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Abstract 

While the Earth’s magnetic fields deflect most of the radiation that is found in space, 

space travel beyond low Earth orbit such as missions to Mars, will be associated with 

significant exposures to radiation. Therefore, the health risks of exposure to space radiation 

during these type of missions need to be assessed. The cardiovascular system is one of the 

organ systems that is of concern for potential adverse effects of space radiation. Because 

these effects cannot be determined in human subjects, ground-based studies with animal and 

cell culture models have been designed to estimate the risks. This article provides an 

introduction to space radiation characteristics, followed by an overview of the indicators that 

suggest to us that the cardiovascular system may be at risk, and lastly the results of animal 

and cell culture studies that have been performed to test what the risks may be.  

 

What is space radiation? 

Space radiation is among the many types of ionizing radiation, each capable of 

removing electrons from the atoms in materials or cells that are exposed. While ionizing 

radiation on Earth is often found as electromagnetic waves such as X- or γ-rays, ionizing 

radiation in space is predominantly in the form of high energy charged particles. All ionizing 

radiation leaves a track of ionizations as they deposit their energy in materials or cells. While 

electromagnetic waves leave relatively little energy per unit of track length, and are therefore 

considered low linear energy transfer (LET) radiation, charged particles deposit their energy 

along densely ionizing tracks and are considered high-LET radiation [1,2]. The unit of 

absorbed dose of ionizing radiation is the Gray (1 Gy equals 1 Joule of absorbed energy per 

kg of material or tissue). However, because different forms of ionizing radiation can have 

different biological effects, one cannot always compare them by using absorbed dose. For 

this purpose, the equivalent dose is used, the absorbed dose multiplied by a radiation 
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weighting factor that should take into account differences in biological effects. Equivalent 

dose is given in Sieverts (Sv) [see also https://www.remm.nlm.gov/dose_animations.htm].  

Ionizing radiation in space is predominantly high-LET radiation as galactic cosmic 

rays (GCR) and also due to solar emissions and solar particle events (SPEs). SPEs consist 

mostly of protons, and current efforts are aimed at predicting their occurrence several hours 

to days in advance [see also the National Space Weather Prediction Center: 

http://www.swpc.noaa.gov/].  

The largest SPEs have dose rates up to 0.5 Sv/hour and can last for hours to a few days 

[3]. GCR and solar emissions, on the other hand, are dominated by protons and high energy 

ions such as iron, silicon, oxygen, and carbon. The Earth’s magnetic fields exert forces on 

moving charged particles. As a result, levels of space radiation on the surface of the Earth 

are low, while charged particles are trapped in the Earth’s magnetic fields leading to regions 

of higher charged particle irradiation surrounding the Earth, the Van Allen belts.  

 

Artist's rendition of Earth's magnetic fields that deflect the majority of the 

charged particle irradiation in space.  

Source: NASA (http://sec.gsfc.nasa.gov/popscise.jpg) 

 

Since the International Space Station is located within the Earth’s magnetic fields, 

astronauts are somewhat protected from space radiation, although exposures are higher than 

on the surface of the Earth. Long-distance space travel, however, is associated with much 

higher cumulative doses of radiation. Chronic radiation exposure occurs at a dose rate of 1.3 

mGy/day, or the dose equivalent of 4.8 mSv/day [4,5]. While the shielding materials that are 

currently used cannot easily protect against GCR, SPE protons have shorter ranges in 

https://www.remm.nlm.gov/dose_animations.htm
http://www.swpc.noaa.gov/
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material, and the wall of a spacecraft may provide effective shielding against this radiation. 

A thin spacesuit, on the other hand, may not provide protection against GCR or SPEs [6].  

 

Health risks of space radiation: acute and degenerative tissue effects 

Exposure of cells to ionizing radiation leads to molecular damage. While most cells 

have strong molecular repair mechanisms, some radiation damage can remain. Exposure to 

ionizing radiation is therefore associated with an increased risk of carcinogenesis. Studies 

have long been focused on the risk of carcinogenesis from space radiation [7]. In addition, 

exposure to ionizing radiation at high dose rates can cause acute injury to cells and tissues. 

Several organ systems, including the gastrointestinal and the hematopoietic system, are 

sensitive to high dose rate radiation. Acute effects in these types of organs can collectively 

lead to acute radiation sickness within hours to days after exposure. Because of the relatively 

high dose rates of some SPEs, exposure to larger SPEs can put an astronaut at risk for these 

and other acute health effects [8]. Other organ systems do not show significant acute effects 

after radiation doses encountered in space, but adverse effects may appear months or years 

after exposure. These are collectively called degenerative tissue effects and can be caused 

by both SPEs and GCR. Currently, degenerative effects in the central nervous system, eye, 

and cardiovascular system are considered to be of main concern [see also 

https://humanresearchroadmap.nasa.gov/] [9,10].  

 

Effects of ionizing radiation on the cardiovascular system 

 Several decades ago, when radiation therapy first became a common cancer treatment, 

radiation fields included large volumes of non-cancer (normal) tissues surround the tumors. 

As a result, the cardiovascular system became one of the organ systems that showed 

sometimes severe side effects of cancer treatment. The side effects include accelerated 

atherosclerosis, myocardial fibrosis, and cardiac conduction and valve abnormalities, and 

most of these became apparent many years to decades after exposure [11-15]. Although 

some cancer patients still receive a high dose of radiation to a small part of the heart, general 

improvements in treatment planning and delivery of radiation therapy have greatly reduced 

https://humanresearchroadmap.nasa.gov/
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the doses of radiation to normal tissues. The biological mechanisms by which ionizing 

radiation has its effects in the cardiovascular system are not yet fully understood. 

 Many of the survivors of the atomic bombs in Japan in 1945 were exposed to low-

LET radiation at doses up to 2 Gy to a large part of their body. These survivors have been 

followed closely for many decades to identify short-term and long-term health effects [16-

18]. Some of the recent reports have shown an increased incidence of cardiovascular disease, 

including ischemic heart disease and stroke [19,20]. These observations have led to 

additional epidemiological and clinical studies in people exposed to low doses of ionizing 

radiation such as from nuclear accidents, medical, or occupational exposure. Most studies 

conclude that cardiovascular disease may occur after exposure to ionizing radiation at lower 

doses than was previously thought [21-26].  

 The recent reports on health effects from 

exposure to low doses of low-LET radiation 

have raised the concern about the risk of 

cardiovascular disease from ionizing radiation 

during long-distance space travel [27]. 

However, some of the characteristics of space 

radiation (high-LET radiation at mostly low 

dose rates), are very different from the above 

examples of ionizing radiation on Earth (low-

LET radiation at high dose rates). Therefore, 

research is needed to better understand the risk 

of degenerative tissue effects from space 

radiation. Because data in human subjects are 

nearly non-existent, and humans almost always come with additional cardiovascular risk 

factors that can complicate the interpretation of study results, research in animal and cell 

culture models should help in estimating the health risks of space radiation.  

 

 

 

 

All parts of the cardiovascular system 

are affected by ionizing radiation. Source: 

BodyParts3D, The Database Center for Life 

Science (http://lifesciencedb.jp/bp3d/) 
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Charged particle exposure: mimicking space radiation 

To investigate biological effects of space radiation, animal and cell culture models are 

exposed to high energy charged particles. Proton radiation therapy facilities, for instance, 

can be used to model proton exposures from an SPE [28]. Particle accelerators such as at 

Brookhaven National Laboratory (Upton, NY) are used to perform high energy charged 

particle exposures [see also https://www.bnl.gov/nsrl/]. In these types of experiments it is 

important to provide the best possible simulation of the long-term low-dose rate exposures 

to a variety of charged particles, at the most appropriate energies. Below is a brief description 

of animal and cell culture studies that have been performed in the recent years. 

 

Effects of charged particle exposure on the heart in animal models 

Most studies of cardiac effects of simulated space radiation have used male mice. Since 

astronauts are mostly 40-60 years old during their space travel, it is important to expose 

animals to space-like radiation when they are at comparable “middle age”, relative to their 

life span. In addition, since some cardiovascular disease risks are known to be sex-

dependent, female animals will hopefully be included in future studies.  

Exposure of male mice to protons (0.5 Gy) or iron ions (0.15 Gy) induced cardiac 

infiltration of CD68-positive cells (monocytes and macrophages), increased DNA oxidation, 

myocardial fibrosis, and modified cardiac function, both in normal animals and in response 

to experimentally induced myocardial infarction, in a radiation-type specific manner [29,30]. 

Exposure of male mice to silicon ions at doses between 0.1 and 0.5 Gy caused prolonged 

apoptosis and increased expression of pro-inflammatory cytokines in the heart [31]. While 

exposure of male mice to protons at a dose of 0.1 Gy did not cause detectable changes in the 

heart at the fairly short follow-up times of 2 weeks and 3 months, a dose of 0.5 Gy of iron 

ions induced protein markers of inflammatory infiltration and cell death. However, when 

mice were administered proton irradiation 24 hours before the dose of iron ions, all iron ion-

induced changes were prevented. [32]. Hence, the proton exposure must have induced an as 

of yet unknown response in the heart that provided protection against further charged particle 

exposure. High throughput proteomics has started to reveal potential signaling pathways 

https://www.bnl.gov/nsrl/
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induced by low dose particle irradiation in the heart [33], and analysis of the response in 

individual cardiac cell types is also ongoing [34]. 

 

Effects of charged particle exposure on the vasculature in animal models 

All components of the vasculature, from the larger arteries to the smallest capillaries 

show their own unique response to ionizing radiation, and these responses play a role in the 

overall radiation injury observed in tissues and organs [35,36]. It is therefore important to 

understand how the vasculature responds to space radiation. Exposure of male mice to iron 

ions at doses between 0.5 and 2 Gy caused a long-term loss of endothelial cells in the 

hippocampus [37], and exposure of male rats to iron ions (0.5 and 1 Gy) induced long-term 

indications of endothelial dysfunction and increased stiffness of the aorta wall [38]. Studies 

on adhesiveness of endothelium in charged particle-exposed animal models are also 

underway [39]. 

It is difficult to assess the effects of ionizing radiation on atherosclerosis when using 

regular rodent models, because at baseline these animals show very low rates of 

atherosclerosis. Therefore, genetic animal models are used that are more prone to developing 

atherosclerosis. For instance, targeted exposure of the aorta of apolipoprotein E-deficient 

mice to iron ions at fairly high doses of 2 and 5 Gy caused accelerated atherosclerosis [40]. 

While animals in this particular study received a standard chow diet, studies without 

radiation typically require for these mice to be on a high-fat diet to induce a high rate of 

atherosclerosis. Additional experiments are required to define the response of larger blood 

vessels and the microvasculature to space radiation. 

 

Studies on charged particle exposure in cell culture models 

In line with the role of the vascular system in normal tissue radiation injury, endothelial 

cells are considered to play a central role in the cardiovascular response to ionizing radiation, 

and endothelial dysfunction contributes to the pathophysiological manifestations of radiation 

injury in many organs [41-43]. Therefore, studies are addressing the effects of space 

radiation on endothelial cells in cultures. Various tissue-relevant cell culture models are 

being used to simulate all biological and physical properties of the vasculature [44]. In one 
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of those three-dimensional culture models of human endothelial cells, protons and iron ions 

at doses up to 3 Gy caused endothelial cell death and changes in vasculogenesis in a 

radiation-type specific manner [45,46]. Studies in cultures of endothelial cells will help us 

understand the biological mechanisms of vascular injury from charged particle exposure.  

 

Interaction of radiation with other environmental factors in space 

Travel in space is associated with other stressors, such as exposure to microgravity, 

which are known to influence the cardiovascular system [47]. While small experimental 

animals are sometimes flown into space to examine the effects of space environmental 

factors [48], studies on Earth are designed to determine how radiation may interact with 

other cardiovascular risk factors in space. The hindlimb unloading model of mice and rats is 

currently the most used model to simulate fluid shifts, and muscle and bone atrophy due to 

weightlessness. This model can be combined with radiation exposure to test the interaction 

between these two factors [49]. As for the cardiovascular system, both radiation (2 Gy γ-

rays) and 15 days of hindlimb unloading caused a reduction in endothelium-dependent and 

–independent vasodilation in arteries that feed one of the calf muscles in a mouse model, but 

radiation and unloading did not enhance each other’s effects [50].  

While studies with cells in culture can be done in space [51], cells can also be subjected 

to simulated microgravity by placing them in a rotating vessel that constantly changes the 

vector of gravity, so that on average the gravity factor is close to zero. Stem cells grown in 

rotating vessels showed enhanced formation of cells with endothelial cell properties [52], 

and endothelial cells grown in rotating vessels showed a change in their growth pattern and 

the production of nitric oxide, a mediator that influences vasodilation [53]. As already 

performed with other cell types [54, 55], we can now combine endothelial cell cultures in 

rotating vessels with radiation to further characterize the interaction between these two 

factors in space. 

 

Summary of recent findings and future directions 

Studies in human populations have shown that the cardiovascular system may be more 

sensitive to ionizing radiation than was previously thought. This has made the risk of 
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degenerative cardiovascular effects one of the main concerns of exposure to radiation during 

long-distance space travel. Studies using animal and cell culture models have started to shed 

light on risk of cardiovascular complications from exposure to charged particle irradiation. 

Future studies, including those that employ low radiation doses/dose rates and mixed particle 

fields to further simulate GCR will enhance our knowledge of the risks of exposure to space 

radiation. 

 

References 

1. Hall EJ, Giaccia AJ. Radiobiology for the Radiologist. 7th ed. Philadelphia: Lippincott Williams 

& Wilkins, 2011. 

2. Cucinotta FA, Wu H, Shavers MR, George K. Radiation dosimetry and biophysical models of 

space radiation effects. Gravit Space Biol Bull 2003; 16: 11-18. 

3. Parsons JL, Townsend LW. Interplanetary crew dose rates for the August 1972 solar particle event. 

Radiat Res 2000; 153: 729-733. 

4. International Commission on Radiological Protection. ICRP Publication 60. Oxford: Pergamon 

Press, 1991. 

5. Zeitlin C, Hassler DM, Cucinotta FA, Ehresmann B, Wimmer-Schweingruber RF, Brinza DE, 

Kang S, Weigle G, Böttcher S, Böhm E, Burmeister S, Guo J, Köhler J, Martin C, Posner A, Rafkin 

S, Reitz G. Measurements of energetic particle radiation in transit to Mars on the Mars Science 

Laboratory. Science 2013; 340: 1080-1084. 

6. Walker SA, Townsend LW, Norbury JW. Heavy ion contributions to organ dose equivalent for 

the 1977 galactic cosmic ray spectrum. Adv Space Res 2013; 51: 1792-1799. 

7. Barcellos-Hoff MH, Blakely EA, Burma S, Fornace AJ Jr, Gerson S, Hlatky l, Kirsch DG, Luderer 

U, Shay J, Wang Y, Weil MM. Concepts and challenges in cancer risk prediction for the space 

radiation environment. Life Sci Space Res 2015; 6: 92-103. 

8. Kennedy AR. Biological Effects of Space Radiation and Development of Effective 

Countermeasures. Life Sci Space Res 2014; 1: 10-43. 

9. Hellweg CE, Baumstark-Khan C. Getting ready for the manned mission to Mars: the astronauts' 

risk from space radiation. Naturwissenschaften 2007; 94: 517-526. 

10. Shuchman M. Striving for Mars: what are acceptable risks? CMAJ 2014; 186: E7-E8. 

11. Darby SC, McGale P, Taylor CW, Peto R. Long-term mortality from heart disease and lung 

cancer after radiotherapy for early breast cancer: prospective cohort study of about 300,000 women 

in US SEER cancer registries. Lancet Oncol 2005; 6: 557-565. 

12. Darby SC, Ewertz M, McGale P, Bennet AM, Blom-Goldman U, Brønnum D, Correa C, Cutter 

D, Gagliardi G, Gigante B, Jensen MB, Nisbet A, Peto R, Rahimi K, Taylor C, Hall P. Risk of 



An introduction to space radiation and its effects on the cardiovascular system. Boerma M. https://three.jsc.nasa.gov/articles/Boerma-
Cardiovascular-and-IR.pdf Date Posted:  10-13-2016. 

 

9 

 

ischemic heart disease in women after radiotherapy for breast cancer. N Engl J Med 2013; 368: 987-

998. 

13. Greenwood RD, Rosenthal A, Cassady R, Jaffe N, Nadas AS. Constrictive pericarditis in 

childhood due to mediastinal irradiation. Circulation 1974; 50: 1033-1039. 

14. Russell NS, Hoving S, Heeneman S, Hage JJ, Woerdeman LA, de Bree R, Lohuis PJ, Smeele L, 

Cleutjens J, Valenkamp A, Dorresteijn LD, Dalesio O, Daemen MJ, Stewart FA. Novel insights into 

pathological changes in muscular arteries of radiotherapy patients. Radiother Oncol 2009; 92: 477-

483. 

15. Stewart FA, Hoving S, Russell NS. Vascular damage as an underlying mechanism of cardiac and 

cerebral toxicity in irradiated cancer patients. Radiat Res 2010; 174: 865-869. 

16. Wong FL, Yamada M, Sasaki H, Kodama K, Akiba S, Shimaoka K, Hosoda Y.  Noncancer 

disease incidence in the atomic bomb survivors: 1958-1986. Radiat Res 1993; 135: 418-430. 

17. Yamada M, Naito K, Kasagi F, Masunari N, Suzuki G. Prevalence of atherosclerosis in relation 

to atomic bomb radiation exposure: an RERF Adult Health Study. Int J Radiat Biol 2005; 81: 821-

826. 

18. Preston DL, Shimizu Y, Pierce DA, Suyama A, Mabuchi K. Studies of mortality of atomic bomb 

survivors. Report 13: Solid cancer and noncancer disease mortality: 1950-1997. Radiat Res 2003; 

160: 381-407. 

19. Yamada M, Wong FL, Fujiwara S, Akahoshi M, Suzuki G. Noncancer disease incidence in 

atomic bomb survivors, 1958-1998. Radiat Res 2004; 161: 622-632. 

20. Stewart AM, Kneale GW. A-bomb survivors: factors that may lead to a re-assessment of the 

radiation hazard. Int J Epidemiol 2000; 29: 708-714. 

21. Adams MJ, Grant EJ, Kodama K, Shimizu Y, Kasagi F, Suyama A, Sakata R, Akahoshi M. 

Radiation dose associated with renal failure mortality: a potential pathway to partially explain 

increased cardiovascular disease mortality observed after whole-body irradiation. Radiat Res 2012; 

177: 220-228. 

22. Carr ZA, Land CE, Kleinerman RA, Weinstock RW, Stovall M, Griem ML, Mabuchi K. 

Coronary heart disease after radiotherapy for peptic ulcer disease. Int J Radiat Oncol Biol Phys 2005; 

61: 842-850. 

23. Ivanov VK, Maksioutov MA, Chekin SY, Petrov AV, Biryukov AP, Kruglova ZG, Matyash VA, 

Tsyb AF, Manton KG, Kravchenko JS. The risk of radiation-induced cerebrovascular disease in 

Chernobyl emergency workers. Health Phys 2006; 90: 199-207. 

24. Little MP, Tawn EJ, Tzoulaki I, Wakeford R, Hildebrandt G, Paris F, Tapio S, Elliott P. A 

systematic review of epidemiological associations between low and moderate doses of ionizing 

radiation and late cardiovascular effects, and their possible mechanisms. Radiat Res 2008; 169: 99-

109. 

25. Little MP, Azizova TV, Bazyka D, Bouffler SD, Cardis E, Chekin S, Chumak VV, Cucinotta FA, 

de Vathaire F, Hall P, Harrison JD, Hildebrandt G, Ivanov V, Kashcheev VV, Klymenko SV, 



An introduction to space radiation and its effects on the cardiovascular system. Boerma M. https://three.jsc.nasa.gov/articles/Boerma-
Cardiovascular-and-IR.pdf Date Posted:  10-13-2016. 

 

10 

 

Kreuzer M, Laurent O, Ozasa K, Schneider T, Tapio S, Taylor AM, Tzoulaki I, Vandoolaeghe WL, 

Wakeford R, Zablotska LB, Zhang W, Lipshultz SE. Systematic review and meta-analysis of 

circulatory disease from exposure to low-level ionizing radiation and estimates of potential 

population mortality risks. Environ Health Perspect 2012; 120: 1503-1511. 

26. Schultz-Hector S, Trott KR. Radiation-induced cardiovascular diseases: is the epidemiologic 

evidence compatible with the radiobiologic data? Int J Radiat Oncol Biol Phys 2007; 67: 10-18. 

27. National Council on Radiation Protection & Measurements. NCRP Report No. 153, Information 

Needed to Make Radiation Protection Recommendations for Space Missions Beyond Low-Earth 

Orbit, 2006. 

28. Nelson GA, Green LM, Gridley DS, Archambeau JO, Slater JM. Research activities at the Loma 

Linda University and Proton Treatment Facility – an overview. Phys Med 2001; 17 Suppl 1: 30-32. 

29. Yan X, Sasi SP, Gee H, Lee J, Yang Y, Song J, Carrozza J, Goukassian DA. Radiation-associated 

cardiovascular risks for future deep-space missions. J Radiat Res 2014; 55 Suppl 1: i37-i39. 

30. Yan X, Sasi SP, Gee H, Lee J, Yang Y, Mehrzad R, Onufrak J, Song J, Enderling H, Agarwal A, 

Rahimi L, Morgan J, Wilson PF, Carrozza J, Walsh K, Kishore R, Goukassian DA. Cardiovascular 

risks associated with low dose ionizing particle radiation. PLoS One 2014; 9: e110269. 

31. Tungjai M, Whorton EB, Rithidech KN. Persistence of apoptosis and inflammatory responses in 

the heart and bone marrow of mice following whole-body exposure to ²⁸Silicon (²⁸Si) ions. Radiat 

Environ Biophys 2013; 52: 339-350. 

32. Ramadan SS, Sridharan V, Koturbash I, Miousse IR, Hauer-Jensen M, Nelson GA, Boerma M. 

A priming dose of protons alters the early cardiac cellular and molecular response to (56)Fe 

irradiation, Life Sci Space Res 2016; 8: 8-13. 

33. Coleman MA, Sasi SP, Onufrak J, Natarajan M, Manickam K, Schwab J, Muralidharan S, 

Peterson LE, Alekseyev YO, Yan X, Goukassian DA. Low-dose radiation affects cardiac physiology: 

gene networks and molecular signaling in cardiomyocytes, Am J Physiol Heart Circ Physiol 2015; 

309: H1947-H1963. 

34. Coleman M, Sasi SP, Onufrak J, Natarajan M, Manickam K, Peterson LE, Yan X, Goukassian 

DA. Delayed Cardiomyocyte Response to Total Body Heavy Ion Particle Radiation Exposure - 

Identification of Regulatory Gene Networks. Proceedings of the NASA Human Research Program 

Investigators' Workshop 2015. 

35. Lyubimova N, Hopewell JW. Experimental evidence to support the hypothesis that damage to 

vascular endothelium plays the primary role in the development of late radiation-induced CNS injury. 

Br J Radiol 2004; 77: 488-492. 

36. Wang J, Boerma M, Fu Q, Hauer-Jensen M. Significance of endothelial dysfunction in the 

pathogenesis of early and delayed radiation enteropathy. World J Gastroenterol 2007; 13: 3047-3055. 

37. Mao XW, Favre CJ, Fike JR, Kubinova L, Anderson E, Campbell-Beachler M, Jones T, Smith 

A, Rightnar S, Nelson GA. High-LET radiation-induced response of microvessels in the 

Hippocampus. Radiat Res 2010; 173: 486-493. 



An introduction to space radiation and its effects on the cardiovascular system. Boerma M. https://three.jsc.nasa.gov/articles/Boerma-
Cardiovascular-and-IR.pdf Date Posted:  10-13-2016. 

 

11 

 

38. Soucy KG, Lim HK, Kim JH, Oh Y, Attarzadeh DO, Sevinc B, Kuo MM, Shoukas AA, Vazquez 

ME, Berkowitz DE. HZE ⁵⁶Fe-ion irradiation induces endothelial dysfunction in rat aorta: role of 

xanthine oxidase. Radiat Res 2011; 176: 474-485. 

39. Chanda D, Gupta K, Kabarowski JH, Kucik DF. 56Fe Irradiation of Wild type C57BL/6 Mice 

Results in Increased Adhesiveness of Aortic Endothelium. Proceedings of the NASA Human 

Research Program Investigators' Workshop 2015. 

40. Yu T, Parks BW, Yu S, Srivastava R, Gupta K, Wu X, Khaled S, Chang PY, Kabarowski JH, 

Kucik DF. Iron-ion radiation accelerates atherosclerosis in apolipoprotein E-deficient mice. Radiat 

Res 2011; 175: 766-773. 

41. Fajardo LF. The endothelial cell is a unique target of radiation: an overview. In: Rubin DB. 

Radiation biology of the vascular endothelium. Boca Raton: CRC Press LLC, 1998: 1-12. 

42. Schultz-Hector S, Balz K. Radiation-induced loss of endothelial alkaline phosphatase activity 

and development of myocardial degeneration. An ultrastructural study. Lab Invest 1994; 71: 252-

260. 

43. Sharma P, Templin T, Grabham P. Short term effects of gamma radiation on endothelial barrier 

function: uncoupling of PECAM-1. Microvasc Res 2013; 86: 11-20. 

44. Patel ZS, Grande-Allen KJ. Development of a Flow-Perfused and Immunocompetent 3-D 

Vascular Model for Radiation Risk Assessment of Cardiovascular Disease and Countermeasure 

Screening. Proceedings of the NASA Human Research Program Investigators' Workshop 2015. 

45. Grabham P, Sharma P, Bigelow A, Geard C. Two distinct types of the inhibition of 

vasculogenesis by different species of charged particles. Vasc Cell 2013; 5: 16. 

46. Grabham P, Hu B, Sharma P, Geard C. Effects of ionizing radiation on three-dimensional human 

vessel models: differential effects according to radiation quality and cellular development. Radiat 

Res 2011; 175: 21-28. 

47. Zhu H, Wang H, Liu A. Effects of real and simulated weightlessness on the cardiac and peripheral 

vascular function of humans: A review. Int J Occup Med Environ Health 2015; 28: 793-802. 

48. Gridley DS, Mao XW, Stodieck LS, Ferguson VL, Bateman TA, Moldovan M, Cunningham CE, 

Jones TA, Slater JM, Pecaut MJ. Changes in mouse thymus and spleen after return from the STS-

135 mission in space. PLoS One 2013; 8: e75097. 

49. Chowdhury P, Akel N, Jamshidi-Parsian A, Gaddy D, Griffin RJ, Yadlapalli JS, Dobretsov M. 

Degenerative tissue responses to space-like radiation doses in a rodent model of simulated 

microgravity. Ann Clin Lab Sci 2016; 46: 190-197. 

50. Prisby RD, Alwood JS, Behnke BJ, Stabley JN, McCullough DJ, Ghosh P, Globus RK, Delp MD. 

Effects of hindlimb unloading and ionizing radiation on skeletal muscle resistance artery vasodilation 

and its relation to cancellous bone in mice. J Appl Physiol 2016; 120: 97-106. 

51. Vunjak-Novakovic G, Searby N, De Luis J, Freed LE. Microgravity studies of cells and tissues. 

Ann N Y Acad Sci 2002; 974: 504-517. 



An introduction to space radiation and its effects on the cardiovascular system. Boerma M. https://three.jsc.nasa.gov/articles/Boerma-
Cardiovascular-and-IR.pdf Date Posted:  10-13-2016. 

 

12 

 

52. Chiu B, Wan JZ, Abley D, Akabutu J. Induction of vascular endothelial phenotype and cellular 

proliferation from human cord blood stem cells cultured in simulated microgravity. Acta Astronaut 

2005; 56: 918-922. 

53. Sanford GL, Ellerson D, Melhado-Gardner C, Sroufe AE, Harris-Hooker S. Three-dimensional 

growth of endothelial cells in the microgravity-based rotating wall vessel bioreactor. In Vitro Cell 

Dev Biol Anim 2002; 38: 493-504. 

54. Dang B, Yang Y, Zhang E, Li W, Mi X, Meng Y, Yan S, Wang Z, Wei W, Shao C, Xing R, Lin 

C. Simulated microgravity increases heavy ion radiation-induced apoptosis in human B lymphoblasts. 

Life Sci 2014; 97: 123-128. 

55. Goyden J, Tawara K, Hedeen D, Willey JS, Oxford JT, Jorcyk Cl. The effect of OSM on MC3T3-

E1 osteoblastic cells in simulated microgravity with radiation. PLoS One 2015; 10: e0127230. 


