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Electromagnetic Spectrum Galactic Cosmic RaysIonizing Radiation

IONIZING RADIATION

 Energy deposition 
happens differently 
between x-rays/gamma-
rays and GCR.



Galactic Cosmic Rays (GCR)
• Highly charged, energetic atomic nuclei (HZE particles) and protons

• Major GCR particle types: H, He, C, O, Ne, Si, Ca, and Fe with broad energy spectra of 
interest - primarily from ~10 MeV/n to 10,000 MeV/n

• Low dose-rate, chronic exposures from continuous flux of particles, varies with solar 
cycle

• Not effectively shielded (fragment into lighter, penetrating species)

• Main challenge:  Uncertainty about biological effects limits ability to accurately 
evaluate risks and countermeasures

Solar Particle Events (SPE)
• Medium to high energy protons from intermittent coronal mass ejections, with 

peak activity during solar max

• While effectively shielded against to prevent risk of ARS, exposure contributes to 
inflight and late CNS, Cancer, and Degenerative risks

• Main challenge:  Optimized storm shelter mass, active dosimetry, operational 
constraints/forecasting

Trapped Radiation (Van Allen Belts)
• Low to medium energy protons and electrons

• Effectively mitigated by shielding

• Mainly relevant to ISS and contributes ~40% of dose eq. 

• Main challenge:  Develop accurate dynamic model

SPACE RADIATION ENVIRONMENT



Deep Space
• No protection from SPE
• No protection from GCR
• Dose-rate ~ 3x ISS
• Varying: 1-2.5 years

Mars Surface
• Protection via Mars 

atmosphere
• Protection via 

planetary shielding
• Dose-rate ~ ISS 
• Varying: ~0.5 months

ISS Low Earth Orbit
• Magnetosphere offers 

protection against SPEs 
(except high energy tail) and 
low energy GCR

• Exposure from trapped 
radiation and high energy GCR

• Total dose-rate similar to Mars 
surface

• 6-12 mo. missions

Lunar Surface
• Protection from planetary shielding
• Dose-rate ~1.5x ISS
• Mission lengths - TBD
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NASA Experience:
• Single ISS mission 

approximately 1/10 
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• Many crew with 
multiple missions 
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risk  
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Space Relevant Doses

DRIVING EVIDENCE

> 5 Gy

0.5 - 5 Gy

< 0.5 Gy

• Cell killing and 
inactivation

• Tissue damage and 
functional impairment

• Atherosclerosis; micro and 
microvasculature damage

• Endothelial dysfunction; 
inflammation and 
oxidative stress

• Systemic effects?

• Non-targeted effects, 
kidney dysfunction, 
monocyte killing?

Little 2012
Shim

izu 2010

Darby 2013

Simonsen et al. 2020.  “NASA’s First Ground-
Based Galactic Cosmic Ray Simulator.”



CVD / LATE CNS RESEARCH STRATEGY

CVD Late 
CNS

COMMON PATHWAYS
(e.g. vascular dysfunction, inflammation, 
oxidative stress, metabolic dysfunction, 

accelerated aging)

Traditional Risk 
Factors

(e.g. Framingham 
factors, apoE, etc.)

Radiation-Sensitive 
Disease Biomarkers

(e.g. troponin, CRP, growth factors, 
imaging data, CAC, amyloid, 

cognitive tests, 
metabolomics/proteomics)

Clinical 
Standard-of-

Care Practices
(e.g. diet, exercise, 

aspirin, statins)

Validation in Animals with HZE

Recommendations for clinical 
guidelines with CMs, PELs, 

Combined Risk Model with Cancer

DELIVERABLES

Human research 
(top-down) 
approach



Levels of Evidence

Baseline disease rates Excess risk (relative or absolute) Excess risk (relative or absolute)
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Japanese Atomic Bomb Survivors



ASTRONAUT COHORT DATA



TODAY’S ASTRONAUTS 

• Average age is 35-55 years old 
with first space mission at ~ 47 
years old for ISS crews

• Current corps is approximately 
30% female

• Most astronauts are lifetime 
never-smokers. 

• Healthy lifestyle factors (never-
smokers, normal weight, diet)



ASTRONAUT CVD-RELATED HEALTH

Incidence Rate of Cardiovascular Disease End Points in the National 
Aeronautics and Space Administration Astronaut Corps
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16

• Simulates the space radiation 
environment- high energy ion beams  
3 “runs” per year

• Beam line, target area, dosimetry, 
biology labs, animal care, logistic and 
administrative support

• Liaison Scientists 

Brookhaven National Lab

NSRL NSRL Beam Line

NASA Space Radiation Laboratory (NSRL)

Medical Building:

• Gamma-ray source
• Long-term labs and animal facilities 
• Liaison scientists and administrative 

support



Example of NSRL Energy Beams and Characteristics

Beam* Energy, 
MeV/u

LET, keV/µm Range in 
Water, cm

protons 50-2500 1.2 - 0.21 2  to  >100
4He 50- 1200 5 – 0.8 2  to  > 100 
16O 50- 1000 80 – 14 0.5 – 80 
20Ne 50-1000 125 – 22 0.45 – 64 
28Si 75-1000 179 – 44 0.66 – 46  
37Cl 100-1000 212 – 64 0.9 – 39
48Ti 100-1000 354 – 107 0.8 – 32
56Fe 100-1000 495 – 150 0.66 – 27 
Solar particle 
event 
simulator

50-2000 NA NA NSRL Beam Line

Before final award of selected proposals, the Space Radiation Element will further 
review the choices of beams and doses to be used in funded research plans.

https://www.bnl.gov/nsrl/



EXPERIMENTAL DATA



Davis et al. 2021. “Consequences of space radiation on the brain and cardiovascular system.”

Animal Data – CV Functional Outcomes



Davis et al. 2021. “Consequences of space radiation on the brain and cardiovascular system.”



Molecular Biology Outcomes (Tissues or Cells Isolated from Irradiated Animals)

Davis et al. 2021. “Consequences of space radiation on the brain and cardiovascular system.”



Davis et al. 2021. “Consequences of space radiation on the brain and cardiovascular system.”



Davis et al. 2021. “Consequences of space radiation on the brain and cardiovascular system.”



Cell Culture Data

Davis et al. 2021. “Consequences of space radiation on the brain and cardiovascular system.”



Tissue Sharing:
• 3-4 months old
• CB6F1/Hsdmice
• Female
• T= 16-months post-exposure
• Hearts harvested and archived

Garikipati et al. 2021. “Long-Term Effects of Very Low Dose Particle Radiation on Gene Expression in the Heart: Degenerative Disease Risks.”



 Lower doses of HZE ions do 
cause differential gene 
expression

 Still, no clear dose threshold 
detected in this analyses

Results:

Garikipati et al. 2021. “Long-Term Effects of Very Low Dose Particle Radiation on Gene Expression in the Heart: Degenerative Disease Risks.”



Mars Mission
• Environmental 

Reference field 
and exposures 
defined

Animal and Cell 
Models

• Handling & care

NSRL Facility 
Parameters

• High energy and 
controls upgrade

• Dosimetry
• Reliability & 

repeatability

NASA GCR 
Simulation:

Countermeasures 
Testing and Risk Model 

Validation

EXPLORATION MISSIONS - GCR SIMULATION
NSRL Deep Space Radiation Simulation Challenges
• Delivery of Mixed Ion Species to approximate environmental data 
• Dose-Rate and Duration to better simulate deep space environment
• Translation to Humans – Appropriate Animal or Cell Models to address health risks



NASA GCR SIMULATOR 

GCR Simulation Beam consists of: 
• 5 proton energies plus degrader
• 5 helium energies plus degrader
• 5 Heavy ions: C, O, Si, Ti, Fe 

Standardized GCR Simulation at NSRL

Chronic exposure over 2-6 weeks:
• Full GCRsim ~30 ion beams delivered daily
• Beam delivered 6 days per week to allow for 

contingencies
• Protons, Alpha, HZE – repeat 

Systematic Approach to Testing Dose-
Rate Effects

H + He



Simonsen et al. (2020),  “NASA’s First Ground-Based Galactic Cosmic Ray Simulator.”

NASA GCR SIMULATOR 

“simGCRsim”



 Angiogenesis inhibited in vitro with mixed beams of HZE ions

In Vitro Cell Culture Experiment Results:

Wuu et al. 2020. “LET-Dependent Low Dose and Synergistic Inhibition of Human Angiogenesis by Charged Particles: Validation of miRNAs 
that Drive Inhibition.”



 Angiogenesis pathways (miRNA) are disrupted / inhibited in vivo after simGCRsim
irradiation

 This may be reversed with miRNA inhibitors

In Vivo Experiment Results:

Wuu et al. 2020. “LET-Dependent Low Dose and Synergistic Inhibition of Human Angiogenesis by Charged Particles: Validation of miRNAs 
that Drive Inhibition.”



SR CVD RESEARCH SUMMARY



• Identify disease spectrum and latency for low dose 
heavy ions

• Establish dose thresholds for heavy ions and mixed 
fields

• Evaluate qualitative differences between GCR and 
gamma-rays to establish RBEs

• Evaluate effect of dose-rate

• Identify and validate surrogate biomarkers for 
radiation-induced disease endpoints

• Evaluate medical countermeasures for risk 
mitigation

• Address impact of individual sensitivity, gender, and 
other spaceflight stressors on risk levels

SR-CVD: FOCUS AREAS FOR RESEARCH
 Overall, there is still a paucity of experimental data related to space 

radiation-induced CVD at low-to-moderate doses:

Astronaut Risk 
Assessment & Modeling
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Thank You

A cluster of massive stars NGC 3603 seen with the Hubble Space Telescope. 
Credits: NASA/U. Virginia/INAF, Bologna, Italy/USRA/Ames/STScI/AURA
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