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Abstract

Humans are continually exposed to ionizing radiation from terrestrial sources. The two major contributors to
radiation exposure of the U.S. population are ubiquitous background radiation and medical exposure of pa-
tients. From the early 1980s to 2006, the average dose per individual in the United States for all sources of
radiation increased by a factor of 1.7-6.2mSv, with this increase due to the growth of medical imaging proce-
dures. Radiation can place individuals at an increased risk of developing cardiovascular disease. Excess risk of
cardiovascular disease occurs a long time after exposure to lower doses of radiation as demonstrated in Japanese
atomic bomb survivors. This review examines sources of radiation (atomic bombs, radiation accidents, radio-
logical terrorism, cancer treatment, space exploration, radiosurgery for cardiac arrhythmia, and computed to-
mography) and the risk for developing cardiovascular disease. The evidence presented suggests an association
between cardiovascular disease and exposure to low-to-moderate levels of radiation, as well as the well-known
association at high doses. Studies are needed to define the extent that diagnostic and therapeutic radiation
results in increased risk factors for cardiovascular disease, to understand the mechanisms involved, and to de-
velop strategies to mitigate or treat radiation-induced cardiovascular disease. Antioxid. Redox Signal. 15, 1945-1956.

Introduction

IONIZING RADIATION is any electromagnetic wave or particle
that can remove an electron from an atom or molecule of the
medium through, which it is propagating. The basic unit used
to measure absorbed dose from ionizing radiation is the gray
(Gy), defined as 1 joule of initial energy per kilogram of tissue
(91a). The biological effects per unit of absorbed dose (Gy)
differ with the type of radiation, so that a weighted quantity
called the “effective dose” is used, termed the sievert (Sv)
(91a). For X-rays and y-rays, 1Sv equals 1 Gy, but for other
types of radiation this is not true (e.g., 1 Gy of high-energy
protons equals 10 Sv and 1 Gy of alpha particles equals 20 Sv)
(91a). All forms of life are constantly exposed to ionizing ra-
diation from both terrestrial and cosmic sources. The major
contributors to the exposure of the U.S. population from
ionizing radiation are from ubiquitous background radiation
and medical exposure of patients (Fig. 1). From the early 1980s
to 2006, the average annual effective dose per individual in the
U.S. population from all sources of radiation increased by a
factor of 1.7-6.2 mSv, with the increase being almost entirely
due to the growth of relatively high-dose medical imaging
procedures using X-rays and radionuclides. This review dis-

cusses evidence that exposure to ionizing radiation increases
the risk of cardiovascular disease.

Sources of Cardiac Radiation Injury
Atomic bomb

The radiation from the Hiroshima (*°U) and the Nagasaki
bombs (*°Pu) was comprised of neutrons and y-rays, result-
ing in an absorbed dose of up to 4 Gy in survivors. Neutrons
account for only 1%—2% of the total radiation dose received by
the survivors of the Hiroshima atomic bomb (although after
accounting for their greater biological effectiveness relative to
y-rays, the proportion of the total dose becomes 10%—20%)
(80a, 86). The risk of developing cardiovascular disease after
whole-body exposure to radiation has been demonstrated in
the Japanese atomic bomb survivors. Mortality from myo-
cardial infarction >40 years after radiation exposure was
significantly increased in people who had received an acute
single dose of 1-2 Gy (70). The risk of death from heart disease
increased by 17% per Gy after whole-body irradiation doses
in the range 0—4 Gy, mostly from y-rays. Approximately 16%
of the 117 myocardial infarctions seen in exposed persons
could be attributed to radiation exposure from the atomic
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FIG. 1. Percent contribution of various sources of expo-
sure to the total effective dose per individual in the U.S.
population (6.2mSv) for 2006. Reprinted with permission
from the National Council on Radiation Protection and
Measurements, http://NCRPonline.ord.

bomb, most of which could be attributed to doses >1 Gy (99).
A recent report indicates that radiation increases the rates of
heart disease in the atomic bomb survivors at moderate dose
levels (mainly 0.5-2 Gy) (Fig. 2) (79); however, the degree of
risk associated with the lower doses of radiation is unclear.
Stroke and heart disease combined now account for about
one-third the number of radiation-associated excess deaths in
atomic bomb survivors compared with cancer (79).

Radiation accidents

The accident at the Chernobyl nuclear power plant in 1986
was the most severe accident in the history of the civilian
nuclear power industry. The initial radiation exposure origi-
nated from >40 different radionuclides, notably in the first
10 days after the accident. The most significant of these were
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FIG. 2. Radiation dose-response relation (excess relative
risk) for death from heart disease, showing linear and
linear-quadratic functions. Shaded area is 95% confidence
region for fitted linear line. Vertical lines are 95% confidence
intervals for specific dose category risks. Point estimates of
risk for each dose category are indicated by circles. Re-
produced from Shimizu et al. (79) with permission from BM]J
Publishing Group Ltd.
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iodine (**'I), caesium (**’Cs), and strontium (particularly
205y, 1311 produces B- and y-ray emissions, 187Cs produces v-
rays, and 290Gy produces B-emissions. In 1986, the average dose
to >300,000 recovery workers, “liquidators,” was nearly
150mSv, and >350,000 other individuals received doses
>10mSv (71a). Increased risk of death from cardiovascular
disease in highly exposed individuals is possible, and long-
term follow-up studies are needed to determine the extent
that cardiovascular disease is manifest in this population.
Injury to the cardiovascular system is present early after ac-
cidental total body irradiation (TBI). In a study of 110 highly
exposed individuals, 1-10 days after radiation exposure with
injury to the hematopoietic system and many with severe skin
lesions, 20 patients (18%) exhibited injury to the cardiovas-
cular system, and mostly as heart failure (38).

Radlological terrorism

There is an urgent need to understand the extent of injury
likely to develop to vital organs such as the heart after radi-
ation exposure from a terrorist attack or a nuclear power plant
accident, to define the mechanisms underlying the injury, and
to devise treatment strategies using currently available
pharmaceuticals and nutriceuticals. The International Atomic
Energy Agency (IAEA) reports that there have been 175 cases
of trafficking in nuclear materials, including 18 cases involv-
ing highly enriched uranium or plutonium, as well as 201
cases of trafficking in other radioactive material. According to
an article in The Lancet (44), “a terrorist organization could
explode a crude weapon made of stolen plutonium with a
yield of 0.1-20 kilotons”; in comparison, the bomb used on
Hiroshima had a yield of ~15 kilotons. A study published
in the British Medical Journal (41) has estimated that a small
12.5-kiloton nuclear bomb detonated in New York City would
cause 50,000 deaths immediately with an additional several
hundred thousand cases of “radiation sickness.” Another
potential nuclear threat is that of an attack or accident at a
nuclear power plant or waste storage facility. An equal con-
cern is the vulnerability of spent fuel pools that can contain
20-30 times more radioactive material than the reactor core
and are in buildings not nearly as strong as those that house
the reactors.

The extent to which exposure to 10Gy TBI, a potentially
survivable dose in a radiation accident or radiological ter-
rorism event (22), could result in injury to the cardiovascular
system is unknown. In this situation, the entire body rather
than a single organ such as the heart would be exposed to a
single, possibly heterogeneous dose of radiation. Evidence
that TBI injury may be a cardiovascular risk factor comes from
longitudinal studies of Japanese atomic bomb survivors. In
this population, mortality from cardiovascular disease is sig-
nificantly increased after >40 years after single dose exposure
of 1-2 Gy to the whole body (70, 99). Radiation therapy used
in the treatment of benign and malignant disease has also
been linked to the development of cardiovascular disease. For
example, radiation therapy for the treatment of peptic ulcer
disease is correlated with an increased mortality from coro-
nary heart disease (17). Radiotherapy treatment for breast
cancer is associated with an increased risk of cardiovascular
disease (45), and for Hodgkin’s lymphoma it is associated
with an increased risk of myocardial infarction (87). In these
clinical studies, nonthoracic organs were the specific target of
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the treatment, and yet cardiovascular disease was a signifi-
cant cause of long-term morbidity or mortality (59).

In a radiological terrorism or nuclear accident event, chil-
dren would account for a significant portion of the population
affected and thus studies are needed to determine whether a
single exposure to 10 Gy TBI in the child might increase the
risk factor for development of cardiovascular disease and
damage to heart morphology and ventricular function. Evi-
dence from the clinical use of radiation to treat children with
cancer supports the existence of an increased risk of cardiac
injury. Exposure to 10 Gy TBI in association with bone mar-
row transplantation in the treatment of children for leukemia
results in immediate and delayed cardiac abnormalities
manifest as decreased left ventricular ejection fraction and
abnormal electrocardiogram (32, 68), supporting the notion
that radiation exposure in children can lead to cardiac dys-
function during development into adulthood. However, these
patients with leukemia also receive chemotherapy, which
may contribute to the cardiotoxicity of the overall treatment.
Further studies are needed to understand the molecular
events involved in radiation-induced cardiovascular disease.

Space exploration

Human space exploration missions to a Lunar and Martian
environment are actively being planned. These missions will
require humans to live for prolonged periods outside the
protection provided by the Earth’s atmosphere and geomag-
netic field. The terrestrial environment effectively shields
humans against exposure to deep space radiation. On the
Earth most human radiation exposures (medical and natural
background) are from low-linear-energy transfer photons
(low LET X- and y-rays), low-energy o-particles from radon,
and y-rays and neutrons in the survivors of atomic bomb
explosions. Throughout any Lunar and Martian mission, ra-
diation exposure will be a major hazard for humans. Under-
standing the long-term effects of radiation on human health is
essential before undertaking space exploration for extended
periods. Space radiation is very distinct from the radiation
exposure on the Earth. During exploratory missions to the
Lunar and Martian environments, astronauts will be exposed
to heavy ions and energetic protons in galactic cosmic rays
(GCR) and lower-energy protons in solar particle events
(SPE), plus secondary protons, neutrons, and heavy ions
produced in the spacecraft shielding particle type. Based on
estimated fluence rates (number of atomic nuclei per unit
area), protons are by far the most abundant. However, heavy
ions have much greater ionization potential and hence are
major contributors to total equivalent physical dose, with
heavy iron ions being the most important contributor (31).
Providing shielding in spacecraft has excessive costs and will
not eliminate GCRs. The risk of developing degenerative
diseases such as coronary heart disease from radiation expo-
sure during and after deep space exploration from GCR and
SPE needs to be defined before attempting exploratory mis-
sions to the Lunar and Martian surfaces. As degenerative
cardiovascular disease takes extended periods to develop, the
risk to the astronaut remains after the astronauts return to the
Earth. Radiation dose limits need to be established that will
limit the risk of degenerative cardiovascular disease from
occupational radiation exposure in space to an acceptable
level.
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A 1000-day exploratory mission to the Martian surface may
require 400 days in deep space and 600 days on the surface of
Mars (23). For men aged 40 at the time of the mission, the
corresponding excess risk of death from radiation exposure is
estimated to be between ~1.3% and 13% (25). During the
transit to Mars, the nucleus of every cell in the body may be
traversed by a high-energy proton once every 3 days, and a
helium ion once every 30 days (24, 26). On the assumption
that the human body contains ~10" cells, at least 3 x 102 cell
nuclei will be traversed by an ion of iron during the course of
the mission (74). The resulting physical radiation dose in-
curred is estimated to be ~0.4 Gy, corresponding to ~1.1Sv
(74). Exposure of mice to total physical doses of 0.2 Gy of *’Ne,
1.6 Gy *°Ar, and 3.2 Gy of '*C resulted in structural injury to
the coronary vessels 15 months after irradiation manifest as
smooth muscle cell degeneration, fibrosis, and extracellular
deposition (101). A single physical dose of 0.1 or 0.2 Gy of *°Fe
ions to the orbital region of the mouse results in degenerative
changes in the coronary arteries 15 months after irradiation
(100). These findings suggest that exposure to ions of iron at
fluence rates relevant to those that would be encountered in
space exploration results in late cardiovascular injury. In ad-
dition, the observation that radiation of the brain may be re-
sponsible for causing remote injury in the heart supports
recent findings that injury to the heart caused by 10 Gy TBI is
indirect and likely caused by dysfunction of other organs,
resulting in the export of factors that contribute to coronary
sclerosis and cardiac ventricular dysfunction (6). Based on
these estimates, it is likely that exposure to protons, helium,
and iron ions during an exploratory mission to Mars could
subsequently result in degenerative cardiovascular disease.
Further studies are needed to define the risk for late cardio-
vascular disease after exposure to high atomic number, high-
energy (HZE) ions, and protons at low fluence rates.

The physical dose needed to produce a biological effect
from irradiation with a higher LET is lower when compared
with y-rays. Ions of iron and helium have a higher relative
biological effectiveness than y-rays. For humans, there is no
information available as to the relative biological effectiveness
of these particles in the heart. In studies on other organs, the
relative biological effectiveness of high-energy heavy ions in
mice and rats for carcinogenesis in skin and Harderian or
mammary glands can be as high as 2540 after doses <1 Gy
(5,16, 30). Thus, by extrapolation, the radiation dose from ions
of iron, helium, and possibly protons needed to increase the
risk factors for cardiovascular disease is likely to be consid-
erably less than for y-rays. Nontargeted, bystander effects
may also increase the risk for degenerative cardiovascular
disease at low doses. Studies are needed to determine the
relative biological effectiveness of ions of iron, helium, and
protons for increasing risk factors for cardiovascular disease
at the low doses associated with space exploration.

Cancer treatment

There has been general recognition since the mid-1960s that
high doses of radiation, administered as a consequence of the
treatment of patients with cancer, can cause damage to the
heart and pericardium (21). In the treatment of localized
malignant disease, for example, Hodgkin’s disease and car-
cinoma of the breast, the dose distribution to the heart is
highly nonuniform. For example, in 50 consecutive patients



1948

treated for left-sided breast cancer using tangential fields in a
single center in the United Kingdom in 2006, 44% (22/50)
received a dose of >20Gy to up to 5% of the total heart vol-
ume (88). The average maximum dose in this series was
30.7Gy and the minimum ~2Gy. An average mean heart
dose of 2.3 Gy was quoted, but the biological significance of an
average dose when the dose variation is so large is difficult to
judge. Average maximum and minimum doses to the heart
for patients treated with the same technique for cancer of the
right breast were of the order of 2Gy. All of these doses rep-
resent total accumulated dose from fractionated irradiation, in
this instance, a standard 15 fractions, given as 5 fractions/
week over 3 weeks. Based on the application of the linear
quadratic model of cell survival [a model in which biological
effect E is a linear-quadratic function based on the number of
dose fractions (N) and the physical dose/fraction (d), where
E = (d + ofd®)Nd; the o/ f ratio is a tissue-specific constant for
which a value of 2 Gy has been obtained from experimental
studies of heart damage (75)], the maximum average dose
quoted above would translate to a equivalent single dose of
~10Gy. The minimum dose of ~2 Gy (left-sided breast can-
cer) and about 2 Gy (right-sided breast cancer) would remain
unchanged because after the small doses/fraction associated
with such a total physical dose, the linear component in the
model predominates. Average heart doses are not applicable
to such an analysis.

A difference in the risk of mortality from cardiovascular
disease for patients treated with radiotherapy for left-sided
versus right-sided breast cancer have been used as evidence of
radiation-induced heart disease. A recent analysis of the ex-
tensive data from the U.S. Surveillance Epidemiology and
End Result (SEER) cancer registries (28) has shown that for
patients treated with radiotherapy, the mortality ratio (left
sided wvs. right sided) was 1.16 (95% confidence interval [CI]
1.08-1.24; two-sided p-value [2p] = 0.00004) and that, fur-
thermore, the increase in cardiac risk increased with time from
diagnosis from 1.04 (0.93-1.15) for <5 years, to 1.1 (0.97-1.25)
for 5-10 years, to 1.37 (1.14-1.64) 10-15 years, and 1.53 (1.25—
1.86) for 15 years or more. The risk ratio for patients not
treated with radiotherapy was not significantly different from
1.0. A similar trend has also been observed in an analysis of
the cases from the trials included in the follow-up of the Early
Breast Trialists” Collaborative Group (EBCTCG), where an
excess mortality of heart disease of 1.27 (standard error 0.07,
2p = 0.0001) was quoted (19). In both of these studies, the var-
iation in doses to the heart will be much more variable than
those quoted earlier. This is because of the wide variation in the
treatment methods used both in terms of the dose fractionation
schedule and the orientation of the treatment fields. An indi-
cation of the likely variability was obtained from a reconstruc-
tion of heart doses for treatment schedules between 1950s and
1990s (89). Other breast cancer studies have also indicated an
increased risk ratio of cardiovascular mortality after treatment
for left-sided breast cancer of 1.1 (1.03-1.180) for all vascular
disease and 1.13 (1.03-1.25) for Swedish women (27) and 2.1
(1.11-3.95) in a small population based study in Canada (67).

Evidence of cardiac disease developing in patients treated
with mediastinal radiotherapy for Hodgkin’s disease has
come from a number of publications (83). It has been reported
to account for 25% of all deaths that were not associated with
Hodgkin’s disease. Estimates of relative risk are, in general, in
the range 2.2-3.1, although one study estimated it to be as
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high as 7.2 (4). The dose distribution, like that for patients
treated for breast cancer, was highly nonuniform.

One additional study quoted as evidence that radiotherapy
causes an increased risk of cardiovascular disease involved a
study of 1859 patients treated for a benign condition, peptic
ulcer, between 1936 and 1965, with a similar number of pa-
tients suffering from the same disease treated by other means
serving as control (17). The relative risk of mortality from
cardiovascular disease was 1.24 (1.04-1.47) after >10 years
and only 1.02 for <10 years. The relative risk also appeared to
increase with the average total cardiac dose from unity after
average dose of 0.1-1.9 Gy to 1.51 after 3.1-7.6 Gy. However,
the mean peak dose in the beam assumed that 5% of the total
heart volume also increased with the average dose from 7.6 to
18.4 Gy, although as with the average dose there was con-
siderable variation in the total dose in each of 4 dose ranges
used for the analysis. These represent cumulative doses from
fractionated irradiation using various machines, although
typically 250 kVp X-rays. Doses were given as 1.5Gy daily
fractions during one or two 6-14-day treatment courses. The
objective was to give a total dose of 16-17 Gy to the stomach
and with about 5% of the heart (the apex) in the irradiation
field during treatment. These authors extensively discussed
the relative importance of the high doses to a small volume as
opposed to the much lower average, very homogeneous dose
to the whole volume as the cause of the increased risk. This
debate holds true for all the reported studies demonstrating
an increased risk of mortality from heart disease after local
radiotherapy for tumors adjacent to the heart. Perhaps only
after the risk from relatively standardized total doses, frac-
tionation schedules and treatment setups have been assessed
will this debate finally be resolved. The observation that av-
erage doses, normally based on the cumulative dose from
fractionated irradiation, are low and in the range estimated
for the Japanese atomic bomb survivors may give a false sense
of security, since unlike the dose in radiotherapy patients, the
dose in these survivors is more likely to be much more uni-
form and associated with irradiation of the whole body.

Therapeutic whole-body irradiation results in a signifi-
cantly more homogeneous dose to the heart. A safe, single,
and effective dose is 10 Gy given at a low dose rate. This has
proven to be the critical issue since too high a dose rate will
result in fatal acute pulmonary complications. Total whole-
body irradiation dose can also be increased to 12-15 Gy, given
as six equal fractions twice/day over 3 days. The interval
between the two fractions should be at least 6 h, and dose rate
is less important (69). Despite the clinical use of TBI for the
treatment of a number of conditions, and in particular leu-
kemia in childhood, there have been no systematic reports
relating this treatment to delayed cardiac toxicity. Indeed in
one report (58), toxicity related to TBIis implied because of the
cardiac toxicity associated with the use of mediastinal irra-
diation used in the treatment of Hodgkin’s disease in child-
hood. In a more recent systematic review (93) on the risk of
morbidity and mortality from cardiovascular disease after
radiotherapy for childhood cancer, no data sets related to the
use of TBI are included. This lack of data may simply reflect
the poor prognosis of patients treated using this particular
modality or the lack of clarity in ascribing effects to radiation
alone. Since bone marrow transplantation follows TBI, graft
versus host disease and the use of chemotherapy are con-
founding factors. Two very recent reports deal specifically
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with the cardiovascular risk factors associated with the re-
treatment of childhood and adolescent cancers (61, 66), and
some of the patients included received TBI. The hazard ratios
associated with congestive heart failure were significantly
increased but only after average heart dose of >15 Gy, which
is very unlikely to include TBI cases. On the other hand, the
odds ratio (OR) associated with cardiovascular risk factors for
adult survivors of childhood cancer was found to be higher
(OR 5.5; 95% CI 1.5-15.8) for those treated with TBI (61)
compared with just chest and abdominal irradiation (OR 2.3;
95% CI 1.2-2.4). Although not significant, this provides evi-
dence for a trend toward a greater effect of TBI. The OR values
for radiation exposure were greater than those for anthracy-
cline use in treatment, but it should be noted that this study
(61) only applied to patients who had been treated between
1970 and 1986 and who had survived for at least 5 years after
diagnosis, and thus represents a long-term study of the type
reported earlier for breast cancer patients. The cardiovascular
risk factors for this study group were also clearly linked to the
current age of patients, the OR being 1.0 for <30 year olds,
rising to 8.2 for the +40-year-old group.

As mentioned above, it is frequently assumed but as yet not
totally proven, that the heart of children is more sensitive to
radiation exposure than adults. However, there have been
only a few studies published where both the follow-up of
young and older patients have been compared (51, 57). In the
earlier study, a total of 326 patients who had received mantle
irradiation survived for over 3 years. Of these, 5.5% had a
morbid cardiac event related to coronary artery disease. The
mean interval from radiotherapy to the event was 13.1 years
(range 4.4-27 years). The mean age at the time of irradiation
was 26.3 years (range 10-53 years). The observed to expected
ratio of cardiac artery disease was 38.2 in patients treated
under the age of 21 compared with only 2.8 in the group as a
whole. The increased risk of cardiovascular events in patients
treated with radiotherapy at the age of <18 years was 44.0 in
the study by Lee et al. (57), compared with the overall risk in
all patients of 7.0. Difference in the age structure of the two
populations and the treatment techniques used may explain
the differences between the two studies, but the overall trend
is self-evident.

Radiosurgery for cardiac arrhythmia

Atrial fibrillation is the most common sustained cardiac
arrhythmia and is associated with impaired quality of life and
an increased risk of stroke and mortality. Radiofrequency
ablation of arrhythmogenic cardiac lesions can injure normal
tissue beyond the intended pathological territory. Recently,
X-rays have been used to target a local area of the heart as-
sociated with the genesis of atrial arrhythmias (78). A local
dose of 25Gy or larger created a lesion that altered the elec-
trophysiology of the heart. Fibrosis and inflammatory infil-
tration, secondary to radiation, was present in the target area.
Targeted lesion volumes were not reported. The concept of a
noninvasive procedure to ablate cardiac arrhythmias is ap-
pealing. However, long-term consequences of using X-ray
radiation in this setting are not well understood. Radiation-
induced injury can take many years to become manifest, and
the effects on surrounding tissues need to be defined. Further
studies are needed to define the risk from local irradiation on
developing cardiovascular disease.
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Diagnostic radiology

The contribution of medical imaging to the exposure of the
U.S. population is almost the same as background radiation
(3.0mSv or 48% of that from all sources) (Fig. 1). This is due to
major developments in the diagnosis and treatment of cancer
and heart disease over the past 20 years, predominantly in the
fields of computed tomography (CT), interventional radiol-
ogy, and nuclear medicine. CT is a medical imaging method
used to generate three-dimensional images of the inside of an
object including the heart. Multiple X-ray scans are used to
generate images. CT scanning involves larger radiation doses
than conventional X-ray imaging procedures (12) and ac-
counts for 17% of hospital departmental work load, but 70%-
75% of the collective dose from medical radiation. During a
CT session the heart may be subjected to two to three scans. In
the last 20 years, technical improvements have lowered ra-
diation dose in CT scanning. The relatively high dose of car-
diac CT (10-15mSv) as initially implemented using
retrospective gating and intended wide application in the
medical community caused controversy. Cardiac CT is now
performed with prospective gating resulting in a dose re-
duction of 80% and an average patient radiation dose of 2-
4mSv (63). This compares to a cardiac nuclear medicine
stress test with a dose approximating 7.5mSv. Given im-
provements in scanner performance and, in particular, im-
age reconstruction techniques, an average radiation dose of
1-2mSv for cardiac CT scanning may be expected. This re-
duction in dose would be expected to decrease the risk for
developing late cardiovascular disease. However, the long-
term consequences of CT interventional radiology and
nuclear medicine to the development of cardiovascular dis-
ease remain unknown.

Radiation as the Cause of Late Cardiovascular
Disease in Animals

Further evidence that radiation causes cardiovascular dis-
ease comes from animal studies. Radiation either directly to
the thorax or specifically to the heart (18, 37, 55, 56, 103, 104)
will result in the development of injury after doses of 15 Gy
and higher. A single exposure to 15-60 Gy exerts an adverse
long-term effect on cardiovascular function in the rat, result-
ing in morphological degeneration (53), mechanical dys-
function (98), damage to the endothelium (9), and increased
mortality (56). It has been suggested that radiation-induced
cardiac injury is mediated by micro-vascular injury caused by
inflammation and oxidative stress (6, 75, 81), but further
studies are needed.

The extent to which radiation affects the cardiovascular
system is poorly understood. The effect of 10 Gy TBI on car-
diac risk factors, coronary vasculature, and cardiac function in
the WAG/RijCmcr rat has recently been determined.

From 20 days after TBI, a progressive increase in total se-
rum cholesterol was seen. Low-density lipoprotein choles-
terol progressively increased to a peak value of 82 + 8 mg/dl
at 80 days compared with 13 + 3mg/dl in unirradiated rats.
There was also a transient increase in triglyceride levels 40
days after TBI, which then declined to values present in un-
irradiated rats by 100 days (Fig. 3).

Micro-CT showed a striking reduction in the density of the
smaller diameter coronary vessels (<50 pm diameter) at 120
days after TBI (Fig. 4). The diameter of the epicardial arteries
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FIG. 3. Time-related changes in total cholesterol, low-
density lipoprotein (LDL) cholesterol, and triglycerides
after total body irradiation (TBI). Data shown as mean *
SD, n = 6/group. *p < 0.05, 10 gray (Gy) versus unirradiated
controls. Reproduced from Baker ef al. (6) with permission
from Taylor & Francis, Ltd. (www.tandf.co.uk/journals).

were unaffected by TBI. Three-dimensional reconstruction of
the coronary network revealed a decrease in the smaller di-
ameter penetrating vessels in 32% of the irradiated heart fields
examined at random compared with the unirradiated controls.

Histological studies confirmed the CT findings seen in
hearts 120 days after TBI showing sclerosis of intramural

Control

10 Gy TBI

FIG.4. Computed tomography reconstruction of coronary
arteries at 120 days after TBI, compared to age-matched
control. TBI reduced the number of vessels of smaller di-
ameter (<50pum diameter) but not the epicardial vessels.
Reproduced from Baker et al. (6) with permission from
Taylor & Francis, Ltd. (www.tandf.co.uk/journals).
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coronary vessels. Affected vessels had partial to complete
luminal sclerosis due to concentric laminar thickening of the
vessel walls with accumulation of matrix material between
layers of hyperplastic and vacuolated smooth muscle cells.
The cardiomyocytes from TBI-treated hearts remained nor-
mal in appearance. Trichrome staining revealed peri-arterial
fibrosis and irregular collagen deposition around the pene-
trating coronary vessels of irradiated hearts. Control hearts
had symmetrical penetrating vessels with less collagen and
fibrosis (Fig. 5).

Also after TBI, rats had significantly reduced global radial
(Fig. 6) and circumferential strain compared to unirradiated
controls as assessed by echocardiography. These changes
represent significant biological injury and are an early sign of
clinical heart failure. Thus, a single exposure to 10 Gy TBI was
associated with the development of risk factors for cardio-
vascular disease, cardiac tissue degeneration, and cardiac
dysfunction.

Individual Radiation Sensitivity:
Genetic and Gender Effects

It is likely that in exposure to space radiation, there will also
be genetic and gender differences in the patterns of injury.
Genetic diversity and gender differences need to be assessed
as risk factors for degenerative cardiovascular disease after
simulated space irradiation.

Gender differences in risk factors for cardiovascular disease
in astronauts exposed to deep space radiation are incom-
pletely understood. Female mice have been reported to be
more sensitive than male mice to the effects of “°Fe ion irra-
diation (2-3 Gy) to the brain or hippocampal function (95).
Female monkeys are more sensitive to the mortality effects of
proton irradiation than males, with a dose effect occurring in
the 0.25-1.13 Gy range, compared with a dose effect in the
range of 3.6-4.0 Gy in males (105). Gender differences also
exist in susceptibility and progression of cardiovascular dis-
ease (7, 85). As the astronaut corps at NASA is comprised of
males and females, there will be a need to determine the in-
fluence of gender on risk for degenerative cardiovascular
disease resulting from space radiation.

Subjects with disease of genetic repair such as ataxia tel-
angiectasia have greatly enhanced sensitivity to irradiation,
and a greater sensitivity is also reported for subjects with
scleroderma (20). It is likely that in astronauts exposed to
space radiation, there will be genetic differences in the pat-
terns of injury. In support of the notion of genetics as a factor
influencing cardiovascular disease, one of us (John Hopewell)
has shown that after local heart irradiation, cardiac output
declined in Sprague Dawley rats and increased in Wistar rats
(104). Selection of astronauts based upon the composition of
an individual’s genome may be a useful strategy to decrease
risk factors for developing degenerative cardiovascular dis-
ease from radiation exposure associated with deep space ex-
ploration. Investigations are urgently needed to determine the
mechanistic basis for these genetic and gender differences.

Potential for Medical Countermeasures to Prevent,
Mitigate, and Treat Radiation-Induced Injury

There is an immediate need for a practical therapy to pre-
vent, mitigate, and/or treat radiation-induced injury to the
heart after irradiation (22). The U.S. National Institutes of
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Control

10 Gy TBI

FIG. 5. Morphological changes to the coronary vascula-
ture at 120 days after 10 Gy TBI. (A) Heart sections, stained
with H&E, show vessel lumen completely blocked (—) as a
result of myointimal proliferation 120 days after 10 Gy TBIL.
The lumen of a comparable vessel in an age-matched unir-
radiated heart is patent and contains red blood cells (=). (B)
Heart section, stained with Trichrome, showing increased
peri-arterial fibrosis in small caliber coronary vessel 120 days
after 10Gy TBI compared with a comparable vessel in an
age-matched control. Fibrosis appears as blue using tri-
chrome staining. Reproduced from Baker et al. (6) with per-
mission from Taylor & Francis, Ltd. (www.tandf.co.uk/
journals).

Health have recommended terminology for such therapies
that is consistent with other areas of medicine: prophylactic
agents/protectors are agents that must be given before radi-
ation exposure; mitigators are agents that are given after ex-
posure, but before the appearance of overt evidence of injury;
and treatment refers to agents that are given after overt
symptoms develop (84). Agents with evidence for cardiac
efficacy include free radical scavengers, antioxidants, statins,
steroids, natural products, and other agents (8, 10, 36, 80, 90).

In the present discussion, this will be limited to compounds
that are potentially available to act as pharmaceutical and
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FIG. 6. Change in ventricular function at 120 days after
10 Gy TBI compared with age-matched controls. *p < 0.05
for 10Gy wversus unirradiated age-matched control. Re-
produced from Baker et al. (6) with permission from Taylor &
Francis, Ltd. (www.tandf.co.uk/journals).
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nutraceutical medical countermeasures against radiation-in-
duced injury to the heart. The compounds discussed are not
approved for use as mitigators of radiation-induced injury by
the Food and Drug Administration (FDA). Design and de-
velopment of novel pharmaceutical and nutraceuticals coun-
termeasures against radiation-induced injury are outside the
scope of this review.

Vascular endothelium

The vascular endothelium is believed to be a target for ra-
diation-induced injury. The endothelium is the sentry against
cardiovascular disease. It plays a pivotal role in vascular tone
and remodeling as well as regulating thrombosis and in-
flammation. The thrombotic and inflammatory pathways are
regulated by nitric oxide produced from endothelial nitric
oxide synthase, thrombin, and the thrombin receptor (PAR1),
and fibrinogen among other factors. Nitric oxide, through: its
anti-inflammatory and antithrombotic effects, is able to di-
minish leukocyte adhesion and arterial thrombosis. Nitric
oxide and thrombosis have an intricate relationship. Nitric
oxide decreases thrombosis by inhibiting the expression of the
prothrombotic protein plasminogen activator inhibitor-1 and
decreasing platelet aggregation (60), whereas thrombin en-
hances nitric oxide production through the thrombin receptor
(43). Moreover, long-term exposure of endothelial cells (ECs)
to thrombin results in a downregulation of endothelial nitric
oxide synthase (35). Thrombin and endothelial PAR1 also
contribute to the expression of inflammatory cytokines and
adhesion molecules, and after leukocyte adhesion, their mi-
gration into tissue (50, 64, 71). Fibrinogen, a protein secreted
by the liver, is a key component of the coagulation cascade
and functions at the level of the endothelium not only to
promote thrombosis, but also to upregulate the inflammatory
response. Elevated fibrinogen is correlated with an inflam-
matory state and the progression of atherosclerosis (73). EC
damage and/or cell loss after radiation is likely to disrupt the
anti-inflammatory and antithrombotic mechanisms, thereby
promoting tissue damage and fibrosis through inflammatory
and thrombotic mechanisms. Nitric oxide, thrombin, and
PAR1 are central in this role. Thus, pharmaceutical and nu-
triceutical countermeasures directed toward maintaining en-
dothelial function, especially by normalizing nitric oxide
production and PAR1 expression, have potential to both
mitigate and treat radiation-induced injury to the heart.

Angiotensin-converting enzyme inhibitors

The angiotensin-converting enzyme (ACE) inhibitor cap-
topril, given after radiation exposure, mediates against
structural changes to the heart after radiation (20 Gy), but is
unable to prevent the decline in cardiac function (102).
However, the effect of captopril with the lower levels of ra-
diation associated with either a terrorist exploding a radio-
logical device or as a nuclear accident on subsequent injury
to the heart is unknown. Captopril also mediates radiation-
induced renal injury (65). These ACE inhibitors are strong
candidates for further evaluation in rats exposed to lower
doses of irradiation, for example, 10 Gy.

Statins

The vascular endothelium is a major effector compartment
for the pleiotropic effects of statins, many of which appear to
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be related to the ability of statins to prevent the development
of EC dysfunction during various disease states. Maintaining
an anticoagulant cell surface is a critical aspect of endothelial
function, and ensures not only thrombo-hemorrhagic ho-
meostasis, but also the appropriate regulation of inflamma-
tory and fibro-proliferative responses. Considerable research
has focused on the mechanisms by which statins enhance
endothelial anticoagulant and fibrinolytic properties. These
studies show that statins increase the expression and enhance
the activity of endothelial nitric oxide synthase (54), upregu-
late prostacyclin (76) and tissue-type plasminogen activator
(34), decrease oxidative stress (72), and downregulate
thrombin receptor expression (49).

Simvastatin is a prodrug of a specific inhibitor of 3-hy-
droxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase
(29). Simvastatin is able to decrease lipid levels in blood.
Moreover, simvastatin has recently been shown to be capable
of decreasing radiation-induced injury to rats. Administration
of dietary simvastatin for 1 year significantly decreased the
incidence (36%) of radiation-induced mammary tumors
compared with that of the control rats (88%) (48). Also, the
development of adenocarcinoma in the simvastatin-fed rats
was significantly reduced compared to that in the control rats.
Simvastatin is also effective in reducing radiation-induced
brain injury (S. Brown, pers. comm.). There have been no
studies on the ability of simvastatin to ameliorate radiation-
induced injury to the heart.

Vascular injury is believed to be a key factor in the patho-
genesis of radiation-induced sclerosis, fibrosis, and throm-
bosis, but only recently have studies proposed a link between
the persistence of endothelial dysfunction and radiation pa-
thologies (33, 62, 82, 96). Radiation induces an early and
sustained activation of vascular ECs (39, 40, 92), resulting in
maintenance of the functional pro-inflammatory and throm-
bogenic properties of these cells (40, 94). The slow loss of ECs
after irradiation can invoke a change in EC function including
the increased expression of adhesion molecules. Because it has
been proposed that there may be indications for statins in
conditions with endothelial dysfunction (11, 97), statins may
improve endothelial function after radiation exposure. Pra-
vastatin inhibits radiation-induced increases in the produc-
tion of IL6, IL8, and MCP1 and the expression of ICAM1 by
ECs, thus providing additional evidence for the anti-inflam-
matory properties of statins on EC. There have been no
studies on the ability of pravastatin to treat radiation-induced
injury to the heart.

Curcumin

Curcumin is a natural tropical plant polyphenol compound
derived from the Curcuma longa Linn, a root related to Gin-
ger. It is commonly found as a food additive and in the spice
turmeric. Curcumin is a deep yellow pigment, and is re-
sponsible for the color found in South Asian curries as well as
American yellow mustard, and has been an ingredient used in
cooking since 600 B.C. Powdered turmeric is widely available
in supermarkets throughout the United States as a household
spice. The major pigment found in turmeric is curcumin (di-
feruloymethane), which is now known to possess pharma-
cologic anti-inflammatory and antioxidant properties. The
Curcumin content of turmeric spice may range from 189 to
250 mg/g (i.e., 18%-25% of turmeric by weight) (77). Curcu-
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min has been used for hundreds of years as a component of
Ayurvedic medicines, as a dietary supplement known to help
gastrointestinal ailments, inflammatory lesions of the skin,
and as an exfoliant. Western medical interest in the compound
has increased dramatically after the discovery of the potent
effect of curcumin as an inhibitor of NF«B and of the mitogen-
activated protein kinases. There are over 20 clinical trials of
curcumin currently registered at clinicaltrials.gov (Web site
reference www.clinicaltrials.gov). Mammary and pituitary
tumors in rats induced by radiation can be inhibited by cur-
cimin administered after radiation exposure (47). However,
there have been no studies on the ability of curcumin to
ameliorate radiation-induced injury to the heart.

Nitric oxide

The reduction in nitric oxide generation as a result of dys-
functional vascular endothelium contributes to cardiovascu-
lar disease. Continuous generation of nitric oxide is essential
to the survival and function of the heart, and decreased pro-
duction of nitric oxide is central to the development of car-
diovascular diseases (42, 46). Nitrite is a major storage form of
nitric oxide (¢NO) in blood and tissues (14). Oral nitrite re-
verses NC-nitro-L-arginine methyl ester-induced hyperten-
sion and serves as an alternate source of *NO in vivo (91).
Further, plasma nitrite levels progressively decrease with in-
creasing cardiovascular risk (52). Nitrite is currently undergoing
clinical trials to increase nitric oxide in patients with coronary
artery disease (ClinicalTrials.gov identifier NCT00069654). Be-
cause a substantial portion of steady-state nitrite concentrations
in blood and tissue are derived from dietary sources (15),
modulation of nitrite intake may provide a first-line defense
against radiation-induced injury. However, there is no experi-
mental evidence indicating the consequences of dietary nitrite
supplementation on risk factors for cardiovascular disease after
radiation exposure.

Conclusion

Humans are continually exposed to radiation from terres-
trial sources. On the Earth most human radiation exposures
(medical and natural background) are from low LET photons
(low LET X- and y-rays), low energy o-particles from radon,
and y-rays and neutrons in the survivors of atomic bomb
explosions. Diagnostic and therapeutic applications of radia-
tion are widespread, and threats from radiological terrorism
and nuclear power plants persist. These sources of radiation
may increase risk for developing cardiovascular disease.
Health risks associated with exposure to radiation exposure
from deep space radiation will persist after astronauts return
to the Earth as cardiovascular changes develop at long peri-
ods after exposure. For example, cardiovascular injury was
observed in Japanese atomic bomb survivors at doses as low
as 0.5-2.0 Gy to the entire body, doses lower than those nor-
mally associated with cardiac injury if the exposure dose is
localized to the thorax or heart. The risk of developing car-
diovascular disease in patients exposed to radiation for di-
agnostic and therapeutic purposes, and from occupational
radiation exposure remains a health concern. Further studies
are needed to define the mechanisms underlying injury to the
cardiovascular system from exposure to terrestrial and cosmic
radiation, and to develop strategies for mitigation and treat-
ment of radiation-induced injury.
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