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Opinion statement

Thoracic radiation remains an effective treatment for many types of neoplasms. The
clinical benefit of radiation therapy on cancer mortality is counterbalanced by an in-
creased risk of cardiovascular events in survivors. The long-term cardiovascular sequel-
ae of thoracic radiation include premature coronary artery disease, valvular disease,
pericardial disease, myocardial disease with systolic and especially diastolic dysfunc-
tion, and conduction system abnormalities. Radiation heart disease progresses over
time and may manifest decades after the initial exposure. Since the risk of cardiac com-
plications is significantly increased following chest irradiation, appropriate screening
and long-term cardiac follow-up of these patients is essential. This article will summa-
rize the pathophysiological features, clinical presentations, and current recommenda-
tions for screening and prevention of the wide spectrum of radiation induced
cardiovascular disease.

Introduction
Mediastinal radiation therapy (RT) is commonly a part
of treatment protocols for many types of neoplasms,
including breast cancer, Hodgkin lymphoma and oth-
er mediastinal tumors. RT can increase the risk of com-
plications in the decades following initial treatment
with secondary malignant neoplasms and cardiovascu-
lar disease being the most common [1].

Radiation-induced heart disease (RIHD) is a serious
side effect of thoracic RT and is associated with signif-
icant morbidity and mortality.

The possibility of cardiac radio-sensitivity was ini-
tially described by Pearson in 1957 when he postulat-
ed that intimal proliferation after chest wall radiation
might have caused a myocardial infarction in two pa-



tients with breast cancer [2]. There is a wide spectrum
of cardiac manifestations, which can range from acute
to chronic and can involve the pericardium, myocardi-
um, coronary arteries, heart valves, and conduction
system (Table 1). The most important factors affecting
the risk of subsequent cardiovascular damage after ra-
diotherapy include [3]:

& Total radiation dose and dose per fraction, es-
pecially doses 935 Gray (Gy)

& Adjuvant cardiotoxic chemotherapeutic regi-
mens, such as anthracyclines and cisplatin

& Irradiated tissue volume and fraction size

& Presence of other cardiac risk factors, especially
hypertension and smoking.

These risks primarily involve patients treated at
a younger age with older approaches using two-
dimensional (2D) treatment planning and high-dose
and wide-field RT. Contemporary RT using low-dose ra-
diation with improved targeting and 3D treatment plan-
ning have led to a reduction in normal tissue radiation
and a significant decline in the rates of RIHD [4]. Long-
term follow-up studies are needed to confirm this obser-
vation. Nevertheless, it is important to note that there is
no minimum radiation dose that is considered safe.

Pathophysiology of radiation-induced cardiovascular disease

Vascular injury and endothelial dysfunction due to increased expression of
adhesion molecules and cytokines appear to be the primary mechanism in
the pathogenesis of normal tissue radiation injury [5, 6]. Endothelial dys-
function contributes to pro-fibrotic and pro-inflammatory environments
with secondary changes that lead to fibrosis [5, 7].

These changes can lead to the following cardiovascular manifestations:

Coronary artery disease (CAD)

In irradiated arteries, the expression of various inflammatory cytokines
and adhesion molecules leads to adhesion and migration of monocytes into
the sub-endothelial space. These monocytes may transform into activated
macrophages and with ingestion of lipids subsequently form fatty streaks in
the intima, thereby initiating or accelerating atherosclerosis [8].

CAD may be the most significant cause of mortality from RIHD. In an
analysis of 7,033 Hodgkin lymphoma survivors, the risk of death from
myocardial infarction was increased significantly compared to the general
population (standardized mortality ratio [SMR] = 2.5, 95 % CI 2.1–2.9), and
was limited to those patients who had received thoracic radiation with or
without anthracycline therapy [9]. Similarly, in a large meta-analysis of
20,000 women enrolled in 40 randomized trials of patients with breast
cancer, RT increased non-breast cancer related mortality, primarily due to an
excess number of deaths from vascular causes (annual event rate ratio: 1.27,
p=0.0001) [10]. Another randomized trial comparing pre- or post-operative
RT to surgery alone in 960 patients with breast cancer showed an increase in
mortality from CAD in women treated with radiation (hazard ratio [HR]: 3.2,
pG0.05) [11].

The risk of radiation-induced CAD is directly related to the mean dose re-
ceived by the heart. In a case control study of 2,168 women who were treated
for breast cancer with surgery and RT the risk of a major coronary event in-
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creased linearly by 7.4 % per Gy of radiation to the heart, with no apparent
threshold [12•]. In patients with early stage breast cancer treated with breast
conservation surgery, left-sided radiation was associated with a 4.6-fold
higher risk of developing CAD compared to right-sided RT [13]. Furthermore,
involvement of the internal mammary nodes in the radiation field was as-
sociated with a higher risk of CAD (18 % vs. 7 %, pG0.001), regardless of
laterality [13].

The risk of RIHD increases with time from treatment. In a retrospective
study of 415 patients treated with RT for Hodgkin lymphoma, the median
time for development of CAD was 9 years [14]. Early studies in survivors
of breast cancer showed that the incidence of CAD only increases 10 years
after RT, with a higher rate of cardiac deaths in patients receiving left- com-
pared to right-sided RT (6.4 % vs. 3.6 % at 20 years) [13]. More recently,
however, a case control study of 2,168 women who were treated for breast
cancer with surgery and RT showed that the increased risk of major coronary
events occurs much earlier than previously shown and extends from 5 to
20 years after RT [12•].

The clinical presentation and diagnosis of radiation-induced CAD is sim-
ilar to that of non-radiation atherosclerotic disease. Necropsy studies have
shown however that radiation induced coronary obstruction more frequently
involves the coronary ostia and proximal segments of the coronary arteries
that are in the radiation field rather than distal segments [15, 16]. Given the
increased risk of RIHD, the Children’s Oncology Group Survivorship
Guidelines recommend an annual visit with attention to cardiac symptoms,
evaluation of cardiac risk factors including lipids and fasting glucose every
2 years, and consideration of a baseline stress test 5 to 10 years from RT in all

Table 1. Radiation-induced cardiovascular injury

Pericardial involvement Acute pericarditis
Pericardial effusion with or without tamponade
Constrictive pericarditis

Myocardial and endocardial involvement Myocarditis
Myocardial fibrosis
Systolic dysfunction
Diastolic dysfunction
Restrictive cardiomyopathy

Valvular involvement Mild valvular thickening
Valvular stenosis
Valvular regurgitation

ECG and conduction system abnormalities Persistent sinus tachycardia
Non-specific STT changes
Low voltage
AV block
Long QT
RBBB

Vascular involvement Coronary artery disease
Carotid artery disease
Intra-cerebral vascular malformations
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patients who received ≥40 Gy of chest RT alone or ≥30 Gy of chest RT in
combination with anthracyclines [17•].

There are no trials that have addressed treatment options for primary or
secondary prevention in this select patient group. Treatment remains the
same as for non-radiation atherosclerotic disease and includes medical
therapy, percutaneous coronary angioplasty, and coronary artery bypass graft
surgery depending on the nature and extent of disease. However, surgical
revascularization can be challenging in these patients.

In a cohort study of 230 patients undergoing cardiac surgery after medi-
astinal radiation, patients receiving extensive radiation exposure (such as
for Hodgkin disease, thymoma, or testicular cancer) had a significantly de-
creased 1-year survival compared to those receiving tangential radiation
(such as for breast cancer)(78 % vs. 88 %), in whom survival approximated
that for the general population [18]. Involvement of the lungs in the radia-
tion field leads to respiratory dysfunction manifesting as pneumonia, in-
tractable pleural effusions, and re-intubation secondary to poor ventilatory
mechanics, thus leading to increased post-operative morbidity and mortality
[18]. Furthermore, biventricular dysfunction secondary to radiation induced
diastolic heart failure may also contribute to adverse outcomes in these pa-
tients [18]. Thus, careful pre-operative assessment of pulmonary function
should be performed in order to risk stratify RT patients appropriately.

For coronary artery bypass grafting, using left internal mammary artery
(LIMA) grafting, while preferable, can be limited by radiation induced
damage to the artery itself. In a cohort study of 138 patients with coronary
artery bypass grafting after mediastinal radiation, the internal thoracic artery
graft patency was less than expected and similar to that for venous or radial
grafts (2-year stenosis rate of 32 % vs. 27 %, p=0.72) [19]. Despite this, late
survival was superior among patients receiving a LIMA graft to the left an-
terior descending artery [19]. Therefore, the LIMA should be assessed an-
giographically prior to surgery, and used when acceptable, in these patients.

Carotid artery disease

Cranial, neck, and mantle radiation affect the intracerebral vasculature, ca-
rotid arteries and cardiac valves, and accordingly have been associated with
higher risk of stroke.

Irradiation of the cerebral and neck arteries elicits an acute phase of endo-
thelial damage with nuclear disruption, platelet aggregation, and fibrin de-
position. This is followed by medial degeneration and adventitial thickening
and fibrosis leading to narrowing of the vessel lumen and occlusive
vasculopathy [20]. RT for intracranial tumors can also lead to other radia-
tion-induced vascular abnormalities such as venous-based cavernous
malformations, aneurysms, telangectasias and a moyamoya-like
vasculopathy in addition to occlusive disease [21].

A study of ≥5-year survivors of childhood leukemia and brain tumors
showed that the relative risk (RR) of stroke was 6.4 (95 % CI 3.0–13.8)
for leukemia survivors and 29.0 (95 % CI 13.8–60.6) for brain tumor sur-
vivors, relative to healthy siblings [22]. Similarly, in 331 adults with pituitary
tumors, cranial RT increased the risk of stroke (RR 4.1 compared to a
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matched population) in a dose-dependent manner, with the greatest risk
occurring at doses 950 Gy [23]. In patients with head and neck squamous
cell carcinomas, the RR of stroke with neck RT was 1.8 (95 % CI 1.22–2.56)
in patients G55 years of age, but was not increased in older individuals [24]
This is important, since the rate of head and neck cancers, especially in
younger men, has grown substantially over the last three decades due to its
association with oral human papilloma virus. A cohort study comparing 1,387
childhood cancer survivors treatedwithmantle radiation forHodgkin disease to
healthy siblings showed that the RR of stroke was 5.6 (95 % CI, 2.59–12.25)
with a median time to presentation of 17.5 years [22].

Radiation-induced carotid lesions are more extensive and often involve
longer segments of the artery than traditional atherosclerotic carotid dis-
ease which usually involves bifurcation sites [25]. Like radiation-induced
coronary artery disease, the risk of cerebrovascular disease increases with
dose and time from treatment. In a retrospective study of 224 asymptomatic
patients treated with RT for head and neck cancer who underwent screening
carotid ultrasound, the HR for significant carotid artery stenosis was 1.4
for every 10-Gy increase in mean RT dose to the carotid bulb + 2 cm [26]. The
median time to presentation varies with the type of tumor with estimates
of up to 14 % of patients developing significant carotid artery stenosis 4 years
from RT for head and neck cancer [26].

The diagnosis and presentation of radiation-induced carotid disease
is similar to the general population. The survivorship guidelines recommend
an annual history and physical examination focused on carotid disease and
a screening carotid ultrasound 10 years after RT in all cancer survivors
who have received head and neck radiation ≥40 Gy [17•].

Once again, there are no specific recommendations for the treatment of
these patients. Surgical carotid endarterectomy and carotid artery stenting
are both reasonable alternatives when intervention is deemed necessary for
significant post-radiation carotid stenosis. In a meta-analysis of 21 studies
involving 661 patients with post-radiotherapy carotid stenosis, there was no
statistically significant difference in 30-day stroke or death rates between
surgical revascularization and carotid artery stenting (odds ratio [OR], 0.54;
95 % CI 0.17–1.70) [27]. However, endarterectomy is confounded by the
need to operate through scarred tissue planes and carries a higher risk of
wound complications and cranial nerve injury while stenting carries an in-
creased risk of restenosis [27]. Therefore, treatment decisions have to be in-
dividualized for each patient.

Pericardial disease

Historically pericardial disease has been considered one of the most
common manifestations of RIHD. In a necropsy study of RIHD, 70 % of
cases had radiation-related pericardial disease [14].

Varying degrees of pericardial fibrosis can be present secondary to RT.
Fibrotic changes more severely involve the parietal pericardium with fibrosis
replacing the adipose tissue [28, 29].

The pathological pericardial changes can present as acute pericarditis,
pericardial effusion and delayed pericarditis in the form of constriction.
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Acute pericarditis is a rare adverse effect and is seen primarily in patients
treated with high-dose RT for Hodgkin lymphoma [30]. Because of the be-
nign course of acute pericarditis and fear of recurrence of the primary neo-
plasm, treatment of the malignancy is usually not withheld. Delayed
pericarditis can present anywhere from months to years after RT. Most
commonly, it presents within 4–26 months in the form of pericardial effu-
sion usually manifesting as an enlarged cardiac silhouette. Small, hemody-
namically insignificant pericardial effusions seen on routine echocardiogram
do not need active intervention and can be followed up routinely.

Constrictive pericarditis is a delayed form of RIHD, which may present
years after radiation exposure in the form of congestive heart failure. In
rare cases, when patients are not responsive to medical therapy, pericardial
stripping may be considered. However, the overall impact of radiation on
cardiac structures, including premature coronary artery disease, valvular ab-
normalities, and myocardial fibrosis, are likely to have an adverse effect on
perioperative mortality and overall survival, irrespective of constriction. In ad-
dition, mediastinal fibrosis from prior radiation exposure may also complicate
the surgery. In a single center study of 163 patients who had undergone peri-
cardial stripping for constrictive pericarditis of different etiologies, post-radia-
tion constrictive pericarditis had the worst prognosis (7-year Kaplan–Meier
survival: 27 %, 95 % CI 9–58 %) [31]. Therefore, careful attention should be
given to other cardiopulmonary abnormalities and surgical stripping should be
reserved for severely symptomatic patients who are not responsive to medical
therapy.

Cardiomyopathy

Thoracic radiation can cause both systolic and diastolic dysfunction. Radia-
tion-induced cardiomyopathy can present as a dilated or restrictive pheno-
type. Overall, RT induced cardiomyopathy presents more commonly as a
restrictive cardiomyopathy and left ventricular systolic dysfunction is usually
seen when RT is co-administered with chemotherapeutic agents such as
anthracyclines [32].

Pathologically, most patients with myocardial involvement have non-spe-
cific, diffuse interstitial fibrosis. In an autopsy study of 27 hearts, the most
common pattern of fibrosis was pericellular and perivascular fibrosis [15].
There is an increase in type I collagen compared to type III resulting in altered
elastic properties of the myocardium and decreased diastolic relaxation [29].

For children treated with mediastinal RT before the age of 5 years, the sur-
vivorship guidelines recommend a screening echocardiogram every 2 years in
the absence of, and every year in the presence of, anthracycline-based che-
motherapy [17•]. For survivors treated with RT but no anthracyclines after
the age of 5 years, a screening echocardiogram is recommended every 5 years
for exposure G30 Gy and every 2 years if ≥30 Gy [17•]. For survivors treated
with any RT dose after the age of 5 years, an echocardiogram is recom-
mended every 2 years for those receiving G300 mg/m2 and every year for
those receiving ≥300 mg/m2 of anthracyclines [17•].

Treatment of radiotherapy induced cardiomyopathy is similar to other
forms of cardiomyopathy with a focus on symptomatic management.
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Heart transplantation may represent the only treatment option for patients
with end-stage RIHD, but outcomes tend to be poor [33]. In a retrospective,
single-center study of nine patients with RIHD who underwent cardiac
transplantation, three died in the peri-operative period, and while five pa-
tients were still alive at a mean follow-up of 10±8 years, three had developed
secondary malignancies [33].

Valvular disease

Mediastinal radiation frequently causes valvular heart disease. In a post-
mortem study, radiation-related valvular disease was identified in 71 % of
patients in whom valves were available [15]. In this study, the aortic valve
was most commonly affected, followed by the mitral and tricuspid valves,
respectively. More than one valve can be involved and valvular disease often
occurs in conjunction with other cardiac complications [34]. The spectrum of
radiation-induced valvular disease can range from endocardial thickening
without functional abnormality, to asymptomatic valvular dysfunction, and
eventually to symptomatic valvular stenosis or regurgitation. Asymptomatic
thickening is the most common manifestation of radiation-induced valvular
disease. When significant, combined aortic regurgitation and stenosis are the
most common findings, with mitral regurgitation following in incidence [35].

Surgical management can be challenging due to similar concerns as those
for coronary artery bypass surgery (as mentioned above) [18]. With the ad-
vent of new technologies such as transcatheter aortic valve replacement and
Mitraclip, non-surgical approaches in patients with isolated valve disease
may be considered in selected patients.

Conduction system abnormalities

Electrocardiographic changes after irradiation range from nonspecific ST-T
changes to QT interval prolongation, low voltage, right bundle branch block
(RBBB) and sinus tachycardia [36]. The true incidence of radiation-induced
rhythm abnormalities is unknown. Inappropriate and persistent sinus
tachycardia similar to that seen in denervated transplanted hearts can
occur [37]. Conduction system abnormalities, albeit rare, can be serious
sequelae of RT. Injury to the conduction system can occur either directly
from radiation or indirectly from associated myocardial fibrosis and is-
chemia. RBBB is the most common conduction abnormality seen with
mediastinal irradiation because of the close proximity of the right bundle
to the endocardium on the right side [38, 39]. Complete heart block is a
serious manifestation that can be a delayed presentation of RIHD, neces-
sitating pacemaker implantation [40].

Prevention and screening

While there is a growing appreciation of the long-term cardiovascular
sequelae of RT, little is known about how to prevent and treat these
complications. Certain measures can be taken to reduce incidental car-
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diac irradiation and protect patients from RIHD. These include:

& Avoiding radiation at a young age, if possible
& Reducing overall radiation dosage
& Decreasing the heart volume being irradiated
& Using proper shielding of the heart
& Avoidance of concurrent cardiotoxic agents, such as anthracyclines

Newer techniques such as involved field RT are associated with de-
creased cardiac irradiation and thus presumably with reduced toxicity
[41]. Longitudinal studies of patients treated with these newer modalities will
be needed to identify those techniques that maximize cancer survival while
minimizing toxicity.

Radiation-induced cardiovascular risk increases with time from treat-
ment and requires long-term follow-up. The Children’s Oncology Group
has published general guidelines for the long-term evaluation of cardiovascular
complications in survivors of childhood cancers (survivorshipguidelines.org)
[17•]. However, these guidelines have not been validated in a prospective
manner.

In general, traditional cardiac risk factors, especially smoking, increase the
risk of RIHD [13]. It has therefore been proposed that routine screening and
modification of traditional risk factors such as smoking, hyperlipidemia,
diabetes, and hypertension can help reduce the risk of RIHD (Table 2).

The guidelines recommend screening patients for ischemic heart dis-
ease 5–10 years from radiation, independent of symptoms (Table 2).
However, the most appropriate imaging tool to screen for radiation-in-
duced coronary artery disease is unknown. Exercise-treadmill testing,
stress echocardiography, nuclear myocardial perfusion imaging, CT cal-
cium scores, and coronary CT angiography (CCTA) have all been used as
screening modalities. In a study comparing several screening tests in-
cluding exercise treadmill testing, stress echocardiography, and myocar-
dial perfusion imaging, stress-induced perfusion defects were the least
specific for significant coronary disease: 55 % of patients with positive
studies had no coronary stenosis exceeding 50 % on angiography [42].
Each imaging modality has its own inherent limitations. Hence, patient-

Table 2. Cardiovascular screening program

Cancer survivors treated or plan-to-treat with mediastinal/head/neck radiation
At diagnosis Screen and treat for cardiovascular risk factors
Yearly follow up Comprehensive CV history and physical exam including:

- Auscultation for valvular heart disease
- Auscultation for carotid bruits
- Risk factor modification (BP, dyslipidemia, smoking, DM)

5-year follow up Echocardiography
10-year follow up Non-invasive assessment of CAD

Echocardiogram
Screening carotid ultrasound

514 Valvular Heart Disease (A Desai and P O'Gara, Section Editors)



related factors such as contrast allergy and renal function as well as
center availability and local expertise should determine the choice of
modality.

Cardiac auscultation for detection of murmurs is a simple first line
screening method to detect asymptomatic valvular dysfunction.
However, the diagnostic yield of cardiac auscultation is poor. Trans-
thoracic echocardiography is a safe and cost effective imaging tool for
the detection of radiation-induced valvular heart disease. It also
permits evaluation for asymptomatic Stage B heart disease and
therefore it is recommended that screening echocardiography be
performed periodically, based on the radiation exposure and/or
anthracycline therapy. The exact interval at which these surveillance
echocardiograms should be performed remains a matter of significant
debate and controversy.

As previously discussed, history and physical examination of can-
cer survivors who have received head and neck radiation should in-
clude assessment for possible symptoms and signs of carotid artery
disease.

Carotid ultrasound with Doppler is the imaging modality of choice
for screening of patients who have carotid bruits or signs or symptoms
suggestive of stroke or transient ischemic attack (TIA).

Conclusion

There is a clear link between thoracic radiation and incidence of car-
diovascular disease. Newer and improved radiation techniques and
targeted therapy along with cardiovascular risk factor modification have
substantially reduced the risk of cardiovascular complications. However,
the exact magnitude of this reduction is unknown. Long-term data on
the cardiac toxicity associated with treatment approaches in the modern
era is needed. Since cardiac complications may appear years following
incidental irradiation of the heart, screening and long-term cardiac fol-
low-up of these patients is essential. However, studies evaluating the
appropriate testing intervals and the sensitivity and specificity of different
imaging modalities need to be conducted in order to monitor these
patients in an effective manner.
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