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Radiation therapy induced cardiovascular disease
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Contemporary treatment modalities for malignancy including radiation therapy have led to improved survival. However, treatment related
complications manifesting later in life including cardiovascular disease has led to survivors exhibiting a lower long term survival rate, when
compared to age matched controls. This narrative review will discuss the pathophysiology, risk factors, clinical presentation, management and

preventative techniques related to radiotherapy-induced cardiotoxicity.
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Abbreviations

BMS - Bare metal stents

CABG - Coronary artery bypass grafting
CVD - Cardiovascular disease

DES - Drug eluting stents

HL - Hodgkin's lymphoma

IMA - Internal mammary arteries

RIC - Radiotherapy-induced cardiotoxicity
RR - Relative risk

RT - Radiotherapy

Introduction

The advent of advanced hematological and oncological
treatment modalities including radiation therapy (RT) has led
to increased survival in patients with a range of malignancies.
However, this increased curative and disease free survival
rate has been offset by the development of late treatment
related complications, such as secondary malignancies and
cardiovascular disease (CVD). This would explain why childhood
cancer survivors exhibit a long-term survival rate that is
significantly lower than age and gender matched population
controls. When compared to the general population, the lifespan
of these patients may be reduced by up to 10 years (1). Similarly,
in adult cancers, recent data demonstrates that the benefit of
RT in breast cancer is attenuated by an increase in non-breast
cancer related mortality, including cardiovascular mortality (2).

CVD is one of the leading causes of late mortality in pediatric
patients treated with mediastinal radiation (3). Mediastinal
radiation is used in the treatment of early breast cancer,
Hodgkin's lymphoma (HL) and other malignancies that involve
the thoracic region. It has deleterious effects on all tissues
within the radiation field; mediastinal and sternal tissues, all
layers of the heart, great vessels, valves, coronary arteries and
the conduction system. This range of deleterious cardiovascular
effects typically presents many years after the treatment period.
These late effects, defined as medical complications occurring
greater than five years after cancer treatment, significantly
reduce the long-term survival of cancer patients (3).

Pathophysiology

Most manifestations of radiotherapy-induced cardiotoxicity (RIC)
appear to be related to blood vessel damage. It is hypothesized
that reactive oxygen species damage deoxyribonucleic acid
strands with resultant activation of the inflammatory cascade.
Progressive fibrosis in the interstitium of the myocardium
ensues, with a reduced ratio of capillary to myocyte density and
narrowing of the capillary and arterial lumens with subsequent
myocardial cell death, ischemia and fibrosis (2, 4).

With respect to the coronary arteries, there is injury to the intima
and development of atherosclerosis, replacement of damaged
cells by myofibroblasts and deposition of platelets (4). In ApoE-
/- mice murine models of atherosclerosis, exposure to ionizing
radiation increased plaque inflammatory cell infiltrate and there
was evidence of intra-plaque hemorrhage (5). In humans, the
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pathological features are similar to atherosclerosis except for
the presence of medial thinning and adventitial fibrosis. Some
animal studies suggest that radiation has a synergistic effect
with other risk factors, such as hyperlipidemia, although this has
not been clearly reproduced in humans. In porcine models using
radioactive stents, medial thinning, adventitial fibrosis, intimal
foam cell collections, calcification and necrotic core formation
have all been observed (6, 7). Furthermore, it has been shown
that irradiated arteries demonstrate endothelial dysfunction
evidenced by impaired flow-mediated dilation, suggestive of
impaired endothelial nitric oxide release, which may predispose
to atherosclerosis and cardiovascular events (8).

The generalized fibrotic change affects all regions of cardiac
tissue, with fibrosis and often calcification of the cardiac valve
cusps and/or leaflets, the myocardium and conducting system as
well as dense collagen and fibrin replacement of the pericardial
fat leading to pericardial fibrosis and effusions (1, 9-12).

Risk factors

Several treatment-related factors increase the risk of developing
RIC. These consist of older treatment protocols, anteriorly
weighted radiation fields, an absence of cardiac shielding, higher
total radiation dose (greater than 40 cGy in anthracycline naive
patients; greater than 30 cGy combined with anthracycline
treatment), dose per fraction and the combined use of
anthracyclines (13).

It is now well established that radiotherapy has synergistic
cardiotoxic effects with anthracyclines. When compared to
controls, long term follow up of survivors following RT or
chemotherapy demonstrate a relative risk of 15.1 (95% Cl 4.8-
47.9) for developing congestive heart failure, 10.4 (95% Cl 4.1-
25.9) for developing coronary artery disease (14), with a 7.9%
cumulative incidence of heart failure and cardiomyopathy (15).
The long-term cardiovascular effects of the new systemic agent,
trastuzumab, a monoclonal antibody to the HER-2 growth
factor receptor and the observation of synergistic cardiotoxic
effects with anthracyclines needs evaluation (16). The use
of the combined treatment regimen of cyclophosphamide,
methotrexate and fluorouracil has also been implicated in the
development of late cardiovascular complications (13).

There are also several patient related risk factors that predispose
to a higher risk of delayed CVD in particular, younger age at
the time of treatment and the presence of traditional cardiac
risk factors such as smoking, diabetes, hypertension and
hyperlipidemia (3, 13).

Clinical manifestations

Many patients with RIC are asymptomatic and clinical
manifestations are not apparent until decades after the
initial exposure. With respect to coronary artery disease

presentation, high dose mediastinal RT may cause a degree of
autonomic denervation resulting in “silent” or atypical angina
(11). Symptomatic patients present with the spectrum of CVD
features; angina, dyspnea, fluid overload and syncope (11).
In symptomatic patients, both atypical and typical clinical
presentations pose a significant diagnostic challenge. The
presenting symptoms may be due to one or a combination of
coronary, valvular, myocardial and/or pericardial diseases (Table
1). Accordingly, thorough and detailed assessment with non-
invasive imaging and invasive methods is essential.

The cumulative incidence of cardiac disease in survivors of
HL rises from 2% at 5 years after treatment, to 23.2% at 25
years after treatment, with cardiovascular structures within the
radiation field commonly affected (17). Hence, CVD secondary
to RT represents a unique syndrome and the management of
affected patients can be extremely challenging due to its diverse
effects. Patients present with a constellation of cardiac and
non-cardiac symptoms and signs related to proximal coronary
artery disease, valvular dysfunction, conducting system disease,
primary myocardial disease, pericardial disease, scarring and
fibrosis of the proximal great vessels and other non-cardiac
related organ involvement; thyroid dysfunction and radiation-
induced lung injury (e.g. pulmonary fibrosis).

Coronary artery disease

The estimated prevalence of coronary artery disease developing
after mediastinal RT is estimated to be in the order of 6-18%
and typically occurs more than a decade after exposure and is
often challenging to treat (18-21). In a study of 326 patients
who survived HL and were treated with mantle RT at long-
term follow-up, there was a 5.5% incidence of symptomatic
cardiac disease including angina, myocardial infarction or

Table 1. RIC disease subtypes and clinical manifestations

Cardiovascular disease Clinical manifestation

subtype

Coronary artery disease Angina or acute coronary syndrome

Affects proximal vessels more
common than distal vessels

Valvular heart disease Aortic and mitral pathology more

common than right sided valves

Pericardial disease Pericarditis
Pericardial effusion

Constrictive pericarditis

Cardiomyopathy Restrictive cardiomyopathy

Dilated cardiomyopathy
(anthracyclines a risk factor)

Extra-cardiac
manifestations

Pulmonary fibrosis
Thyroid malignancy
Carotid stenosis

Superior vena cava obstruction

RIC: Radiotherapy-induced cardiotoxicity
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cardiovascular death in a young group with a median age of
39.4 years (22). Aleman et al. (15) reported that RT increased
the risk for myocardial infarction and heart failure two to
seven-fold at a median follow-up of approximately 19 years in
patients with a history of HL (15).

Patients with coronary artery disease secondary to RT tend to
be younger than their counterparts (23). One study reports that
the cumulative risk for ischemic heart disease for young adults
treated with RT 20 to 25 years prior was 21.2% (95% CI 15-
30) (24). Furthermore, six hundred and thirty five children and
adolescents with a mean age of 15.4 years treated with high
dose RT were followed for an average of 10.3 years. During this
period, there were twelve cardiovascular deaths yielding a RR of
29.6 (95% Cl 16-49.3), including nine who died from myocardial
infarcts (RR 41.5, 95% Cl 18.1-82.1) (25, 26). Similar data have
also been seen in survivors of non-seminoma testicular cancers
treated with mediastinal irradiation (27). The relative risk tends
to decrease with age, presumably as risk increases in non-
irradiated patients (28).

From an anatomical perspective, coronary artery lesions in those
patients treated with RT are more likely to be multiple and the
stenoses typically involve the ostia or proximal portion of the
vessel (11, 29, 30). Two studies suggest that involvement of the
left main coronary artery is more likely than in non-RT related
disease (20, 31). This may explain the reason for sudden death in
such patients (11,29).

Valvular heart disease

Patients with a history of mediastinal RT are also at increased
risk of valvular heart disease. The degree of valvular dysfunction
increases with time following RT with a statistically higher than
expected rate of requiring surgical vale procedures at long
term follow up (32, 33). Veinot et al. (34) have suggested that
up to 80% of patients with radiation-induced heart disease
showed valvular damage at autopsy. Similar results were seen
by Brosius et al. (29) in an autopsy study of patients 15 to 33
years old.

Classically, the valve leaflets and cusps become markedly
thickened, fibrotic and may even become calcified. There is
often multi-valvular involvement irrespective of individual
valvular disease severity. Regardless of the relative dose
distribution, RT-induced valvular heart disease is more common
in the aortic and mitral valve than the tricuspid and pulmonary
valves (29). This is surprising given that the pulmonary valve lies
most anterior and it raises the possibility that the progression
of valvular pathology on the left hand side of the heart may be
mitigated by the higher pressures in the systemic circulation.
[t is unknown when an asymptomatic patient will progress to
symptomatic valvular heart disease. However, data demonstrates
that diagnosis of asymptomatic valvular disease occurred at a
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mean of 11.5 years after irradiation compared with 16.5 years
for symptomatic patients (35).

Pericardial disease

Pericardial disease is a common manifestation of RT- induced
CVD and the patient can present with pericarditis, pericardial
effusion with or without constrictive physiology. Early
pericardial effusions are common after mediastinal irradiation.
Detailed clinical, non-invasive and invasive screening of 25
patients with HL (median 96 months later) showed that 16 had
demonstrable significant pericardial disease of whom eight
had symptoms (36). In one autopsy analysis radiation-induced
pericardial disease of constriction, effusion or both was noted
in 70% of cadavers (34). Veeragandham et al. (21) reviewed a
small amount of previously available data on the prevalence of
serious cardiac complications of mediastinal irradiation. This
estimated the prevalence of cardiovascular complications, such
as pericardial disease was 60 to 70%, (mean time to onset of 1.5
to 4 years), and myocardial disease especially right ventricular
dysfunction was 50 to 60% (3 years to onset). The interval
from RT to symptom development ranges between 2 and 145
months with a mean of 58 months (34). Of these, the patients
with pericardial effusions were more likely to present early
whilst patients with constrictive pericarditis presented after 18
months (34).

Cardiomyopathy

In a large retrospective cohort study of cancer survivors treated
before the age of 21 (pre 1986), survivors were more likely
than their siblings to have heart failure (HR 5.9, 95% Cl 3.4
to 9.6; p<0.001) (37). RT-induced cardiomyopathy is typically
restrictive in nature with primarily diastolic dysfunction and
normal to mildly reduced left ventricular ejection fraction.

In contradistinction, anthracycline-induced cardiomyopathy
classically presents as a dilated cardiomyopathy with primarily
systolic dysfunction and decreased left ventricular ejection
fraction (17, 32, 38, 39). Thus, systolic heart failure is generally
a consequence of combined modality therapy.

Conduction system

Involvement of the conducting system is common following RT
(11). Right bundle branch block is common given the proximity of
the right bundle to the endocardium and may be a consequence
of direct injury from RT or indirectly from myocardial fibrosis
and ischemia (32). The development of atrioventricular block
has also been associated with mediastinal RT (40-42). In a study
of asymptomatic survivors after HL multimodality treatment
(median follow up of 14.3 years), Adams et al. (38) found that
75% of patients had evidence of conduction defects including
complete heart block, chronotropic incompetence and resting
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tachycardia. A postmortem study demonstrated arteriosclerosis
of the sinoatrial node, fibrosis of the atrioventricular node,
as well as both bundle branches (42). Larsen et al. (12) also
demonstrated increased frequency of corrected QT interval
prolongation,  supraventricular ~ premature  complexes,
supraventricular tachycardia, ventricular premature complexes,
couplets and ventricular tachycardia in series of children and
young adults post anthracycline or mediastinal RT for a variety
of cancers.

Extracardiac vascular manifestations

The vascular effects of RT are not exclusive to the coronary tree
with large arterial disease often seen, including common carotid
and subclavian disease (43, 44). Head and neck irradiation has
been associated with a high incidence of asymptomatic carotid
disease (up to 400) (45), premature stroke and large vessel
arterial disease (46, 47). Patel et al. (47) have reported in an
extensive review of patients after therapy for HL, non-HL and
seminoma. They found 21 patients who developed disease in
non-coronary arteries after treatment. The median time from
irradiation to diagnosis of vascular stenosis was 15 years. Five
patients died from complications related to their vascular
disease, which included three deaths after stroke and two
after small bowel infarction (46). RT-induced carotid disease
is generally more extensive and involves longer segments of
disease when compared with traditional carotid disease (48).
Furthermore, great vein obstruction manifesting as superior
vena cava syndrome has been reported out to 20 years after
mediastina radiation (49).

Prevention and screening

Cancer patients should have their cardiovascular risk factors
assessed and managed prior to treatment and during treatment
as per societal guidelines. Prevention of late cardiovascular
effects and modification of treatment related risk factors
are paramount. However, these measures should be carefully
balanced against sufficient and necessary cancer therapy.
Examples of treatment related risk modifications include chest
shields, dose reduction, decreased field size and deep inspiratory
breath holding during RT in particular for left sided breast
cancer (3).

Screening cancer survivors for delayed cardiovascular effects is
also of upmost importance, but may be challenging. Adams et
al. (38) reported that 47 of 48 subjects had a cardiovascular
abnormality discovered on screening. They also found that
echocardiographic features of restrictive cardiomyopathy were
common. The further recognition that radiotherapy induced
coronary lesions may be clinically silent and present with
advanced disease or cardiac death has led to recommendations
that patients should be routinely screened for CVD after
undergoing mediastinal RT (50). However, as mentioned,

screening is challenging in this group of patients. Co-existing
pericardial, valvular, myocardial and/or pulmonary complications
of radiotherapy may make performance or interpretation of
non-invasive stress tests difficult. Cardiac stress testing may be
occasionally limited by autonomic dysfunction and/or primary
lung disease and thus target heart rates may not be achieved.
Perfusion defects detected on Thallium-201 scintigraphy
scanning are common after mediastinal irradiation. However,
they do not necessarily correspond to the distribution of an
epicardial artery and are suggestive of myocardial fibrosis or
microvascular disease (51). Furthermore, abnormalities found
on screening with Thallium 201 scintigraphy have not been
associated with subsequent cardiac events (52).

Diagnosis

As well as standard investigations for ischemia and/or myocardial
disease, there are several issues that need to be considered in
patients with prior mediastinal RT. Firstly; the diagnosis of a
single cardiac pathology does not obviate the search for other
concomitant CVD. Secondly, recurrent tumor or malignancy
secondary to RT should also be considered and excluded if
necessary, especially in patients presenting with pericardial
effusion. Respiratory function testing and detailed imaging
as well as thyroid function should be routinely performed in
subjects presenting with dyspnea.

Patients who are asymptomatic should be followed up in a
“Late Effects" or "Survivorship Clinic" at 5 years following the
completion of RT, with initial cardiovascular examination, 12
lead electrocardiogram and transthoracic echocardiography
observed by a supervising cardiologist. Consideration of 24-
hour ambulatory electrocardiography monitoring and stress
testing may be indicated depending on history and clinical
findings (Table 2).

Treatment

Therapy for patients with radiotherapy associated ischemic
heart disease remains challenging. It is expected that cases will
continue to be seen as many of the younger patients treated in
the 1970's and 1980's are now in middle age.

Medical treatment

Whetherradiation-induced atherosclerosisrelatestoacceleration
of atherosclerosis related to traditional cardiovascular risk

Table 2. Screening clinical investigations

12-lead electrocardiography

Transthoracic echocardiography

Exercise stress testing (if indicated)

24-hour ambulatory ECG monitoring (if indicated)

ECG: Electrocardiography
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factors or is in fact totally unrelated is not definitively known.
To our knowledge, there is no prospective data on the efficacy
of primary prevention for CVD in this population. Nevertheless,
it would seem reasonable to suggest that risk factors such
as lipids and hypertension be carefully monitored and that a
low threshold for preventive therapy be carefully considered,
especially in patients older than 40 years of age. As discussed,
echocardiographic screening is increasingly being performed.
This will lead to earlier discovery of left ventricular dysfunction
and should facilitate earlier therapy, however, again it should be
noted that there is no prospective data to support this approach
at this time.

Several agents have been investigated to reduce radiation-
induced fibrosis, mainly in pre-clinical models (53). Interestingly,
data has begun to emerge that blockade of the renin-
angiotensin system may ameliorate radiation damage to the
kidney (54). Whether angiotensin converting enzyme inhibitor
use may specifically benefit or even prevent radiation-induced
cardiac dysfunction is unknown in human studies but remains
an interesting possibility. However, most patients seen by a
cardiologist would have been treated many years previously, so
prevention would likely need to be started at the time of RT.
Several small studies have suggested that pentoxifylline may
be of benefit in reducing radiation- induced fibrosis (55). In
general, it appears reasonable to suggest that beta-blockers
should be used cautiously, particularly in the presence of
conducting system disease.

Percutaneous coronary intervention

The results of percutaneous treatment of coronary artery
disease attributable to RT have been conflicting (56-58).
Prior to the development of contemporary drug eluting
stents, lesions treated with balloon angioplasty demonstrated
progressive disease and restenosis (56, 59). There is very limited
data relating to the use of stents to treat radiation-induced
coronary disease (60, 61) and almost no data on therapy for
left main disease, which is commonly seen in radiation-induced
coronary artery disease. Early data with bare metal stents (BMS)
suggested high rates of restenosis, particularly in patients with
impaired ejection fraction or small left main coronary arteries
(62).

The advent of drug-eluting stents (DES) has led to further
assessment of the possibility of treating left main disease
percutaneously. Early data suggested that treatment of left
main stenosis with DES was associated with a low 1-year
mortality and is not associated with excess mortality at 1-year
compared to coronary artery bypass grafting (CABG) in non-
randomized studies (63, 64). Contemporary randomized data
has confirmed non-inferior outcomes of left main disease
treated with DES compared to CABG (65). From a technical
perspective, bifurcation crush stenting of the distal left main
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artery with DES has been associated with higher major adverse
cardiovascular events (66).

Surgery
Access and healing

Radiation to the chest wall is associated with ulceration and
can lead to myoskeletal necrosis. Although these occur much
less frequently after mediastinal irradiation, surgical access
and healing after sternotomy may be significantly impaired in
patients who have received mediastinal irradiation.

Coronary artery bypass surgery

The use of CABG for the treatment of RT-induced left main
disease was first described in the 1970's (67). Several issues
related to radiation may complicate decisions for planned
bypass surgery. These include co-existent pericardial, valvular,
myocardial and/or pulmonary complications of radiotherapy.
Although manageable, hypothyroidism may complicate the
preoperative course of these patients. Tracheal complications can
occur which are relevant in patients requiring intubation and/
or prolonged ventilation with an endotracheal tube. Patients
may have undergone previous thoracic operations relating to
the primary tumor or other non-coronary disease such as valve
replacement. Authors have suggested that operation may need
to be deferred due to extensive pericardial and/or mediastinal
fibrosis (31).

The internal mammary arteries (IMA) may be affected by
radiation, however there is mixed data about the ability to
use these as grafts in such patients. Some have suggested
that IMA can be used safely in selected cases of patients with
a history of thoracic radiation, with no increase in early graft
failure (48). However, there are reports of IMA atherosclerosis
or fibrosis when assessed pre-operatively, being associated with
IMA failure (68). Although less common, successful combined
procedures including CABG and valve replacement have been
described (69).

Other important surgical issues described include the increased
rate of early post-operative right ventricular dysfunction in up
to 18% of patients and pulmonary complications, including
difficulty with extubation related to pulmonary fibrosis
(70). Authors have also commented on the importance of
perioperative pacing in view of the high rate of conducting
system disease and atrial stiffness in these patients (21).

Valvular disease

Valvular dysfunction is often multi-valvular and often more than
one valve needs definitive management. Earlier reports have
shown that the operative mortality is high (>50%) for valvular
surgery in this context, although it varies between series (35).
The reason for this greatly increased mortality is not definitively
known, but most likely relates to comorbidities and preoperative
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complications arising specifically from the radiation damage
and including technical difficulty in the operative field due
to extensive fibrosis and poor healing and infection after the
sternotomy (60).

Pericardial disease

Patients may present with acute tamponade and some have
suggested that pericardiocentesis alone without more definitive
surgical treatment may not prevent all adverse outcomes,
including death. Certain authors have recommended that
pericardioectomy should be the treatment of choice in this
situation, especially if another cardiac surgical procedure is
being performed simultaneously. This is important as these
patients have a high likelihood of requiring repeat sternotomies
for subsequent cardiac complications from radiotherapy.
Another consideration performing pericardioectomy is reducing
the risk of constrictive pericarditis, which may be recurrent (21).

Conclusion

The management of patients with prior mediastinal radiotherapy
represents a significant challenge due to the complex, extensive
and multi-organ effects of mediastinal irradiation and the delay
in the development of clinically significant disease. Although,
significant heterogeneity exists in the clinical presentation,
most patients will have features of radiation damage to some,
if not all of the organs involved in the treated field. Therefore,
clinicians evaluating these patients need to be aware of the
full spectrum of likely effects and investigate these accordingly
particularly prior to planned therapy such as surgery. This is
critical as many features may not be clinically apparent and
may complicate therapy. In order to facilitate early diagnosis
and therapy, it seems reasonable to recommend that patients
should be screened for CVD and recurrent malignancy after
mediastinal irradiation for an indefinite period. In the future
oncologists, radiation oncologists and cardiologists must
collaborate to minimize the cardiovascular adverse effects of
life saving targeted therapies.
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