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ABSTRACT

Heart disease is the leading global cause of death. The risk for this disease is significantly increased in popula-
tions exposed to ionizing radiation, but the mechanisms are not fully elucidated yet. This review aims to gather
and discuss the latest data about pathological and biological consequences in the radiation-exposed heart in a
comprehensive manner. A better understanding of the molecular and cellular mechanisms underlying radiation-
induced damage in heart tissue and cardiac vasculature will provide novel targets for therapeutic interventions.
These may be valuable for individuals clinically or occupationally exposed to varying doses of ionizing radiation.
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INTRODUCTION
Cardiac disease (CD) is the leading cause of morbidity and mortal-
ity in the Western world [1]. It accounts for nearly one-third of all
deaths worldwide [2].

There are multiple contributory risk factors for heart disease.
Some are of a controllable nature, such as life-style and dietary fac-
tors, and metabolic disorders such as high cholesterol levels or
hypertension. Others are non-controllable fixed risk factors, such as
gender, age, and genetic predisposition [3, 4].

In addition, there are environmental factors affecting the risk of
CD, ionizing radiation being one such factor. It has been known for
a long time that high doses of radiation, such as those given during
radiotherapy, cause damage to the heart and vasculature and thus
increase the risk of CD [5]. The data from animal experiments have
strongly supported this observation [6–8].

The earliest data indicating radiation-induced heart disease ori-
ginated from studies of long-term outcomes after radiotherapy
treatment of malignant disease such as breast cancer [9] or
Hodgkin´s disease [10]. Here, the local doses to some regions of
the heart could exceed 40 Gy [11]. Observed pathologies of high-
dose radiation on the heart in clinical studies include direct dam-
age to the coronary arteries, fibrosis of the pericardium and myo-
cardium, pericardial adhesions, microvascular damage, and stenosis
of the valves [12, 13].

The recent case–control study among women who underwent
radiotherapy for breast cancer indicates that the rate of ischemic
heart disease is significantly increased, even with doses <2 Gy [14].
Especially in clinical settings when high local doses are used,
radiation-induced heart damage depends not only on the heart dose
but also on the dose to the lung [15, 16]. This further complicates
the estimation of radiation response in the low-dose range.
Similarly, data on accidentally or occupationally exposed popula-
tions, especially the Life Span Study of the A-bomb survivors in
Japan and epidemiological studies on Mayak nuclear facility workers
in Russia, show that doses much lower than previously assumed
may increase the risk of myocardial infarction and stroke [17–21].

The majority of epidemiological data seem to support linear no-
threshold (LNT) radiation-dose response. However, only acute or
cumulative doses of ~0.5 Gy and above have been shown to signifi-
cantly elevate CD risk, while the magnitude of the risk below this
dose is uncertain and a threshold cannot be excluded.

Although the risk for CD at low and moderate doses has been
extensively analyzed [22–24], the combination of multiple contribu-
tory risk factors for CD make it difficult for epidemiological studies
to detect increased risk at doses <0.5 Gy. Experimental animal and
cellular studies are necessary, not only for a correct extrapolation of
risk estimations, but also for the elucidation of biological mechan-
isms and the development of therapeutic countermeasures.
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PATHOLOGY OF RADIATION-INDUCED CD
Radiation-induced heart complications are related to total radiation
dose volume, younger age at the exposure, a greater time elapsed
since exposure, and concomitant use of cardiotoxic chemotherapeu-
tic agents such as anthracyclines [25]. Cardiac complications in
human normally appear late—years to decades following the irradi-
ation of the heart [26]; the first signs of cardiac toxicity typically
appear with a median of >10–15 years of follow-up [12].

Based on clinical data, radiation-induced CD may be categorized
into the following pathological conditions: pericarditis, pericardial
fibrosis, diffuse myocardial fibrosis, coronary artery disease, micro-
vascular damage, and valvular stenosis [12, 13, 27]. None of these
conditions is restricted to radiation exposure, but there seems to be
a significant acceleration in the pathogenesis of these symptoms by
irradiation. These various pathologies probably result in different
cardiac outcomes, e.g. coronary artery atherosclerosis leading to
myocardial infarct, versus microvascular damage and fibrosis leading
to congestive heart failure [28].

Radiation-induced changes in the heart tissue
Radiation-induced pericarditis in radiotherapy patients is character-
ized by exudation of protein-rich fluid within the pericardial sac and
fibrin accumulation on the mesothelial lining between pericardium
and epicardium [27]. Acute pericarditis is still occasionally seen
within weeks after cardiac irradiation, but symptoms usually resolve
quickly without consequences if non-steroidal anti-inflammatory
drug therapy is used [27]. However, some patients develop chronic
pericarditis up to 10 years later, which can be difficult to treat effect-
ively [27]. Similar to clinical observations, preclinical animal studies
indicate that pericardial fibrosis consists of collagen deposition in
the parietal region, but also in the interstitial areas of the thickened
pericardium [27, 29].

Radiation-related myocardial fibrosis is often asymptomatic but
can be diagnosed late, at least 10 years after radiation therapy [30].
It is characterized by diffuse collagen bands criss-crossing the cardiac
tissue, separating and replacing cardiomyocytes [27, 29]. In animal
models, myocardial fibrosis and loss of cardiac function develop sev-
eral months after irradiation [27]. Using a rat model, Boerma et al.
investigated the effect of pentoxifylline (a xanthine derivate used to
treat muscle pain in patients with peripheral artery disease) and
alpha-tocopherol (vitamin E) on radiation-induced fibrosis [31].
A daily dose of 9 Gy was administered for five consecutive days,
resulting in a considerable increase in cardiac fibrosis 6 months after
irradiation that could be significantly reduced by both agents.
Fibroblasts isolated from irradiated rat hearts showed distinguished
actin filaments, consistent with the formation of stress fibers and
cytoskeletal remodeling. The formation of cytoplasmic actin stress
fibers is considered to be associated with the formation of myofibro-
blasts [32], cells that show increased collagen synthesis. Moreover,
the irradiated animals showed decreased heart weight and heart/
body weight ratios and increased left ventricular diastolic pressure
[31]. Irradiation induced a significant increase in left ventricular
anterior wall thickness, both in systole and in diastole, that was
accompanied by reduced left ventricular inner diameter in
irradiated hearts. Both ejection fraction and fractional shortening

were significantly increased in irradiated hearts, but stroke volume was
not altered. Pentoxifylline and alpha-tocopherol treatment significantly
reduced radiation-induced increases in left ventricular diastolic pres-
sure and deposition of collagen, whereas radiation-induced alterations
in heart/body weight ratios, myocardial degeneration, left ventricular
mast cell densities, and most echocardiographic parameters were not
significantly altered by the treatment. This suggests that this treatment
could be used to specifically target radiation-induced cardiac fibrosis
and collagen deposition formation in human.

Seemann et al. demonstrated a decrease in both systolic and dia-
stolic volumes and increased ejection fractions in C57BL/6 mice
40 weeks after local heart irradiation with 16 Gy [33]. Increased col-
lagen deposition after irradiation may have contributed to impaired
myocardial contractility [34]. In addition, cardiomyocytes are known
to react to stress signals directly by initiating an inflammatory
response through activation of macrophages [35]. This leads to
decreased myocyte contractility in vitro and in vivo, resulting in a
decrease in systolic and diastolic filling [36].

Radiation-induced changes in the cardiac vasculature
The progression of radiation-induced coronary artery disease fol-
lows that of normal atherosclerotic process caused by other factors.
The initial event is endothelial damage, infiltration of monocytes
into the intima [37, 38], and subsequent incorporation of low-
density lipoproteins and the formation of fatty streaks [38, 39]. Pre-
clinical animal models have long been used to study these initial
events [40–44]. Mice lacking the apolipoprotein E (ApoE) are a
good model for studying atherosclerotic plaque formation because
this mutant (in contrast to the wild-type counterpart) is specifically
prone to developing this pathology [45]. As ApoE is necessary for
the normal catabolism of triglyceride-rich lipoprotein constituents,
the defective mutants develop hypercholesterolemia. Local irradi-
ation of the neck has been shown to accelerate the development of
carotid artery atherosclerosis in the ApoE mutant of C57BL/6 mice
30 weeks after single doses (8 or 14 Gy) and fractionated exposures
(20 × 2.0 Gy in 4 weeks) [46, 47]. Thirty weeks after irradiation,
the formation of inflammatory, macrophage-rich atherosclerotic pla-
ques with high levels of metalloproteinases and other proteolytic
enzymes, intraplaque hemorrhage and reduced fibrous caps was
observed. Such plaques are very vulnerable to rupture, causing
thrombosis [47]. Lipidemia at the time of irradiation has been
shown to stimulate the formation of fatty streaks [48].

Evidence for the radiation-induced microvascular damage comes
mainly from animal experiments. However, regional cardiac perfu-
sion defects have been observed in non-symptomatic breast cancer
patients only 6 months after radiotherapy [49–51]. These symp-
toms persist and progress for several years [52]. Radiation-induced
cardiac microvascular damage is characterized by decreased capillary
density and has been shown in both rats [53, 54] and mice [33, 55]
after high (≥8 Gy) local heart doses. In an experiment with rabbits,
capillaries showed considerably more morphological changes in
response to radiation than did larger venules and arterioles [56].
The damage to the microvascular network seems to be progressive,
depending on the dose and time, suggesting a role in the underlying
cause of ischemic injury [33, 52].
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In general, studies using rodents to investigate radiation-induced
coronary artery disease are limited in number [47, 53, 55]. On the
other hand, many laboratory animals have been used successfully as
models of radiation-induced cardiomyopathy [33, 34, 44, 53, 57,
58]. It is reasonable to believe that radiation exposure to the heart
will induce both macro- and microvascular damage and that the two
mechanisms may act together to produce radiation-induced CD in
human populations [27]. In addition to that, direct damage of the
myocardium by ionizing radiation is probable [59–61].

BIOLOGY OF RADIATION-INDUCED CD
The human and animal data indicate the important role of vascular
injury and endothelial dysfunction [25], but also of myocardial
remodeling, degeneration and dysfunction [31, 61–63] in the patho-
genesis of radiation-induced CD. Endothelial dysfunction (loss of
thromboresistance and increased expression of adhesion molecules
and cytokines) contributes to pro-fibrotic and pro-inflammatory
environments, which are common aspects of radiation-induced tis-
sue injury [64, 65].

Oxidative stress, increased levels of endothelial adhesion mole-
cules, vascular inflammation and cellular senescence are all conse-
quences of the normal aging process [66], but are observed early in
irradiated tissues [67], including heart [68], suggesting an intensifi-
cation and acceleration of these molecular processes.

Oxidative stress and macromolecular damage
An immediate (24 h) increase in the amount of protein oxidation
and lipid peroxidation, observed as enhanced protein carbonylation
and malodialdehyde levels, was observed in mice after total body
irradiation at 3 Gy [69]. Both indicated a rapid increase in oxidative
stress corresponding to tissue damage. Persistent increase in oxida-
tive stress was found in the heart tissue of total-body-irradiated
(5 and 7 Gy) rats [70, 71]. Signs of increased oxidative stress, such
as increases in malondialdehyde levels and xanthine oxidase and
adenosine deaminase activities, and significant decreases in total
nitrate/nitrite levels and activities of antioxidant enzymes (glutathi-
one peroxidase, superoxide dismutase and catalase) have all been
observed in irradiated heart tissue [70, 72].

The membrane structures of cardiomyocytes are abundant in
phospholipids that are particularly sensitive to oxidative stress.
Cardiomyocyte membrane lipid peroxidation leads to structural and
functional damage [73]. Heart muscle is especially vulnerable to the
oxidative activity of free radicals generated by ionizing radiation
because of its low antioxidant defense [73, 74]. Depressed contract-
ile function, impaired energy production, increased resting tension
and enhanced levels of lipid peroxidation have been reported in
various cardiac preparations exposed to free radicals [75].

Oxidative stress and inflammation are implicated independently
in the development and progression of heart failure. Their inter-
action, however, is also evident throughout the process from initial
injury to cardiac remodeling and failure [76].

Cellular adhesion and inflammation
Cellular studies show that upregulation of endothelial cell adhesion
molecules and chemokines is the first step in both normal and

radiation-induced atherosclerosis, leading to monocyte attachment,
transmigration and finally foam cell formation [77–79]. Foam cells
are fat-laden macrophages containing low-density lipoprotein chol-
esterol (‘bad’ cholesterol) and are typically observed in atheroscler-
otic plaque formation. In general, inflammation and oxidative
damage play a role in radiation-induced atherosclerosis, as the
response can be mitigated by the overexpression of CuZn-
superoxide dismutase (SOD1) [48, 80], an enzyme responsible for
destroying free superoxide radicals in the body.

The levels of adhesion molecules such as intracellular adhesion
molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1),
E-selectin and platelet endothelial cell adhesion molecule (PECAM-1)
all increase after high doses of ionizing radiation [77, 81], probably
due to the activation of nuclear factor kappa-B (NF-κB) [82, 83].
However, the changes in the adhesion molecule expression are tissue-
specific because ICAM-1 is primarily expressed in the microvascula-
ture, E-selectin in the endothelium of large blood vessels and
P-selectin, another pro-inflammatory adhesion molecule, only in the
Weibel–Palade bodies of the endothelium, never in the microvascula-
ture [68, 79]. Furthermore, latest data indicate that the large arteries
respond somewhat differently to radiation than the small vessels,
showing decreased ICAM-1 levels after radiation exposure [84].
Radiation causes loss of thromboresistance by reducing the level of
thrombomodulin and increasing the level of pro-inflammatory tissue
factor [85–87]. An increased release of von Willebrand factor
(vWF), a blood glycoprotein involved in hemostasis, has been
demonstrated in endothelial cells after high single-dose irradiation
in vitro and in vivo [88]. Increased plasma levels of this factor are
presumed to arise from adverse alterations in the endothelium, and
may contribute to an increased risk of thrombosis [89]. Sievert
et al. quantified the expression of adhesive markers in cardiac
microvascular endothelial cells isolated from mice that had received
a local heart dose of 8 Gy [90]. Interestingly, inflammatory adhe-
sion markers (PECAM-1, ICAM-1, ICAM-2 and VCAM-1) started
to increase 10 weeks after irradiation, and ICAM-1 and VCAM-1
remained upregulated for at least 20 weeks.

Experimental studies have shown increased levels of endogenous
inflammatory factors within hours to weeks after irradiation of a
wide range of organs and tissues [91, 92]. In particular, endothelial
cells release excessive amounts of inflammatory eicosanoids as a
response to ionizing radiation. These include prostaglandins, prosta-
cyclin, thromboxanes and leukotriens, which are endogenous media-
tors of inflammation through vasodilation, vasoconstriction, vascular
permeability, microthrombus formation and extravasation of leuko-
cytes [91, 92].

Upregulation of several cytokines, including IL-6 and IL-8, has
been observed after endothelial cell high-dose irradiation in a time-
and dose-dependent manner [93]. In addition, ionizing radiation
has been shown to lead to increased permeability of endothelial
cells and, in the presence of hypercholesterolemia, to accumulation
of lipids [48].

Increased vascular adhesiveness, permeability and inflammation
are characteristic hallmarks of endothelial dysfunction. One of the
central modulators of radiation-induced endothelial dysfunction is
transforming growth factor beta (TGF-β) [94, 95]. It was induced
after local irradiation of rat heart with 20 Gy or five fractions of
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9 Gy [31, 96, 97]. TGF-β, together with Rho/ROCK signaling [98],
plays a central role in radiation-induced fibrosis [25].

Nitric oxide (NO), a powerful vasodilator, is an atheroprotective
compound commonly used as a surrogate index of endothelial func-
tion [99]. Heat shock proteins are produced by cells in response to
exposure to stressful conditions, and many of them function as chaper-
ones to facilitate proper protein folding [100]. In particular, heat shock
proteins heme oxygenase-1 (HO-1) and inducible heat shock protein
70 (HSP70) have been increasingly attributed a role as potential nega-
tive regulators of inducible NO synthase (iNOS) and as endogenous
mediators of inflammation [101]. In addition, reactive oxygen species
(ROS) have been shown to scavenge NO directly [102].

Azimzadeh et al. used 10-week-old C57Bl/6N mice that had
received local X-ray heart doses of 8 or 16 Gy and were sacrificed
after 16 weeks to isolate cardiac microvascular endothelial cells,
using streptavidin-CD31 coated micro-beads [103]. Irradiated endo-
thelial cells showed premature senescence, increased oxidative stress,
decreased NO availability and enhanced inflammation compared
with the sham-irradiated control cells.

The role of the kallikrein–kinin system (KKS) in radiation-
induced cardiac inflammation was investigated using the kininogen-
deficient Brown Norway Katholiek (BN/Ka) rat model [104].
BN/Ka rats and wild-type Brown Norway (BN) rats were exposed
to local heart irradiation with a single dose of 18 Gy or 24 Gy and
were observed for 3–6 months. BN rats, but not BN/Ka rats,
showed a 56% reduction in cardiac numbers of CD2-positive cells,
and a 57% increase in CD68-positive cells, specific for monocytes
and macrophages, together with a 52% increase in phosphorylation
of extracellular signal-regulated kinase 1/2 (Erk1/2). These results
suggest that the KKS plays a role in the recruitment of inflammatory
cells, presumably by altering the Erk1/2 signalling.

Further, blocking the kinin B2 receptor by the selective antagon-
ist HOE-140 in male BN rats, starting 5 days before and continuing
4 weeks after the local heart irradiation (21 Gy), enhanced CD68-
positive cells at four weeks in irradiated hearts [105].

In contrast to high doses, acute lower doses in the range of
0.1–1 Gy seem to result in reduced monocyte adhesion and thus have
an anti-inflammatory effect [106–108]. These cellular observations have
also been confirmed in animal models [108–110]. However, reduction
in the level of NO is seen for all radiation doses [6, 109, 111].

Cellular apoptosis and senescence
The mammalian myocardium contains several cell types, of which
the cardiomyocytes make up most of the heart’s mass. Although a
small proportion of cardiomyocytes in the adult myocardium remain
mitotic, most of them lose the capacity to undergo cell division
shortly after birth [112]. In the adult heart, ~70% of the cells are
represented by non-myocytes, most of which belong to the fibro-
blast compartment. Irradiation of the heart may induce apoptosis
and necrosis of all cells of the cardiac tissue, irrespective of type,
including cardiomyocytes, cardiac fibroblasts and conducting tissue,
but also of the cardiac vasculature, consisting of capillaries and epi-
cardial vessels [68].

Long-term effects in the myocardium have been reported after
local heart irradiation ranging from 0.2 Gy to 16 Gy using both

wild-type C57BL/6 and ApoE-defective mice [72, 113, 114]. The
results show, in agreement with other data [33, 55], that wild-type
mice are more susceptible to radiation-induced cardiac impairment
than the ApoE-/- mutant. This was manifested in the decreased
mitochondrial respiration, increased ROS production, and
increased oxidation of mitochondrial proteins in the wild-type but
not in the mutant mouse [114]. An inactivation of the transcrip-
tion factor peroxisome proliferator-activated receptor (PPAR)
alpha was observed in the wild-type mouse after local heart irradi-
ation (16 Gy) [72]. PPAR alpha is a key regulator of lipid metab-
olism in heart tissue. The reduced activity of PPAR alpha possibly
contributed to the sudden death by amyloidosis of these mice at
the age of 40 weeks [33], whereas this dose did not lead to sud-
den death in the ApoE-/- mice [55].

In contrast to cardiomyocytes, endothelial cells do divide, albeit
with a slow turnover rate of about once every three years in humans
[67], and they may thus be more sensitive to radiation than non-
proliferating cells. Ionizing radiation induces morphological changes
in the endothelium, whereas cardiomyocytes do not show altered
morphology, in spite of mechanical impairment [6].

Cardiac endothelial cells in culture undergo apoptosis after
high and moderate radiation doses [115]. However, endothelial
cells isolated from mouse heart showed resistance to apoptosis
after in vitro irradiation [116]. Similarly, in in vitro–irradiated
(10 Gy) pulmonary artery endothelial cells, only a low population
(8%) underwent extrinsic and intrinsic apoptosis, as indicated by
the activation of caspases 3, 8 and 9, as well as by the neutral
comet assay. A majority of the endothelial cells underwent prema-
ture senescence [117].

Senescent endothelial cells do not proliferate but they stay meta-
bolically active [118]. They have a greatly increased capacity for
monocyte attachment and their recruitment into the intima, two
essential initiating steps in atherosclerosis development. Not surpris-
ingly, senescent endothelial cells have been found in both ‘normal’
[119, 120] and radiation-associated atherosclerotic plaques appear-
ing after radiotherapy [121].

Compared with normal endothelial cells, senescent cells have
altered morphology, with a characteristically large size that could be
described as ‘fried egg’ instead of the more normal ‘cobblestone’
appearance [122]. In addition, senescent cells show altered gene
expression and function [67]. They express senescence-associated
β-galactosidase [123], show increased production of ROS [124] and
superoxide [125], downregulation of CDK2 [126], accumulation of
cell cycle arrest proteins p16, p21 and p27 [127], alterations in
ICAM-1 level and function [128], reduction of NO production
[129] and lower expression of NO synthase [130]. Some of these
characteristic traits for senescent cell cultures have also been found
in senescent vasculature in vivo [131].

High single doses of ionizing radiation have been shown to
induce a senescence-like phenotype in endothelial cells, with a sig-
nificant decrease in angiogenic activity in vitro [132, 133] and
in vivo [134], and increased expression of adhesion molecules
ICAM-1, VCAM-1 and E-selectin [135]. Chronic low-dose-rate
radiation exposure has been shown to lead to premature endothelial
senescence in vitro by inactivating PI3K and MAP kinase signaling
pathways [136, 137].
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In studies using Wistar and Sprague-Dawley rat models, local
high-dose (20 Gy) heart irradiation induced myocardial degener-
ation preceded by a focal loss of capillary number and alkaline phos-
phatase (AP) activity, presumably a marker of functional
endothelium. Within AP-negative areas, there was an increased
number of enlarged endothelial cells and enhanced lymphocyte
adherence to endothelial cells [138], both characteristic features of
a senescent endothelium [122]. In phosphatase-positive areas, endo-
thelial cell proliferation was unchanged, indicating that the decrease
in capillary density was not due to mitotic death of proliferating
cells, as is commonly seen in other tissues [139]. Around the AP-
negative foci, progressive signs of cardiomyocyte necrosis became
evident, the lag time depending on the rat strain. In Wistar rats,
enzyme loss started at 25 days after 20 Gy and reached its maximum
extent by 90 days. In Sprague-Dawley rats, which show significantly
higher enzyme activity before irradiation, the onset of alkaline phos-
phatase loss and associated alterations was delayed by ~30 days and
was significantly less extensive [138].

Some of the biological pathways described in this section are
illustrated in Fig. 1.

CONCLUSIONS
A better understanding of biological mechanisms underlying
radiation-induced damage in heart tissue and cardiac vasculature is
essential for preventing cardiac damage in clinical and occupational
settings. A promising novel target for such interventions could be
PPAR alpha. Since the PPAR ligands are essential for the transcrip-
tional activity of the PPAR family members, they are attractive can-
didates for designing novel therapeutic countermeasures in CD.
Several clinical and preclinical studies have already demonstrated
the beneficial effect of PPAR ligands on various CD risk factors
[140–142]. In addition, pentoxifylline and alpha-tocopherol treat-
ment could be used to reduce cardiac fibrosis in humans, but more
studies using animal models are needed. Clearly, patients given thor-
acic radiotherapy would benefit from increased surveillance of
known risk factors of heart disease, such as hypertension and hyper-
cholesterolemia [27]. Screening echocardiography could be consid-
ered for diagnosing asymptomatic myocardial fibrosis [30].

Large amounts of epidemiological, pathological and biological
data are available on the cardiac effects of high-dose radiation levels.
The known pathological responses of cardiac vasculature to high

Fig. 1. Proposed model of the biological pathways in cardiomyocytes, smooth muscle cells (SMCs) and endothelial cells
involved in radiation-induced heart disease. In cardiomyocytes, the inactivation of PPAR alpha, reduced fatty acid oxidation
(FAO), increased inflammatory response, and enhanced production of mitochondrial ROS are indicated. In SMCs, the
adverse effects on paxillin/integrin and actin signaling, cytoskeletal organization, and cell–cell junctions are shown. In
endothelial cells, the inactivation of PI3K, MAP kinase and Rho signaling pathways, increased cytoskeletal disorganization,
decreased NO production and bioavailability, and enhanced leukocyte migration due to increased cell adhesion and loosening
of cell–cell junctions are indicated.
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doses of ionizing radiation, such as increased adhesiveness, inflam-
mation and permeability, may also be used as endpoints when con-
sidering possible biological effects at low doses. However, the low-
dose effects may be completely different from the high-dose effects,
as indicated by the pro-inflammatory response of the vasculature
after high-dose exposures, but anti-inflammatory effect after low-
dose exposures. Further, the question of whether radiation-induced
CD is a deterministic phenomenon, i.e. whether there is a threshold
below which biological effects are not present, remains unanswered.
Moreover, in addition to studies of dose effects, the cellular and tis-
sue response to various dose rates (acute vs fractionated or chronic
exposures) needs more investigation.
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