
ARTICLE IN PRESS 

JID: LSSR [m5G; August 27, 2016;8:30 ] 

Life Sciences in Space Research 0 0 0 (2016) 1–4 

Contents lists available at ScienceDirect 

Life Sciences in Space Research 

journal homepage: www.elsevier.com/locate/lssr 

Commentary 

No evidence for an increase in circulatory disease mortality in 

astronauts following space radiation exposures 

Francis A. Cucinotta 

a , ∗, Nobuyuki Hamada 

b , Mark P. Little 

c 

a Department of Diagnostic Sciences and Health Physics, University of Nevada, Las Vegas, Box 453037, Las Vegas, NV 89154-3037, USA 
b Radiation Safety Research Center, Nuclear Technology Research Laboratory, Central Research Institute of Electric Power Industry (CRIEPI), 

2-11-1 Iwado-kita, Komae, Tokyo 201-8511, Japan 
c Radiation Epidemiology Branch, National Cancer Institute, Division of Cancer Epidemiology and Genetics, HHS, 9609 Medical Center Drive, Bethesda, MD 

20892-9778, USA 

a r t i c l e i n f o 

Article history: 

Received 5 August 2016 

Revised 9 August 2016 

Accepted 10 August 2016 

Available online xxx 

Keywords: 

Space radiation 

Apollo missions 

Cardiovascular disease 

Circulatory disease 

Astronauts 

Galactic cosmic rays 

Healthy worker effects 

a b s t r a c t 

Previous analysis has shown that astronauts have a significantly lower standard mortality ratio for circu- 

latory disease mortality compared to the U.S. population, which is consistent with the rigorous selection 

process and healthy lifestyles of astronauts, and modest space radiation exposures from past space mis- 

sions. However, a recent report by Delp et al. considered estimates of the proportional mortality ratio for 

ages of 55–64 y of Apollo lunar mission astronauts to claim a high risk of cardiovascular disease due to 

space radiation compared to the U.S. population or non-flight astronauts. In this Commentary we discuss 

important deficiencies in the methods and assumptions on radiation exposures used by Delp et al. that 

we judge cast serious doubt on their conclusions. 

© 2016 The Committee on Space Research (COSPAR). Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Astronauts are exposed to various stresses, such as space ra-

iation, microgravity, and hypergravity. Of these, space radiation

isks, such as those of cancer, circulatory or cardiovascular disease

CVD) 1 , and central nervous system effects, are a concern for long

erm manned space missions to Mars and other destinations. Most

pace missions in the past were relatively short in duration, while

 mission to Mars would approach 1,0 0 0 days in duration, thereby

aising concern for radiation risks. A recent report by Delp et al.

2016 ) makes a claim that the Apollo astronauts have higher CVD

ortality due to space radiation exposure compared to other as-

ronauts or the average U.S. population. We are surprised by this

eport because previous analysis of the astronaut cohort ( Cucinotta

t al., 2013 ) showed a standard mortality ratio (SMR) of 0.33 [95%

onfidence intervals: 0.14, 0.8] for death for National Aeronautics

nd Space Administration (NASA) astronauts compared to the U.S.

opulation, which is consistent with the expectations of the rig-

rous selection process for astronauts, healthy lifestyles, and the
∗ Corresponding author. 

E-mail address: francis.cucinotta@unlv.edu (F.A. Cucinotta). 
1 By circulatory disease we shall mean those morbidity or mortality endpoints 

ith International Classification of Diseases 10 th revision (ICD-10) codes I00-I99. 

c  

c  

a  

d  

g  

i  

ttp://dx.doi.org/10.1016/j.lssr.2016.08.002 

214-5524/© 2016 The Committee on Space Research (COSPAR). Published by Elsevier Ltd

Please cite this article as: F.A. Cucinotta et al., No evidence for an incre

radiation exposures, Life Sciences in Space Research (2016), http://dx.d
odest radiation doses from most past missions. We address be-

ow several important deficiencies in the methods used by Delp

t al. (2016) , which we judge cast doubt on their conclusions. 

. Data collection 

Delp et al. (2016) do not clarify the precise disease endpoints

hat are used, in particular they do not define what is meant by

VD. This often refers to a much smaller group of morbidities than

irculatory disease, in particular heart and blood vessel disease,

ncluding ischemic heart disease (IHD) [ICD-10 I20-I25], hyperten-

ive disease [ICD-10 I10-I15], cerebrovascular disease (CeVD) [ICD-

0 I60-I69], and diseases of the veins, arteries and arterioles [ICD-

0 I80-I89]. That said, by far the largest number of deaths from

irculatory disease are from IHD, which is generally included in

VD ( World Health Organization (WHO), 2015 ), so this impreci-

ion may not matter too much. Data collection was incomplete,

nd particularly so for non-flight astronauts where death certifi-

ates were available for only 49%, with the remaining information

oming from newspaper and journal articles. There was no link-

ge to national mortality data (NDI-Plus), which would be stan-

ard in a study of this sort. Data collection was therefore hetero-

eneous and inconsistent across the different com parison groups

n the study. There was no data collected on the major lifestyle
. All rights reserved. 
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Table 1 

Representative average crew dose and dose-rates for various NASA programs adapted from Cucinotta et 

al. (2008 ), Cucinotta et al. (2003 ). 

NASA Program (Number Apollo Badge dose, Effective dose, Dose-rate, Effective dose-rate 

crew participants) mGy mSv mGy/d Dose-rate, mSv/d 

Mercury (2) 0 .1 0 .15 0 .3 0 .55 

Gemini (17) 1 .3 2 .2 0 .49 0 .87 

Apollo (All = 29) 4 .1 12 .0 0 .43 1 .2 

Skylab (2) 40 .3 95 .0 0 .71 1 .4 

Apollo-Soyuz (1) 1 .1 2 .3 0 .12 0 .26 

NASA Mir (0) 50 .3 115 0 .37 0 .84 

NASA ISS ∗ (0) 29 72 0 .19 0 .48 

Space Shuttle, STS (4) 

STS 28.5 °, > 400 km 9 .5 17 .0 1 .2 2 .1 

STS 28.5 °, < 400 km 0 .9 1 .6 0 .1 0 .18 

STS > 50 °, > 400 km 2 .2 5 .2 0 .44 1 .1 

STS > 50 °, < 400 km 1 .7 3 .8 0 .2 0 .45 

∗ ISS doses are for years 20 0 0–20 07, which occurred at solar maximum and the period between solar 

maximum and solar minimum, with higher exposures occurring near solar minimum. 
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factors related to circulatory disease risk such as male sex, fam-

ily history of heart disease, use of tobacco products, elevated total

cholesterol or elevated low density lipoprotein (LDL) cholesterol or

reduced high density lipoprotein (HDL) cholesterol, diabetes, and

obesity (body mass index), all of which can independently modify

circulatory disease risk by at least a factor of two ( Burns, 2003;

Wilson et al., 1998 ). The Apollo crews were all male; however, fe-

males account for about 20% of later astronaut groups, and have

a lower circulatory disease risk compared to males ( Mosca et al.,

2011 ). Use of tobacco products is a major risk factor for circula-

tory disease and cigarette smoking generally decreased in the U.S.

after 1970s and 1980s following the first (Public Health Service,

1964) and various subsequent reports of the U.S. Surgeon General

on health risks of smoking. This reduction in smoking prevalence

was paralleled in the astronaut cohort, and complicates a direct

comparison of Apollo crews with later mission crews unless some

adjustment for smoking is performed. Whether such lifestyle risk

factors could confound the radiation dose response will be deter-

mined by the extent to which they are correlated with radiation

exposure. In many radiation-exposed groups that have lifestyle in-

formation, there is no evidence that lifestyle factors interact with

radiation risk of circulatory disease ( Azizova et al., 2014; Azizova

et al., 2010; Darby et al., 2013; Shimizu et al., 2010; Yamada et al.,

2004 ), presumably reflecting the absence of correlation between

such lifestyle factors and radiation exposures in these datasets. 

3. Data analysis 

The use of proportional mortality ratios (PMR) by Delp et al.

(2016 ) is another significant weakness. Elevated PMRs can result

from increases in the cause of death under consideration, but can

also arise because of decreases in mortality from the remaining

causes. The restriction of the analysis to a single age group (55–

64 years) is an oddity. It is standard epidemiological practice to

analyze all ages, from the point of entry of each subject to the as-

tronaut cohort onwards. Selection of such a single age group is a

type of post-hoc data selection, and invalidates statistical inference.

Delp et al. (2016 ) ignore the absence of circulatory disease deaths

for Apollo astronauts before age 55 or in ages 65–84 years; it is

very likely that had they considered all ages the risks would not

have been elevated. In any case, a comparison with external pop-

ulations, such as the US national population, is very likely to be

misleading, because of the high degree of selection that was en-

tailed in being judged fit (and competent) enough to be an astro-

naut. Most occupational cohorts are healthier, in particular have

lower age-specific mortality rates, than the national populations

from which they are drawn, because of healthy worker selection,
Please cite this article as: F.A. Cucinotta et al., No evidence for an incre
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.e., the fact of being available to work automatically excludes the

roup of long-term sick and disabled, who have elevated rates of

orbidity and mortality ( Bell and Coleman, 1987; Carpenter, 1987;

oll et al., 1965 ). The most appropriate analysis is therefore an in-

ernal type of survival analysis, in particular using Cox proportional

azards models ( Cox, 1972 ) or Poisson regression ( McCullagh and

elder, 1989 ), assessing risks in relation to the putative risk fac-

or, in this case presumably the occupational radiation dose or job

ategory, as well as the lifestyle risk factors, the magnitude of the

ffect of which is likely to dwarf the expected radiation effect, as

iscussed below. It is also vital that account be taken of the vari-

tion of occupational and lifestyle factors over time, which may

orrelate with (and therefore confound the effects of) occupational

adiation dose; the analysis of Delp et al. (2016 ) does not attempt

his. 

. Radiation analysis and microgravity 

Delp et al. (2016 ) did not consider the participation of Apollo

unar mission crew in other missions, radiation doses, and time in

pace under microgravity conditions. Table 1 makes it clear that

everal Apollo astronauts also participated in low Earth orbit (LEO)

issions, including 2 on Mercury, 17 on Gemini, 2 on Sklyab, 1 on

pollo-Soyuz, and 4 on space shuttle (Space Transportation Sys-

em, STS) missions. There are substantial variations in radiation

ose, depending on the specific missions, and concomitant radi-

tion exposures received by astronauts ( Cucinotta, 2001; Cucinotta

t al., 2008; Cucinotta et al., 2003; National Council on Radio-

ogical Protection and Measurements (NCRP), 1989) . Doses from

edical diagnostic exposures and the use of experimental pro-

ocols using radioisotopes were much higher for astronauts par-

icipating in the Apollo program compared to more recent astro-

auts ( Cucinotta, 2001; National Council on Radiological Protec-

ion and Measurements (NCRP), 1989) . Several Apollo astronauts

eceived small doses during training with the lunar rover at the

evada (nuclear weapons) Test Site prior to their missions. As-

ronauts accumulate significant radiation doses from aviation with

arge individual variations occurring due to factors such as mili-

ary backgrounds, and aviation frequency for pilots versus mission

pecialists. 

Average absorbed doses due to space radiation exposures re-

eived by astronauts are recorded based on crew personal dosime-

ers, and used to make estimates of effective doses that adjust for

adiation quality effects and tissue shielding. Table 1 shows av-

rage dose and dose-rates for crew participating in various NASA

ight programs, which vary with mission parameters such as or-

ital inclination, altitude and phase in the solar cycle. Missions
ase in circulatory disease mortality in astronauts following space 
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n LEO encounter galactic cosmic rays (GCR) along with trapped

rotons and electrons in the Earth’s inner radiation belt, however

ehind spacecraft shielding GCR dominate organ dose equivalents

 Cucinotta et al., 2008 ) with the exception of high altitude mis-

ions ( > 400 km) that spend more time in the radiation belts. The

pollo lunar missions passed through the radiation belts contribut-

ng to crew doses, and a small neutron dose came from a radioiso-

ope thermoelectric generator (RTG) for the lunar surface missions

ith a higher neutron dose on the aborted Apollo 13 mission. The

pollo 14 crew received about half of their mission dose on the

eturn passage through the radiation belts with a smaller variable

ercentage on other missions. The composition of GCR in transit

o the Earth’s moon and in LEO is similar; however, in LEO, the

CR dose-rate is reduced by a third due to the Earth’s shadow, and

ower energy particles are deflected by the Earth’s magnetic field.

he particle species and linear energy transfer (LET) composition

f organ doses on LEO missions is similar to that of the Apollo

unar missions (Cucinotta, 2001; Cucinotta et al., 20 03, 20 08; Na-

ional Council on Radiation Protection and Measurements (NCRP),

010; National Council on Radiological Protection and Measure-

ents (NCRP), 1989) . The average effective dose for a nominal

80-d mission on the International Space Station (ISS) or Russian

pace station Mir (about 80 mSv) is much higher than those of

he Apollo missions (about 15 mSv). The Skylab missions also had

uch higher effective doses (95 mSv) compared to the Apollo mis-

ions. 

There are known short term effects of microgravity on the cir-

ulatory system ( Arbeille et al., 2016 ), although long-term effects

re still unknown. Microgravity effects in LEO or transit to the

arth’s moon are expected to be similar, while gravity on the lunar

urface is about a sixth of that of Earth. It is not known how radia-

ion and microgravity would interact even in relation to short-term

ffects on the circulatory system in the astronaut cohort. 

Thus time-varying radiation dose, mission duration, the num-

er of missions, and time spent on the lunar surface should all

e taken into account in analysis of circulatory disease risk in as-

ronauts. No conclusion on circulatory disease risk in Apollo lunar

rew in relation to their radiation exposure can be drawn from a

MR evaluation such as that reported by Delp et al. (2016) . 

. Circulatory disease risks from low dose radiation 

Circulatory disease risks following high dose radiotherapy of

ancer are well known ( Little, 2016 ). Epidemiologic studies among

he Japanese atomic bomb survivors ( Shimizu et al., 2010 ) suggest

hat there are elevated risks of circulatory disease at somewhat

ower dose, above about 0.5 Sv. More recently, there is a concern

or circulatory disease risks at lower doses with a meta-analysis of

esults made by Little (2016 ), Little et al. (2012 ) summarizing the

ajor studies of occupational and environmental exposures. Radi-

tion risks are shown to vary between circulatory disease com-

onents such as IHD and non-IHD, while there is significant het-

rogeneity between the results of various epidemiological studies.

here is continued debate as to the nature of the low dose risk,

ncluding the role of dose thresholds, and whether circulatory dis-

ase is a tissue reaction (deterministic) or stochastic consequence

f radiation exposure ( ICRP, 2012; Hamada et al., 2014 ). Whether

r not there really is a threshold in radiation dose, which would

mply no risk at sufficiently low radiation doses, there is consis-

ent evidence that relative risks are modest at low doses, so that

t a dose of 1 Sv, the relative risk of all types of circulatory disease

ould be expected to be between 1.10 and 1.20 ( Little, 2016; Little

t al., 2012 ), and therefore likely to be dwarfed by the variations

ssociated with the other major risk factors for circulatory disease

iscussed above. As such the five-fold elevated risk suggested by
Please cite this article as: F.A. Cucinotta et al., No evidence for an incre
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elp et al. (2016 ), in a cohort that is likely to have accumulated

ess than 0.6 Sv, is improbable. 

In summary, we find the methods of Delp et al. (2016 ) to be

awed in a number of critical respects, and the conclusions there-

ore cannot be supported. Research on the health risks from cosmic

ays should be a priority for space programs. Epidemiological stud-

es of space missions should be performed with appropriate meth-

ds, although they are likely to be of low statistical power, because

f the small numbers in the astronaut cohorts and the modest ra-

iation exposures. Radiobiological and other mechanistic modeling

nvestigations are likely to be more useful in developing an under-

tanding of space radiation health effects. 
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