Technologies (AHST)

Discipline: Space Human Factors Engineering .

Risk Number : 50 [ 4 =

Risk Description :

If multi-agent systems, including ground support, crewmembers.and intelligent devices are designed
and assigned functions and responsibilities without due regard to human capabilities and limitations,
mission degradation or failure WI|| result. Varlous combinations of agents are required to accomplish
mission objectlves =1

Context/Risk
Factors:

Lag times of 20 minutes, or communications bl ackouf can remove one potentlal agent (Mission
Control) ; Risk of failure to successfully perform multi- -agent tasks increases with time since training,
and with decremenfsm communications ; Very‘fong crew return times requiring a‘ stand and fight’
response to any malfunction on the lunar-or Mars surface increases the likelihood and severity of
consequences of failure to complete tasks due to inadequate task design and planning

RYG Risk
Assessment :

ISS:  Yellow

Considerable potential for improvement in mitigation efficiency in afew areas.

Lunar: Yellow

Considerable potential for improvement in mitigation efficiency in afew aress.

Mars: ] Red

Considerable potential for improvement in mitigation efficiency in many areas; proposed missions
may be infeasible without improvements.

Justification :

ISS:

Inadequate design of human-automation systemsis known to leads to human error, based on analysis
of incidents in the nuclear power industry and commercia aviation. (Ev. Level 3) “Maode error” has
resulted in fatal accidentsin commercial aviation. (Ev Level 2) At least two critical collisions
between ISS and SRM S have been avoided only by real-time monitoring and intervention by MCC.
(Level 4)

Lunar:

Inadequate design of human-automation systemsis known to leads to human error, based on analysis
of incidents in the nuclear power industry and commercia aviation. (Ev. Level 3) “Maode error” has
resulted in fatal accidentsin commercial aviation. (Ev Level 2) At least two critical collisions
between ISS and SRM S have been avoided only by real-time monitoring and intervention by MCC.
(Level 4)

Mars:

Inadequate design of human-automation systemsis known to leads to human error, based on analysis
of incidents in the nuclear power industry and commercia aviation. (Ev. Level 3) “Maode error” has
resulted in fatal accidentsin commercial aviation. (Ev Level 2) At least two critical collisions
between ISS and SRM S have been avoided only by real-time monitoring and intervention by MCC.
(Level 4)

Current

Countermeasures:

ISS:
None
Lunar :
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None

Mars:
None
Projected ISS:
Countermeasures: | Reliability measures and data for human performance ; Reguirements for use of automated systems

and for human-centered system design ; Tools for analyzing task requirements

Lunar :

Reliability measures and data for human performance ; Requirements for use of automated systems
and for human-centered system design ; Tools for analyzing task requirements

Mars:

Reliability measures and data for human performance ; Requirements for use of automated systems
and for human-centered system design ; Tools for analyzing task requirements

Enabling Questions

[With Mission No. Question
Priority]: 50a What crew size and composition is required to accomplish the design reference mission
(Shared - Integrated Testing supports)?[ISS 2, Lunar 1, Mars 1]
What principles and algorithms for allocating tasks to human crewmembers, ground
50b | support and onboard automated systems will reduce the probability of significant errors
(Shared - Integrated Testing supports)?[ISS 1, Lunar 1, Mars 1]
50c What automated tools and equipment are required to enable the crewmembers to
accomplish the mission?[ISS 2, Lunar 2, Mars 2]
How do crew size, communications restrictions, crew skills; sch'eduling constraints and
50d |design reference mission task requirements affect the reqw rements for automation? [I SS
1, Lunar 1, Mars1] 3 b=l
What combinations of crew, ground and on- board automatron capabilitieswill increase
50e |thelikelihood of asuccelsful mlsaon (Shared - Integrated |Testing supports)?[1SS 1,
Lunar 1, Marsd]*
50f What training and operatr onal readl ness assurance processes and implementations will
increase likelinood-of missiop success?[I 8S 2, Lunar 2, Mars 2]
50 What prl nci ples of task asagnment workl0ad and automation need to be devel oped to
9 facrlltate crrtlcal team performance?[ISS 2, Lunar 2, Mars 2]
50h What. tools and procedurec are needed to determine the appropriate level of automation
and crew control for the various tasksin the DRM?[I1SS 1, Lunar 1, Mars 1]
Related Risks: '
:?”éfpe?gagés . Ellis SR. Callision in space. Ergonomicsin Design 8(1): 4-9, 2000

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi 2cmd=Retrieve& db=pubmed& dopt=Abstract&list_
uids=12162316

Billings, C.E. Aviation Automation: The search for a human-centered approach. Erlbaum: 1997.

Human Performance Measures Handbook V.J.Gawron. Lawrence Erlbaum Associates: 2000.

Human Space flight: Mission Analysis and Design, eds. W.J. Larson, L.K. Pranke. McGraw Hill
Space Technology Series. 1999.

Normal Accidents, Charles Perrow. 2001.

Sheridan, T.B. Humans and Automation: System Design and Research Issues. Wiley: 2003.

The Effect of Automated Intelligent Advisors on Human Decision-making in Monitoring Complex
Mechanical Systems. K. O'Brien, E. M. Feldman, & F. E. Mount. Proceedings of HCI
International 1993: 5th International Conference on Human-Computer Interaction. Elsevier
Science Publishers. 1993.
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