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ABSTRACT

Radiation-induced heart disease (RIHD) is a recognized
late sequela of chest radiotherapy for conditions such as
breast cancer and lymphoma and can involve any car-
diac structure. Consensus guidelines from the European
Association of Cardiovascular Imaging and the American
Society of Echocardiography stress the importance of
regular screening for the cardiac effects of radiotherapy.
However, a gulf remains between these guidelines and
clinical practice.

KEY POINTS

Ischemic heart disease is the most common cause of
cardiac death after radiotherapy. Valvular, pericardial,
myocardial, and conduction system disease are also com-
mon.

Surgery may not be an attractive option because of
radiation-induced fibrosis of surrounding structures. Con-
sequently, conservative interventions are preferred.

The incidence of RIHD is expected to decline, as lower
doses of radiation are being used in radiotherapy than in
the past.

doi:10.3949/ccjm.83a.15104

DVANCES IN RADIOTHERAPY over the past
A 50 years have dramatically improved out-
comes in patients with malignancy. Five-year
overall survival rates for Hodgkin lymphoma
and non-Hodgkin lymphoma now stand at
80%, and breast cancer survival is 90%.!

Increased longevity, however, has come at
the cost of late side effects such as radiation-in-
duced heart disease (RIHD). Cardiac dysfunc-
tion due to radiation involves a spectrum of dis-
ease processes in patients who have undergone
mediastinal, thoracic, or breast radiotherapy
and may involve any cardiac structure, includ-
ing the pericardium, myocardium, valves, con-
duction system, and coronary arteries.

Overall, compared with nonirradiated pa-
tients, patients who have undergone chest ra-
diotherapy have a 2% higher absolute risk of
cardiac morbidity and death at 5 years and a
23% increased absolute risk after 20 years.?

This article will review the pathophysiology
and epidemiology of RIHD and will offer a prac-
tical approach to its diagnosis and management.

Il MOST DAMAGE IS ENDOTHELIAL

Cardiac myocytes are relatively resistant to
radiation damage because of their postmitotic
state. But endothelial cells remain sensitive
to radiation, and the pathophysiology of most
forms of RIHD appears to be associated with
damage to endothelial cells. Conventional
cardiac risk factors such as hyperlipidemia
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and smoking have been shown to compound
and accelerate radiation-induced endothelial
damage in animal models.’

Radiation is believed to result in transient
increases in oxidative stress, resulting in for-
mation of reactive oxygen species and a sub-
sequent inflammatory response that includes
activation of nuclear factor-kappa B. Upregu-
lation of proinflammatory pathways results in
increased expression of matrix metallopro-
teinases, adhesion molecules, and proinflam-
matory cytokines and downregulation of vas-
culoprotective nitric oxide.* Indirect evidence
for radiation-induced vascular inflammation
comes from numerous studies that demon-
strated increased levels of the proinflamma-
tory cytokines interleukin 6, tumor necrosis
factor alpha, and interferon gamma in Japa-
nese atomic bomb survivors.’

B RISK FACTORS
Risk factors for RIHD are summarized in Table 1.

The volume of heart irradiated is a major
determinant of the development of RIHD.® A
retrospective study of 960 breast cancer pa-
tients in Stockholm between 1971 and 1976
found that those who had received the highest
doses and volumes of cardiac radiation had a
threefold higher risk of cardiac death. By com-
parison, those with lesser volumes of the heart
exposed to radiation had no increase in risk
of cardiac death compared with the general
population.’

Younger age at the time of radiotherapy is
associated with an increased risk of RIHD in
breast cancer and lymphoma patients. A retro-
spective analysis of 635 patients under age 21
with Hodgkin lymphoma treated with radio-
therapy showed a relative risk of fatal myocar-
dial infarction of 41.5 compared with a general
population matched for age, sex, and race.’

Conventional cardiac risk factors such as
smoking, hypertension, diabetes, and hyperlip-
idemia further increase the risk of RIHD, and
radiation increases the cardiotoxicity of che-
motherapeutic agents such as anthracyclines.’

In general, high-risk patients are defined as
those with at least one risk factor for RIHD
who underwent anterior or left-sided chest ir-
radiation (Table 1).1°
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TABLE 1

Risk factors for radiation-induced
heart disease

Anterior or left chest irradiation location

High cumulative dose of radiation (> 30 Gy)
Younger age (< 50) at time of radiation therapy
High dose of radiation fractions (> 2 Gy/day)
Presence and extent of tumor in or next to the heart
Inadequate or absent shielding

Concomitant chemotherapy (eg, anthracyclines)
Cardiovascular risk factors

Preexisting cardiovascular disease

Il CORONARY ARTERY DISEASE

Ischemic heart disease is the most common
cause of cardiac death in patients who have
undergone radiation therapy. Atherosclerotic
lesions in RIHD are morphologically identical
to those in nonirradiated vessels and are char-
acterized by intimal proliferation, accumula-
tion of lipid-rich macrophages, and plaque
formation.!!

A retrospective single-institution study of
415 patients with Hodgkin lymphoma who
had undergone radiation therapy found the
incidence of coronary artery disease 20 years
later to be 10%. The mean time to develop-
ment of coronary artery disease was 9 years,
and all patients who developed it had at least
one conventional cardiac risk factor.!?

A meta-analysis of more than 20,000 breast
cancer patients who received radiotherapy in
40 randomized controlled trials found an in-
crease in the rate of non-breast-cancer deaths,
primarily from vascular causes (annual event
ratio 1.27, P < .0001).2

A randomized controlled trial comparing
breast cancer patients who underwent preop-
erative or postoperative radiotherapy vs those
who had surgery alone revealed a significantly
higher death rate from coronary artery disease
in the postradiotherapy group.’

The risk of radiation-induced coronary ar-
tery disease is proportional to both the dose
and the duration of radiation therapy. A retro-
spective study of more than 2,000 women un-
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FIGURE 1. Three-dimensional echocardiography in a patient with radiation-induced aortic

stenosis demonstrates a typical pattern of thickening and calcification affecting the aorto-
mitral curtain (arrows) and the anterior mitral valve leaflet.

dergoing radiotherapy for breast cancer found
that the relative risk of coronary artery disease
increased linearly by about 7.4% per Gy of ra-
diation to the heart, with no apparent ceiling.'

The distribution of atherosclerotic coro-
nary arteries correlates well with the areas
exposed to the highest doses of radiation. For
instance, in left-sided breast cancer, the apex
and anterior wall of the heart typically receive
the highest doses of radiation; consequently,
the left anterior descending and distal diago-
nal branches are most prominently involved.?
In patients with lymphoma who undergo ra-
diotherapy to mediastinal nodes and in breast
cancer patients receiving radiotherapy to the
internal mammary chain, basal structures may
be exposed as well. Ostial lesions can also be
seen in these patients.'®

The clinical presentation of coronary artery
disease in radiotherapy recipients does not dif-
fer significantly from that in the general popu-
lation. Ischemia may be silent, may lead to
classic anginal symptoms, or may cause sudden
cardiac death. The incidence of silent myocar-
dial infarction has been reported to be higher
after mediastinal radiotherapy than it is in the
general population, possibly from damage to
nerve endings within the radiation field.!”
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Management of radiation-associated
coronary artery disease
Managing patients with radiation-associated
coronary artery disease is challenging, but the
therapeutic options remain the same as those
in nonirradiated patients and include medical
therapy, percutaneous coronary intervention,
and coronary artery bypass grafting, depending
on the site and extent of disease.'® Although
results are conflicting, there does not seem to
be a significant difference in the rates of stent
restenosis between patients with a history of
radiation therapy and the general population.

Percutaneous coronary intervention is
generally preferred to coronary artery bypass
grafting in these patients for several reasons.
Radiation-induced fibrosis of surrounding
structures generally makes surgical procedures
more difficult,'”” and inclusion of the internal
mammary artery or internal thoracic artery
in the radiation field may result in stenosis of
these vessels, rendering them unsuitable for
harvesting.”® Moreover, many patients with
RIHD have concurrent radiation-induced
lung damage, which increases the risk of peri-
operative pulmonary complications.’!

If the coronary lesions are not amenable to
percutaneous intervention, a careful valvular
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evaluation should be performed preoperative-
ly in view of the frequency of radiation-associ-
ated valvular disease. In a study of 72 patients
with RIHD undergoing coronary artery bypass
grafting, 40% required valvular surgery at the
time of surgery or shortly thereafter.??

Results of studies of coronary artery bypass
graft outcomes in patients with a history of
thoracic radiation therapy have been conflict-
ing, but success seems to depend on the status
of the internal mammary and internal thorac-
ic arteries.” Therefore, the patency of these
vessels should be elucidated preoperatively by
angiography and intraoperatively by visual in-
spection of the vessels for fibrosis.

A large single-institution study by Wu et
al** revealed higher short-term and long-term
mortality rates in patients with RIHD under-
going cardiac surgery than in control patients
without RIHD undergoing similar procedures.

I VALVULAR DISEASE

Radiation therapy may directly affect heart
valves, and both stenotic (Figure 1) and re-
gurgitant lesions have been described. Patho-
logic findings include leaflet retraction, fibrot-
ic thickening, and late calcification.”

The precise mechanism of radiation-
induced valvular disease is unknown but is
thought to be a change in the phenotype of
valvular interstitial cells from a myofibroblast
to an osteoblast-like cell. Radiation results in
significant expression of osteogenic factors
such as bone morphogenic protein 2, osteo-
pontin, alkaline phosphatase, and runt-relat-
ed transcription factor 2 by valvular intersti-
tial cells.?

Valvular heart disease is evident in as
many as 81% of patients with RIHD, with
the aortic and mitral valves affected more
commonly than the tricuspid and pulmonic
valves.?” Why there are more left-sided valve
lesions than pulmonic valve lesions, despite
the pulmonic valve’s anterior position in the
heart, is unknown but may be due to higher
pressures across the left-sided heart valves.

Although valvular disease is common in
patients with RIHD, clinically significant dis-
ease is not; more than 70% of patients with
radiation-induced valvular disease have no
symptoms. A study of 38 cases of radiation-
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induced valvular disease reported a mean
time to development of asymptomatic valvu-
lar lesions of 11.5 years and an average time
to symptomatic valvular dysfunction of 16.5
years, indicating that 5 years seems to be the
interval required for progression from asymp-
tomatic to symptomatic valvular RIHD.?
The thickness of the aortomitral curtain
(the junction between the base of the ante-
rior mitral leaflet and the aortic root) is an in-
dependent predictor of the long-term risk of
death in patients with valvular RIHD.?

Management of radiation-induced

valvular disease

Management of patients with valvular RIHD
poses a major clinical conundrum because of
the high rates of perioperative morbidity and
death in patients with a history of chest radio-
therapy. In one study,” the long-term mortal-
ity rate was 45% in postradiotherapy patients
undergoing single-valve surgery and 61%
in those undergoing surgery on two or more
valves, compared with 13% and 17% in pa-
tients with no history of chest radiotherapy.?’

Furthermore, valve repair is an unattract-
ive option in these patients because of high
failure rates of mitral valve and tricuspid valve
repair attributed to ongoing radiotherapy-in-
duced valvular changes after repair.*

As a result, valve replacement is gener-
ally preferred in this group. Patients should
be advised of the higher risk of perioperative
and long-term morbidity and death associated
with open heart surgery than in the general
population, and that the risks are even higher
with repeat open heart surgery.

This risk has implications for the choice
of replacement valves in younger patients.
Bioprosthetic valves, which deteriorate over
time, may not be advisable. Transcatheter aor-
tic valve replacement has been successful in
radiation-induced valvular disease and may
become the preferred method of aortic valve
replacement.’!

I PERICARDIAL DISEASE

Pericardial disease is a frequent manifestation
of RIHD and covers a spectrum of manifesta-
tions from acute pericarditis, pericardial effu-
sion, and tamponade to constrictive pericardi-
tis. In a necropsy study, 70% of patients with

VOLUME 83 ¢ NUMBER 12

Downloaded from www.ccjm.org on July 30, 2025. For personal use only. All other uses require permission.

Valvular

heart disease

is evident

in up to 81%
of patients

with RIHD

DECEMBER 2016

917


http://www.ccjm.org/

Pericardial
disease

is a frequent
manifestation
of RIHD

918 CLEVELAND CLINIC JOURNAL OF MEDICINE

RADIATION-INDUCED HEART DISEASE

RIHD were found to have pericardial involve-
ment.*

The mechanism is believed to be radia-
tion-induced microvascular injury resulting in
increased capillary permeability and the some-
times rapid development of a protein-rich
exudate. Associated inflammation may cause
acute pericarditis, which may eventually be
complicated by chronic pericarditis. The pari-
etal surface tends to be affected more severely
than the epicardium.”

Perhaps as a result of recent advances such
as lower radiation doses, equal weighting of
the anterior and posterior fields, and subcari-
nal blocking, incidence rates of pericarditis as
low as 2.5% have been reported.’*

Pericardial RIHD may be divided into ear-
ly acute pericarditis, delayed chronic pericar-
dial effusion, and constrictive pericarditis.

Early acute pericarditis is rare and is
thought to represent a reaction to tumor ne-
crosis. It is defined as occurring during radio-
therapy and occurs almost exclusively with
high-dose radiotherapy for lymphoma. Due to
the relatively benign course of acute pericar-
ditis and fear of tumor recurrence, it is not an
indication to withhold radiotherapy.”

Delayed chronic pericardial effusion oc-
curs months to years after radiotherapy, is
typically asymptomatic, and presents as an en-
larged cardiac silhouette on chest imaging.”
Delayed pericardial effusion is followed with
imaging. While in many cases it resolves with-
in 2 years, it may also be long-standing. Peri-
cardiocentesis or a pericardial window may be
performed to treat symptomatic effusion or
delayed effusion causing hemodynamic com-
promise.”>>” Hypothyroidism should be ruled
out, as it can complicate mantle irradiation
and result in chronic pericardial effusion.”

Constrictive pericarditis may occur as a
late complication of radiotherapy and typi-
cally causes symptoms of congestive heart
failure. Pericardial stripping in these patients
is complicated by the possibility of coexisting
RIHD of the valves, myocardium, or coro-
nary arteries, as well as mediastinal fibrosis.
A study of 163 patients who underwent peri-
cardial stripping for chronic pericarditis found
a 7-year overall survival rate of only 27%, far
lower than the rate for those who had no his-
tory of radiation exposure.” Therefore, these
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patients are often treated for symptom control
with diuretics and a low-salt diet rather than
with surgery.

I MYOCARDIAL DISEASE

Microvascular injury in the myocardium re-
sults in chronic ischemia, which may lead
to myocardial fibrosis, typically manifesting
as diastolic dysfunction. Chest radiothera-
py may result in both systolic and diastolic
dysfunction, and dilated and restrictive car-
diomyopathy are well-recognized complica-
tions.*

Historically, high radiation doses resulted
in systolic dysfunction in more than half of pa-
tients who underwent thoracic radiotherapy.*!
Now, however, fewer than 5% of patients de-
velop reductions in left ventricular ejection
fraction, and most cases of radiotherapy-in-
duced cardiomyopathy have a restrictive pat-
tern.*

In a single-institution study, diastolic dys-
function was reported in as many as 14% of
patients who underwent thoracic radiothera-
py for Hodgkin lymphoma.* Systolic dysfunc-
tion is now seen almost exclusively in patients
treated concurrently with cardiotoxic chemo-
therapeutic agents such as anthracyclines in
addition to radiotherapy.¥

In a childhood cancer survival series, the
hazard ratio of congestive heart failure in pa-
tients who had undergone radiotherapy for
Wilms tumor was 6.6—almost identical to the
occurrence in sibling controls. By contrast,
the hazard ratio increased to 18.3 in those
who received doxorubicin in addition to ra-
diotherapy.*

Treatment of radiation-induced
cardiomyopathy

Treatment of radiation-induced cardiomyopa-
thy is similar to that for other forms of car-
diomyopathy, with an emphasis on symptom
management.

Heart transplant may be an option for high-
ly selected patients with end-stage heart fail-
ure secondary to RIHD. In one report, a series
of four RIHD patients received a heart trans-
plant, and all four survived past 48 months.®
However, data from the United Network of
Organ Sharing revealed an increase in the
all-cause mortality rate in patients undergo-
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ing heart transplant for RIHD compared with
those undergoing transplant for cardiomyopa-
thy due to other causes.* This trend may be
confounded by a higher prevalence of prior
cardiac surgery in the RIHD group—itself an
established risk factor for poor posttransplant
outcomes.

Il CONDUCTION SYSTEM DISEASE

Life-threatening arrhythmias have been re-
ported that are distinct from the common,
asymptomatic repolarization abnormalities
that occur during radiotherapy. Atrioven-
tricular nodal bradycardia, all degrees of heart
block, and sick sinus syndrome have all been
reported after chest radiotherapy. As conduc-
tion abnormalities do not typically manifest
until years after radiotherapy, it is difficult to
establish causation and, consequently, to de-
fine incidence.

Right bundle branch block is the most
common conduction abnormality because of
the proximity of the right bundle to the endo-
cardium on the right side.*

Chest radiotherapy is also associated with
prolongation of the corrected QT interval
(QTc). A study in patients with a history of
thoracic radiotherapy found that the QTc
characteristically increased with exercise, a
poor prognostic indicator.® In a study of 134
survivors of childhood cancer, 12.5% of those
who had undergone radiotherapy had a resting
QTc of 0.44 msec or more.*

Furthermore, a study of 69 breast cancer
survivors found a higher incidence of conduc-
tion abnormalities at 6 months and 10 years af-
ter radiotherapy compared with baseline. The
characteristic electrocardiographic changes at
6 months were T-wave changes. At 10 years,
the T-wave abnormalities had resolved and
were replaced by ST depression.*

As mentioned above, establishing radio-
therapy as a cause for these conduction abnor-
malities is challenging, given the lag between
radiation therapy and electrocardiographic
changes. The following criteria have been
proposed for establishing a link between atrio-
ventricular blockade and prior radiation’!:

e Total radiation dose to the heart > 40 Gy
e Delay of 10 years or more since therapy
e Abnormal interval electrocardiographic

CLEVELAND CLINIC JOURNAL OF MEDICINE

TABLE 2
Cardiac screening before and after radiotherapy

Before radiotherapy
Comprehensive screening and aggressive risk-factor modification
Baseline transthoracic echocardiography to detect cardiac anomalies

Annual follow-up

Cardiovascular history and examination
Transthoracic echocardiography if murmur detected
Careful investigation of symptoms

5-Year follow-up

Transthoracic echocardiography for high-risk asymptomatic patients
(Table 1)

Noninvasive coronary artery disease assessment with stress echocar-
diography or stress cardiac magnetic resonance imaging

Repeat transthoracic echocardiography at 5-year intervals

10-Year follow-up

Transthoracic echocardiography for asymptomatic non-high-risk patients
Repeat transthoracic echocardiography every 5 years thereafter

Adapted from the European Association of Cardiovascular Imaging
and the American Society of Echocardiography,
information in reference 10.

changes such as bundle branch block
e Prior pericardial involvement
e Associated cardiac or mediastinal lesions.

I SCREENING GUIDELINES

Consensus guidelines for identifying and
monitoring RIHD have been published by
the European Association of Cardiovascular
Imaging and the American Society of Echo-
cardiography (Table 2)."° The European So-
ciety of Medical Oncology has also issued
guidelines for the prevention, diagnosis, and
management of cardiovascular disease associ-
ated with cancer therapy.

Briefly, the guidelines call for aggres-
sive cardiac risk-factor modification through
weight loss, exercise, blood pressure control,
and smoking cessation, in addition to early de-
tection of RIHD. Cardiovascular screening for
risk factors and a careful clinical examination
should be performed in all patients. Baseline
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comprehensive transthoracic echocardiogra-
phy is advocated in all patients before starting
radiotherapy to detect cardiac anomalies. Be-
yond this, an annual history and physical ex-
amination, paying close attention to the signs
and symptoms of cardiopulmonary disease, is
essential. The development of new cardiopul-
monary symptoms or a new physical finding
such as a murmur should prompt evaluation
with transthoracic echocardiography.

In patients without symptoms, screening
transthoracic echocardiography at 10 years af-
ter the start of radiotherapy is recommended
in light of the high probability of diagnosing
cardiac disease at this juncture. In patients
with no preexisting cardiac disease, surveil-
lance transthoracic echocardiography should
be at 5-year intervals thereafter.

In high-risk patients without symptoms
(those who have undergone anterior or left-
sided radiotherapy and have at least one risk
factor for RIHD), initial screening transtho-
racic echocardiography is recommended 5
years after radiotherapy. These patients have
a heightened risk of coronary events as de-
scribed above and, consequently, are recom-
mended to undergo noninvasive imaging 5 to
10 years after radiation exposure. If this initial
examination is negative, stress testing should
be repeated at 5-year intervals. Stress echo-
cardiography and stress cardiac magnetic reso-
nance imaging have higher specificity than
stress electrocardiography and therefore are
generally preferred. Stress scintigraphy should
be used with caution, as it adds to the cumula-
tive radiation exposure.

The role of magnetic resonance imaging
and computed tomography depends on the
results of initial transthoracic echocardiogra-
phy and the clinical indication, in addition
to the center’s expertise and facilities. How-
ever, there are currently no data advocating
their use as screening tools, except for early
detection of porcelain aorta in high-risk pa-
tients.!°

I MODERN RADIOTHERAPY TECHNIQUES

In recent years, there has been emphasis on
exposing the patient to as little radiation as
possible without compromising cure.”> The
three major strategies employed to decrease
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cardiac exposure include reducing the radia-
tion dose, reducing the radiation field and vol-
ume, and using newer planning and delivery
techniques.

Reducing the radiation dose. It is well
recognized that the mean dose of radiation
to the heart is a significant predictor of car-
diovascular disease, with one study demon-
strating a linear increase in the risk of cor-
onary artery disease with increasing mean
heart radiation dose (excess relative risk per
Gy 7.4%, 95% confidence interval 3.3%-—
14.8%).>

Reducing the radiation field and vol-
ume. Modern strategies and computed
tomography-based radiotherapy planning
have enabled a transition from older tech-
niques such as extended-field radiation
therapy, mantle-field radiation therapy,
and involved-field radiation therapy to new
techniques such as involved-node and in-
volved-site radiation therapy.’* These have
shown promise. For instance, a study in pa-
tients with early Hodgkin lymphoma found
a mean heart dose of 27.5 Gy with mantle-
field therapy compared with 7.7 Gy with in-
volved-node therapy. This decrease in mean
heart dose was associated with a reduction
in the 25-year absolute excess cardiac risk
from 9.1% to 1.4% and a reduction in car-
diac mortality from 2.1% to 1%.%

Employing newer planning and delivery
systems has also demonstrated some prom-
ise in reducing rates of cardiac morbidity and
mortality. Extended-field radiation therapy,
mantle-field radiotherapy, and involved-field
radiation therapy were traditionally based on
two-dimensional planning and often resulted
in large volumes of myocardium being un-
necessarily exposed to large doses of radiation
because of the uncertainty in targeting. In-
volved-site and involved-node radiotherapy
are based on computed tomography, resulting
in more accurate targeting and sparing of nor-
mal tissue.

In addition, newer techniques such as
intensity-modulated radiotherapy and proton
beam therapy have resulted in further im-
provements in conformality compared with
three-dimensional conformal radiotherapy.*®*’
Respiratory motion management, including
deep inspiration breath-holding and end-in-
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spiration breath-holding, have decreased the
radiation dose to the heart in patients under-
going mediastinal radiotherapy.’®>’

I TOWARD THE GOALS OF PREVENTION
AND EARLIER DETECTION

As survival from breast cancer and lymphoma
has increased, we continue to see legacy or la-
tent effects of therapy, such as RIHD. Radia-
tion therapy can affect any cardiac structure
and is a major cause of morbidity and death in
cancer survivors.

Modern radiation techniques use a variety

to the heart. A large body of evidence ema-
nating from an era of higher radiation doses
and a lack of knowledge of the cardiac effects
of radiation highlight the perilous cardiac
consequences of chest radiation. With ad-
vances in radiotherapy and the development
and widespread implementation of consensus
guidelines, we envision earlier detection and
less frequent occurrence of RIHD, although
the latter trend could be blunted by increased
cardiovascular risk factors within the popula-
tion. Given the lag between irradiation and
the cardiac consequences, it may be a num-
ber of years before any comparisons can be

of mechanisms to decrease the radiation dose

drawn.
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