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Abstract

Purpose of review: lonizing radiation is a highly effective treatment for a wide range of
malignancies, yet the cardiovascular (CV) toxicity that can result from chest radiotherapy impairs
the long-term health of cancer survivors and can be a limiting factor for its use. Despite over 100
years of successful clinical use, the mechanisms by which high-energy photons damage critical
components within cells of the heart’s myocardium, pericardium, vasculature and valves remain
unclear.

Recent findings: Recent studies exploring the acute and chronic effects of radiation therapy on
cardiac and vascular tissue have provided new insights into the development and progression of
heart disease, including the identification and understanding of age- and complication-associated
risk factors. However, key questions relating to the connection from upstream signaling to fibrotic
changes remain. In addition, advances in the delivery of chest radiotherapy have helped to limit
heart exposure and damage, but additional refinements to delivery techniques and cardioprotective
therapeutics are absolutely necessary to reduce patient mortality and morbidity.

Summary: Radiation therapy (RT)-driven CV toxicity remains a major issue for cancer survivors
and more research is needed to define the precise mechanisms of toxicity. However, recent
findings provide meaningful insights that may help improve patient outcomes.
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Introduction

The advancement of chest radiotherapy (RT) as an efficient treatment option for a wide
range of cancers has generated an ever-growing cohort of cancer survivors who are at
increased risk of developing cardiovascular disease [1-3]. Malignancies including
Hodgkin’s and non-Hodgkin’s lymphomas, Wilms tumors, lung adenocarcinomas, breast
cancers and mediastinal testicular cancers can all be treated with radiation therapy that
results in the delivery of non-negligible doses of ionizing radiation to the susceptible cells
and structures within the heart. The resulting cardiac disease, which varies in presentation
and severity, may offset some of the clear benefits of RT to tumor control and reduce quality
of life. In this review, we will introduce the mechanisms by which different radiation-
induced heart diseases develop, and discuss recent developments in preventative and
therapeutic measures to counter this toxicity.

Prevalence and Risk Factors

It has been clearly established that treatment-induced CV dysfunction is a major potential
complication of chest RT. For instance, when comparing the incidences of fatal cardiac
events in cancer survivors, Gernaat, et al. recently reported that 1.6-10% among over 1.2
million women with breast cancer subsequently died of cardiovascular diseases [4], and the
risk is higher for women with left-sided breast cancer, as opposed to right-sided [5].
Furthermore, the risk of a fatal cardiac event in patients with any cancer form is 1.5 to 3
times higher in those who have been treated with thoracic RT than in those who were not
treated with radiotherapy [6], and the risk is highest in young patients, with an emphasis on
those treated for Hodgkin’s lymphoma and Wilms tumor [7-9].

The higher degree of cardiotoxicity in young individuals treated with RT [7,8] correlates
with data from other cancer treatments, especially those that also induce genotoxic damage
[10,11]. For example, patients treated with anthracyclines (e.g. doxorubicin, daunorubicin or
epirubicin) are at risk of developing symptoms such as thinning of the cardiac ventricular
walls and reduction of ventricular mass, eventually leading to heart failure, and the risk is
higher the younger the patient is at the time of treatment [12]. Given the young age of these
cancer patients, the survival cohort is especially vulnerable to disorders which have a long
latency period before clinically observable symptoms manifest. Additionally, there may be
other factors to consider when examining mechanisms of radiation-induced cardiotoxicity
that are developmentally-related and will be discussed in more detail below.

Aside from clinical RT, humans are also exposed to ionizing radiation from a multitude of
natural (e.g. cosmic irradiation, terrestrial radiation) and artificial sources (e.g. medical
imaging, nuclear fallout) [13]. Although the discussion of these non-treatment-related
sources is outside the scope of this review, it is pertinent to note that the risk of developing
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radiation-induced cardiovascular disease is significantly increased at absorbed doses as low
as 0.5 Gy, and may exist at even lower doses [13-15].

Clinical Presentation

Radiation-induced heart diseases comprise a spectrum of disorders, reflecting the differential
radiation sensitivity of the various cell types and structures within the heart (Figure 1).
Among the most prominent of these is coronary artery atherosclerosis, in which foam cells
(lipid-laden macrophages), fibroblasts, and collagen accumulate in the tunica intima,
forming plaques. This is followed by fibrotic build-up in the tunica media, and eventual
plaque rupture which may lead to myocardial infarction [16]. Radiation associated valvular
disease has been reported to occur in 81% of patients receiving more than 35 Gy to the heart
[17]. These patients often develop focal leaflet fibrosis, valve calcification and stenosis,
which may lead to reduced ejection fraction and valve regurgitation. Pericardial diseases
have also been reported following RT, and may be existent in up to 90% of patients which
received significant mediastinal RT [17]. This manifests clinically as pericarditis which
causes reduced drainage of extracellular fluids and pericardial effusions, and the subsequent
formation of fibrosis leads to a thickening of the pericardium which may cause cardiac
tamponade (compression of the heart) [16]. Another pathology which may account for the
higher mortality seen in RT patients is radiation-induced cardiomyopathy. This is caused by
microvascular damage and lack of proper blood delivery to cardiomyocytes and is
accompanied by myocardial fibrosis and leads to decreased elasticity and distensibility of
the myocardium, resulting in reduced ejection fraction and perfusion defects, and may also
give rise to arrhythmia [16,18]. Furthermore, cardiac symptoms of autonomic dysfunction,
such as elevated resting heart rate and abnormal heart rate recovery, are prevalent in patients
treated with RT, resulting in impaired exercise tolerance and increased overall mortality [19].
Although there are known acute effects of radiation that have been described and should be
monitored, clinical symptoms of these disorders typically occur long after radiation
exposure [1,2,9,20].

Mechanisms of disease formation and progression

Research into the mechanisms of RT efficacy for cancer control may also be informative for
the mechanisms responsible for CV toxicity [21]. lonizing radiation is known to induce
single-strand and double-strand breaks in cellular DNA, either directly via charged particles
or indirectly via the production of free radicals (Figure 1) [22]. This DNA damage usually
results in activation of the p53 signaling pathway in cells that contain the wild-type gene
which, depending on the extent of DNA damage, then promotes cell survival (by cell cycle
arrest and DNA damage repair), or activates cell death mechanisms such as apoptosis
[21,23,24]. Beyond direct DNA damage, RT can also modulate intra- and intercellular
signaling pathways by damaging RNA and proteins within the cell, further driving pro-death
responses. The cellular mechanisms involved in radiation responses vary between different
tissues, and depend on absorbed dose, dose rate, and type of radiation [15,25]. Classical
radiobiology states that non-proliferating, highly differentiated tissues are resistant to
ionizing radiation [26]. The adult heart was long considered to be unable to regenerate once
fully developed, and as such has been viewed as a radioresistant organ. Despite this, in many
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cases the cardiovascular system is considered one of the most dose-limiting organs [27].
Recent studies have shown that adult cardiomyocytes do have a limited regenerative capacity
(about 0.5% yearly turnover after 40 years of age), but the majority of lost or damaged
cardiomyocytes will not be replenished after injury [28,29]. This suggests that not only cell
death but also cell cycle arrest and senescence may contribute to the development of heart
disease.

The major common denominator of radiation-induced heart diseases is the formation of
fibrosis, in both acute and chronic settings [2,6,16]. This can affect all structures of the heart,
and although clinical outcomes are well documented, the underlying biological mechanisms
are not fully understood. The acute phase of the radiation response consists of vasodilation
and vascular permeability, stemming from an acute inflammatory response which releases
pro-fibrotic cytokines (e.g. PDGF, TGF-B, bFGF, IGF and CTGF) [30]. This is followed by
initiation of the coagulation cascade and degradation of the endothelial basement membrane,
allowing clearance of injured tissue and initiation of healing [16]. This acute phase spans
from minutes to several days after the irradiation. Apart from these short-term responses, the
radiation-induced up-regulation of c-Myc, c-Jun, TGF- B, and several interleukins may play
arole in inducing later development of fibrosis [31]. In addition, radiation can induce
premature differentiation of fibroblasts, resulting in post-mitotic fibroblasts within 3-4 cell
cycles (as compared to the 25-35 cell cycles usually required). These fibrocytes (inactive
counterparts to fibroblasts) have significantly shorter life-spans than unirradiated fibrocytes,
and produce higher levels of collagens. This results in a chronic deposition of collagen
leading to fibrotic scar tissue within the heart, eventually reducing its elasticity and,
consequently, function [16]. This indicates that the development of radiation-induced heart
disease is a slow but constantly progressing process, and the long latency period between
irradiation and diagnosis of heart disease may be due to a lack of sensitivity in tools used for
clinical screening and diagnosis.

Apart from the inflammatory pathway, DNA damage response, chronic oxidative stress,
chronic hypoxia, epigenetic regulation and telomere extension have also been implicated in
the formation of radiation-induced fibrosis and subsequent heart diseases [13,16,32]. The
DNA-damaging capacity of ionizing radiation is the most important effect when it comes to
radiation-induced cell stress. Radiation-induced DNA lesions can lead to cytotoxic,
mutagenic and carcinogenic effects if they are not repaired. It has been reported that the
repair of DNA double strand breaks in the heart is not efficient compared with other healthy
organs [33], and irradiation can induce up-regulation of BAX and down-regulation of BCL2
in cardiomyocytes, leading to apoptosis and subsequent development of fibrosis [34,35].
Consequently, the status of the p53/p21 pathway in cardiomyocytes plays an important role
in the protection against radiation-induced damage and development of disease [23,36].

As previously mentioned, young heart tissue is more sensitive to genotoxic damage and a
patient’s young age at diagnosis is a known risk factor for long-term cardiac dysfunction
post therapy [8]. Although there are clear differences in rates of proliferation, growth and
metabolism in the hearts of young vs adult humans, there are also differences in the
regulation of cell death that may contribute to the heightened sensitivity. Specifically, it was
recently reported that cells within the young heart are hypersensitive to apoptosis-inducing
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signals, and that this sensitivity is reduced as the mammalian heart ages and matures [37].
This was found to be a major factor in determining whether cardiomyocytes undergo
apoptotic cell death in response to genotoxic damage induced by ionizing radiation or
doxorubicin. The dynamic regulation of apoptosis sensitivity in the heart during postnatal
development may be a key determinant of radiation- and chemotherapy-induced
cardiotoxicity.

Taken together, these mechanisms are involved in developing the phenotypic pathology of
radiation-induced heart disease. However, the mechanisms which drive the pathogenesis,
and lay the foundation for later development of fibrosis and heart diseases, remain largely
unknown. More research is needed to determine the role of factors that can affect the fate of
cells after irradiation including cardiomyocyte proliferation and baseline sensitivity to
cytotoxic stress.

Preventative measures

Dosimetric considerations in RT:

The risk of developing radiation-induced heart disease after RT has been shown to increase
linearly with the mean absorbed dose to the heart by about 7% per Gy, without an apparent
threshold at the low-dose end [38]. Consequently, no clear dose-volume constraint can be
defined, and current RT planning recommendations advise that the dose to the heart should
be kept as low as possible [39,40]. The advancement of target-specific dose-delivery in
clinical RT has progressed during the last century, from 2D beam filters and compensators to
computer-controlled intensity-modulated beams to achieve 3D dose conformity. This, along
with the development of 3D treatment planning software using dose calculation algorithms
has led to a decrease in absorbed dose to healthy tissues, including the cardiovascular
system, and has lowered but not eliminated the risks for radiation-induced heart disease [8].
For conventional RT, various heart-sparing techniques have been developed to reduce
unwanted absorbed dose to the heart, including prone position RT, deep inspiration breath
hold, and dynamic breathing guidance [41,42]. These techniques, however, require extra
resources and workload, and methods to evaluate their benefit on an individual patient basis
as well as simplify the treatment planning are being developed [43,44]. Efforts are also
being made to further improve the accuracy in dosimetry and treatment planning [44,45].

The increased use of hypofractionated RT, such as stereotactic body RT (SBRT) to deliver
high doses to small target volumes, suggests that heart exposure and subsequent
development of dysfunctions need to be closely monitored when irradiating target lesions in
close proximity to the heart [1]. Recently, owing to encouraging results in local control and a
favorable toxicity profile, the use of ablative SBRT has been spreading. Despite the
favorable spatial dose-distribution achieved with this technique, the high dose-per-fraction to
small tissue volumes means that dose-constraints from conventional RT settings must be re-
evaluated [1]. Proton and charged particle therapy has also gained momentum recently, and
offers attractive spatial dose-distributions using the dose-painting intensity-modulated
approach. This technique has been shown to effectively reduce the dose to the heart and
other cardiovascular structures, compared with conventional photon RT, but also demands
re-evaluated dose-constraints, for the same reasons as SBRT [46—49].
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Cardioprotective measures:

There has been an ongoing interest in biomedical substances that may counteract the effects
of ionizing radiation. Unfortunately, at present, established radioprotectors such as
amifostine (an organic thiophosphate that acts, at least in part, by free radical scavenging)
have severe side effects (e.g. vomiting, diarrhea), and are seldom used clinically [9,50].
Various other anti-oxidants (e.g. black grape juice, water saturated with molecular hydrogen,
L-carnitine, sodium tanshinone I1A sulfonate, tetrahydrobiopterin, melatonin, and p-
blockers) have shown reduced adverse cardiac effects when administered prior to irradiation
in preclinical settings [18,51-57]. Further research is needed to determine the feasibility and
efficacy of these substances in patients. Due to the multi-faceted developmental path to
radiation-induced heart disease, several therapeutic targets are currently being explored,
including anti-inflammatory, anti-fibrotic, and anti-apoptotic mediators [58-61].

Screening echocardiograms:

Treatment

According to guidelines published by the Children’s Oncology Group, screening
echocardiograms for childhood cancer survivors exposed to anthracyclines and/or
cardiotoxic radiation are recommended every year, every two years, or every five years,
depending on age at treatment and cumulative treatment dose to the heart [62]. However,
these guidelines especially pertain to patients who received concomitant anthracyclines. In
addition, recent studies report poor reproducibility in echocardiogram detection of heart
disease development, suggesting the guidelines should be re-evaluated, especially in lower
risk patients [63]. In addition, while echocardiograms may detect myocardial toxicity from
radiation therapy, they fail to provide proper screening for vascular toxicity. In contrast,
recent years have seen several new developments in echocardiography, including stress and
contrast echocardiography, three-dimensional echocardiography, diastolic dysfunction,
tissue Doppler imaging, and strain parameters, which may enhance the prognostic value of
the screenings [64,65]. Regarding coronary artery disease, current guidelines recommend
stress testing for patients which received 40 Gy or more to the mediastinum and are
asymptomatic 10 years after treatment. However, false positives as well as false negatives
from stress echocardiograms are frequent in this population, warranting a need for caution in
the interpretation of results [62,66].

In patients who develop cardiac disease following exposure to ionizing radiation, several
clinical steps are necessary to define the specific toxicity and as to whether this is due to
vascular toxicity (for example, arteriosclerosis), or a myocardial one (for example, valvular
or pericardial). Standard heart failure regimens may have some efficacy [18,67], but surgery
is often the most effective treatment [2]. However, survival rates post-surgery for patients
who had previously undergone RT are worse than in patients who did not undergo radiation
[68], suggesting that other sub-clinical damage may exist within irradiated heart tissue.
Updated guidelines for the management of patients with valvular heart disease have recently
been released by the American Heart Association and the American College of Cardiology
[69]. Patients with radiation-induced constrictive pericarditis can benefit short-term from
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congestion with diuretics, but pericardiectomy is usually the only definitive treatment [70-

1.

Conclusions

Radiation-induced heart disease constitutes a growing clinical issue, mainly in cancer
survivors treated with chest RT and/or genotoxic chemotherapies. The diseases comprise a

wi

de spectrum of disorders, often with long latency periods between exposure and clinical

presentation, requiring consistent follow up and screening [7]. However, multifactorial
disease initiation and progression as well as largely unknown driving mechanisms currently
limit the utility of early detection and treatment strategies. Consequently, there is a need for
a continued development of prognostic screening techniques and new treatment options.
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Mechanisms driving radiation-induced cardiotoxicity.
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