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ABSTRACT
Radiation therapy is a cornerstone of cancer therapy, with >50% of patients undergoing therapeutic radiation. As a result
of widespread use and improved survival, there is increasing focus on the potential long-term effects of ionizing radiation, especially cardiovascular toxicity. Radiation therapy can lead to atherosclerosis of the vasculature as well as
valvular, myocardial, and pericardial dysfunction. We present a consensus statement from the International CardioOncology Society based on general principles of radiotherapy delivery and cardiovascular risk assessment and risk
mitigation in this population. Anatomical-based recommendations for cardiovascular management and follow-up are
provided, and a priority is given to the early detection of atherosclerotic vascular disease on imaging to help guide
preventive therapy. Unique management considerations in radiation-induced cardiovascular disease are also discussed.
Recommendations are based on the most current literature and represent a unanimous consensus by the
multidisciplinary expert panel. (J Am Coll Cardiol CardioOnc 2021;3:360–380) © 2021 The Authors. Published by Elsevier
on behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license
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HIGHLIGHTS
 Radiation therapy leads to short- and
long-term cardiovascular adverse effects
of the vasculature and the heart,
including valvular, myocardial, and pericardial disease.
 Computed tomography scans conducted
for radiation planning or cancer staging
provide an available opportunity to
detect asymptomatic atherosclerosis and
direct preventive therapies.
 Additional practical screening recommendations for cardiovascular disease
based on anatomical exposure are
provided.
 There are unique considerations in the
management of radiation-induced cardiovascular disease; contemporary
percutaneous treatment is often
preferred over surgical options.

T

herapeutic radiation has become a cornerstone of cancer treatment since its ﬁrst use
in 1899, with >50% of cancer patients now

receiving radiation therapy (RT). Despite its positive
impact on cancer outcomes and survival, RT is associated with both short- and long-term adverse effects.
Of particular note, studies have linked RT to an
increased risk of long-term adverse cardiovascular
(CV) effects, which can lead to increased morbidity
and mortality in cancer survivors (1-3).
The spectrum of radiation-induced CV disease is

broad. After thoracic RT, patients are at signiﬁcantly
increased

risk

of
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developing

vascular

disease

complications and incorporate appropriate

ABBREVIATIONS

screening, mitigation, and prevention strate-

AND ACRONYMS

gies in their practice. Although guidelines
and expert consensus statements have been
published for the detection of RT-associated
cardiac damage and dysfunction (10-14),
screening recommendations for extracardiac
vascular manifestations are limited. In addition, screening guidelines for survivors of
thoracic RT have focused on the diagnosis of
obstructive, but not nonobstructive, CAD.
This limited focus fails to recognize the risk
of myocardial infarction in nonobstructive
CAD (15) and the importance of preventive
medical

therapy

Furthermore,

in

current

these

patients

guidelines

do

(16).
not

incorporate newer imaging modalities, such
as coronary artery calcium (CAC) scanning
and coronary computed tomography (CT)
angiography, which can more comprehensively deﬁne a patient’s CV risk during and

aHR = adjusted hazard ratio
CABG = coronary artery bypass
graft

CAC = coronary artery calcium
CAD = coronary artery disease
CI = conﬁdence interval
CT = computed tomography
CTCA = computed tomography
coronary angiography

CV = cardiovascular
DIBH = deep inspiratory breath
hold

HF = heart failure
HL = Hodgkin lymphoma
HNC = head and neck cancer
HR = hazard ratio
LIMA = left internal mammary
artery

MRI = magnetic resonance

after RT (17).
The current consensus statement from the
International Cardio-Oncology Society systematically reviews available data and provides comprehensive recommendations for
prevention, screening, diagnosis, and management of CV disease in cancer survivors
receiving or who have received RT to the

imaging

NT-proBNP = N-terminal pro–
B-type natriuretic peptide

OR = odds ratio
PAD = peripheral arterial
disease

RT = radiation therapy
SAVR = surgical aortic valve

head and neck, chest, or abdomen and pelvis.

replacement

This document addresses general principles

SVC = superior vena cava

to mitigate CV disease after RT and provides
guidance for the detection of speciﬁc vascular
effects

based

on

anatomical

location

(Figure 1).

TAVR = transcatheter aortic
valve replacement

TTE = transthoracic
echocardiogram

METHODS

(including coronary artery disease [CAD] and subclavian artery stenosis), valvular disease, constric-

In October 2019, the International Cardio-Oncology

tive pericarditis, restrictive cardiomyopathy, and

Society formed an international, multidisciplinary

heart failure (HF) (1,2,4) (Central Illustration). Simi-

collaboration of experts in the ﬁeld of medical

larly, after head and neck or whole brain RT, pa-

oncology, radiation oncology, CV imaging, and

tients are at increased risk of carotid artery stenosis

cardio-oncology. An extensive literature review was

and cerebrovascular accidents (4-7). Patients treated

performed through a search of the PubMed index of

with abdominal or pelvic RT may develop aorto-iliac

studies published in English from 1975 to the present

atherosclerosis and renal artery stenosis (8). The

incorporating text words and Medical Subject Head-

mechanisms of radiation-induced CV disease are

ings, including radiation, cardiotoxicity, and CV ab-

complex, but key aspects are deoxyribonucleic acid

normalities; the result was 2,999 manuscripts at the

damage, oxidative stress, and the release of in-

time of ﬁnal search. The literature review was con-

ﬂammatory and proﬁbrotic cytokines leading to

ducted initially in October 2019 and then updated

vascular,

before ﬁnalization of recommendations in December

myocardial,

valvular,

and

pericardial

ﬁbrosis (9).
Considering the overall context of RT beneﬁts and
risks, it is crucial that clinicians recognize the CV

2020. References of reviewed articles were also
searched for salient titles. Priority was given ﬁrst to
evidence

from

randomized

controlled

trials

or

362

Mitchell et al

JACC: CARDIOONCOLOGY, VOL. 3, NO. 3, 2021
SEPTEMBER 2021:360–380

Cardiovascular Manifestations From Therapeutic Radiation

C E NT R AL IL L U STR AT IO N Therapeutic Radiation: Potential Cardiovascular Effects and Practical Screening Tools

Mitchell, J.D. et al. J Am Coll Cardiol CardioOnc. 2021;3(3):360–380.

The ﬁgure highlights the potential cardiovascular sequelae as well as physical examination ﬁndings and diagnostic tests that can aid in evaluation. BP ¼ blood pressure;
CAC ¼ coronary artery calcium; CTA ¼ computed tomography angiography; CT ¼ computed tomography; MRA ¼ magnetic resonance angiography; MRI ¼ magnetic
resonance imaging; TSH ¼ thyroid-stimulating hormone; US ¼ ultrasound.

meta-analyses,

followed

by

well-designed

non-

randomized studies, other nonrandomized studies,

GENERAL PRINCIPLES TO MITIGATE CV
EVENTS AFTER THERAPEUTIC RADIATION

and ﬁnally expert opinion or clinical experience. The
authors also searched ClinicalTrials.gov for any rele-

The 2 main determinants of RT-associated CV disease

vant clinical trials.

are a patient’s underlying CV risk (patient factors)

The committee met using bimonthly webinars and

and the dose of RT delivered to CV structures (treat-

accompanying teleconferences to review the litera-

ment factors). Thus, the 2 main guiding principles in

ture and develop practical recommendations. In

reducing CV sequelae of RT are to: 1) identify and

accordance with American College of Cardiology/

optimize CV risk factors and CV disease; and 2)

American Heart Association consensus statements

minimize RT delivered to the CV system without

(18), recommendations are labeled with phrases such

affecting cancer outcomes.

as “is recommended,” “can be useful,” and “can be

1.

considered.” Levels of Evidence are not provided due

FACTORS. Recommendation

to limited randomized controlled trials speciﬁcally

receiving therapeutic radiation to the head and neck,

designed to address CV disease in RT survivors. These

chest, and/or abdomen/pelvis, a comprehensive base-

recommendations represent a consensus among the

line evaluation to screen for and optimize treatment of

multidisciplinary, expert committee members. A

underlying

summary of the recommendations, the underlying

is recommended.

evidence, and important gaps and future directions
are summarized in Table 1.

IDENTIFY AND OPTIMIZE BASELINE CV RISK

CV

risk

factors

A.1:

In

and/or

all

CV

patients

disease

Recommendation A.2: Before RT delivery, review of
available CT chest imaging for the presence of coronary
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F I G U R E 1 Summary of Screening Guidelines

HEAD & NECK REGION

THORACIC REGION

ABDOMINAL & PELVIC
REGION

Baseline

• Comprehensive CV history & physical exam
• Review available CT imaging for atherosclerotic calcification
• Optimize CV risk factors and disease
• Utilize available advanced techniques to minimize CV exposure

• Comprehensive CV history & physical exam
• Review available CT imaging for atherosclerotic calcification
• Optimize CV risk factors and disease

1 Year

• Orthostatic vital signs
• Auscultation of carotid
arteries

Carotid US in
high-risk patients

Every 5
Years

Annually

• ECG
• TTE

Carotid US

• CV exam
• Blood pressure in both arms
• Signs of superior vena cava
obstruction/stenosis

• Vascular exam including
lower extremity pulses
and abdominal bruits
• Symptoms of claudication
• Renal function

TTE at 6-12 months in
high-risk patients

• TTE
• Ischemic evaluation

Summary of recommended monitoring intervals and evaluation procedures based on anatomical exposure of radiation therapy. CT ¼ computed tomography;
CV ¼ cardiovascular; ECG ¼ electrocardiogram; TTE ¼ transthoracic echocardiogram; US ¼ ultrasound.

and aortic calciﬁcations to improve CV risk stratiﬁca-

CV disease (including coronary artery calciﬁcations

tion and mitigation of future atherosclerotic CV events

on CT imaging) conferred a 7-fold increased risk of

is recommended.

major adverse cardiac events (adjusted hazard ratio

T r a d i t i o n a l C V r i s k f a c t o r s . Baseline CV risk fac-

[aHR]: 7.00; 95% conﬁdence interval [CI]: 3.20-15.31),

tors and CV disease have a substantial impact on the

with a median time to ﬁrst event of 18.5 months (3).

subsequent development of CV complications after

In 3 cohorts of patients who received neck RT (n ¼ 96,

RT (1-3). In a population-based case-control study of

n ¼ 125, and n ¼ 290), baseline hyperlipidemia,

2,168 women who underwent RT for breast cancer

diabetes, older age, smoking, and pre-existing heart

from 1958 to 2001 in Sweden or Denmark, women

disease were each associated with development of

with baseline CV risk factors were at twice the risk for

carotid atherosclerosis (19-21). In a retrospective

major CV events, and those with a history of CAD had

cohort of 367 patients receiving RT for head and

a 6-fold higher risk (1). In a retrospective single-

neck tumors, an increased risk of stroke was observed

center review of 748 patients with locally advanced

in patients with baseline hypertension (absolute

non–small cell lung cancer treated with RT, baseline

excess risk: 9 per 1,000 patients per year) and
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T A B L E 1 Recommendations, Basis of Evidence, and Future Directions/Gaps for Treatment and Prevention of CV Disease During and After Therapeutic

Radiation for Cancer
Recommendation Summaries

Evidence Basis

Future Directions/Gaps

General principles to mitigate CV events
Recommendation A.1: In all patients receiving
therapeutic radiation to the head and neck,
chest, and/or abdomen/pelvis, a
comprehensive baseline evaluation to screen
for and optimize treatment of underlying CV
risk factors and/or CV disease is recommended

Impact of CV risk modiﬁcation on future CV events is
extrapolated from large cohorts in the general
population as well as cancer cohorts, most
notably in survivors of childhood cancer

Current ASCVD risk scores are hypothesized to
underestimate risk of CV events in cancer
populations, and an optimized risk score,
potentially including CAC, could be useful
Future research should investigate optimal
treatment goals (ie, blood pressure, LDL
reduction) in patients post-RT

Recommendation A.2: Before RT delivery, review
of available CT chest imaging for the presence
of coronary and aortic calciﬁcations to improve
CV risk stratiﬁcation and mitigation of future
atherosclerotic cardiovascular events is
recommended

CAC is diagnostic of underlying arterial disease and
predicts future CV events in large cohorts in the
general population and in patients included in
lung cancer screening trials, as well as in smaller
cohorts receiving RT

Presence of coronary calciﬁcations on CT imaging
identiﬁes patients at risk for future CV events,
but formal CAC screening protocols should be
further evaluated
It is unknown what CAC score threshold (>0, >10,
>100) should prompt treatment in patients
post-RT

Recommendation A.3: Efforts to maximally reduce
radiation doses to CV structures without
compromising cancer treatment are
recommended

Radiation exposure should maintain tumor efﬁcacy
while minimizing dose to be consistent with
therapeutic radiation guidelines

Future research should continue to evaluate the
trade-off between tumor efﬁcacy and CV
morbidity and mortality

Recommendation B.1: In patients with prior neck
irradiation, auscultation for carotid bruits
during their routine physical examination is
recommended

A low-risk examination technique can identify
patients at increased risk for future stroke based
on a meta-analysis in the general population

The presence of a bruit increases risk for signiﬁcant
atherosclerosis, but its absence does not rule
out disease

Recommendation B.2: In patients with prior neck
irradiation, carotid ultrasound to screen for
development of asymptomatic atherosclerotic
plaque is recommended. Initial evaluation as
early as 1 y post-radiation in higher risk
patients (determined by radiation dose and CV
risk) with follow-up every 3 to 5 y can be useful
to guide preventive therapy

Carotid ultrasound is low risk to the patient and,
based on cohort studies in survivors of neck RT,
can be used to identify asymptomatic disease

Further studies are needed to identify the optimal
screening interval for ultrasound in conjunction
with history and physical examination

Recommendation B.3: In patients with prior neck
irradiation, reviewing available CT scans for
carotid calciﬁcations to aid in identiﬁcation of
asymptomatic atherosclerosis is recommended

Inferred from basic science, clinical trials, and
population studies, numerous studies have
established calciﬁed plaque as a marker of
atherosclerosis in various vascular beds
Patients often undergo surveillance CT scans postRT, which can be used to identify asymptomatic
disease at no additional risk

Although statin therapy has been shown to reduce
carotid atherosclerosis and prevent stroke, no
studies have directly investigated whether
carotid calciﬁcations should prompt statin
therapy

Recommendation B.4: In patients with prior neck
irradiation, screening for signs and symptoms
of dysautonomia on follow-up physical
examinations (including orthostatic vital signs)
is recommended

This is based on expert opinion and small cohort
studies in patients treated with RT
The history and physical examination provide a lowrisk procedure to identify patients with
dysautonomia

Optimal screening and treatment algorithms for
dysautonomia in patients post-RT have not been
established

Recommendation C.1: In patients with CV risk
factors receiving radiation to mediastinal
structures, including the heart, a baseline ECG
and a comprehensive TTE can be useful

This is based on expert opinion. Current guidelines
are mixed in their recommendation for baseline
ECG and TTE evaluation of patients undergoing
thoracic RT
A baseline ECG and TTE are low-risk tools that
provide the potential to identify asymptomatic
disease and allow for CV optimization before RT

Numerous long-term follow-up studies have shown
the signiﬁcant CV impact of RT, but a baseline
ECG or echocardiogram to detect pre-existing
disease has not been studied. Although
identifying asymptomatic disease may help with
risk stratiﬁcation, there are no data to suggest
that it should prevent a patient from receiving
RT

Recommendation C.2: In patients with prior chest
irradiation, review of available CT scans for
coronary or aortic calciﬁcations to guide
therapy for asymptomatic atherosclerosis is
recommended. The absence of coronary artery
calciﬁcations, particularly from a non-gated CT
scan, cannot fully exclude the presence of CAD

Large cohort studies in the general population and
small cohort studies in the cancer population
have established the impact of CAC on future
cardiac events
Evaluating existing CT scans, which correlate with
quantitative CAC scores, provides a tool to
improve CV stratiﬁcation and to help guide
initiation of preventive therapy

Although CAC on CT imaging identiﬁes patients with
underlying CAD, it is important to note that non–
ECG-gated CT scans have a 9% false-negative
rate and may not detect CAC in some patients
with underlying CAD
It is not known what threshold of qualitative CAC
should prompt aspirin and/or statin use
The impact of aspirin and statin therapy on
identiﬁed atherosclerosis post-RT is not known

Head and neck RT

Thoracic RT

Continued on the next page

diabetes (absolute excess risk: 13.9 per 1,000 patients

or staging, provides a readily available risk stratiﬁ-

per year) (7).

cation tool to assess for vascular calciﬁcations. Unlike

V a s c u l a r c a l c i ﬁ c a t i o n s o n C T i m a g i n g . Available

other testing that may imply the presence of CAD,

CT imaging, routinely performed for cancer screening

CAC on chest CT imaging directly correlates with a
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T A B L E 1 Continued

Evidence Basis

Future Directions/Gaps

Recommendation C.3: In patients with prior chest
irradiation without documented atherosclerosis
on prior evaluations, further screening for CAD
with CAC, coronary CT angiography, or
functional stress testing during follow-up
evaluations is recommended. Screening at 5-y
intervals, depending on the patient’s overall
CV risk, can be useful

Recommendation Summaries

Functional stress testing, CAC, and CT angiography
can identify asymptomatic patients with
underlying CAD based on large cohort studies in
the general population and small cohort studies
in patients post-RT

Optimal screening protocols have not been
established. CTCA and CAC have the advantage
of identifying nonobstructive CAD to help target
preventive therapy, but there have not been
comparison trials in patients post-thoracic RT.
Further studies are needed to understand the
relative prevalence of noncalciﬁed and calciﬁed
plaque in patients post-RT by using historical
and modern techniques

Recommendation C.4: In patients with prior chest
irradiation who are at increased risk for
cardiomyopathy, screening TTE or cardiac MRI
after completion of cancer therapy are
recommended

Prospective cohort studies have shown a high rate
of cardiomyopathy and heart failure post-RT
necessitating screening protocols

The optimal screening interval has not been
established with historical or current radiation
techniques and should be further evaluated with
future studies

Recommendation C.5: The timing of the ﬁrst
echocardiogram post–chest RT can be guided
by the individual patient risk, with
echocardiography as early as 6-12 months
after RT in high-risk patients. In all patients in
whom the heart is in the radiation ﬁeld, an
echocardiogram within 5 y post-RT is
recommended. Additional screening TTE and
measurement of NT-proBNP levels every 5 y
can be useful

The recommended timing of screening is based on
the incidence of heart failure post-RT in cohort
studies
Recent cohort studies have suggested that cardiac
biomarkers may also be an effective screening
tool

Additional research in the timing and measurement
of biomarkers or cardiac imaging post-RT is
needed

Recommendation C.6: In patients with prior RT
with the heart in the radiation ﬁeld, evaluation
for subclinical valvular heart disease with TTE
5 y post-RT and then every 5 y thereafter is
recommended

The recommended timing of screening is based on
the incidence of valvular disease post-RT in
cohort studies

The optimal screening interval has not been
established with historical or current radiation
techniques and should be further evaluated in
future studies

Recommendation C.7: In patients with prior RT
with the heart in the radiation ﬁeld, evaluation
for pericardial disease with TTE 5 y post-RT
and then every 5 y thereafter is recommended

The recommended timing of screening is based on
incidence of pericardial disease post-RT in
cohort studies

The optimal screening interval has not been
established with historical or current radiation
techniques and should be further evaluated in
future studies

Recommendation C.8: In patients who have
received radiation involving the subclavian
artery, bilateral BP on annual examination to
screen for subclavian stenosis is recommended

A comprehensive physical examination with
bilateral BP measurement allows for minimalrisk screening of patients for subclavian artery
disease that can occur post- thoracic RT

No studies have evaluated screening protocols for
subclavian disease post-thoracic RT

Recommendation C.9: In patients who have
received radiation involving the subclavian
artery and/or LIMA, evaluation with CT
angiography or a comparable study before
CABG is recommended

Case studies have shown that undiagnosed
subclavian artery stenosis or LIMA atrophy can
have signiﬁcant consequences on surgical
outcomes post-CABG

A complete angiographic assessment is
recommended before planned bypass surgery to
reduce risk of graft failure after surgery, but an
optimal screening protocol has not been
established

Recommendation D.1: In patients with prior
abdominal or pelvic irradiation, screening for
symptoms of claudication, assessment of pedal
pulses, and auscultation of aortic or renal
artery bruits are recommended

A comprehensive physical examination can identify
patients with underlying peripheral vascular
disease to aid in management

No studies have evaluated screening protocols for
peripheral arterial disease post-abdominal and
pelvic RT. The prevalence of PAD postabdominal and pelvic RT is not known

Recommendation D.2: In patients with prior
abdominal or pelvic irradiation, reviewing
available CT scans for aortic and iliofemoral
calciﬁcations to identify atherosclerosis can be
useful

Aortic calciﬁcations increase a patient’s mortality
risk based on the Framingham Risk Study and in
a lung cancer cohort receiving RT and can help
risk-stratify patients. It is expert opinion that
evaluating for calciﬁcations post-RT can
potentially help clinicians target preventive
therapy

Screening for signiﬁcant peripheral vascular disease
post-abdominal and pelvic RT has not been
adequately investigated

Recommendation D.3: In patients with prior
abdominal or pelvic irradiation with worsening
renal function and/or systemic hypertension,
evaluation for radiation nephropathy and/or
renal artery stenosis can be useful.

Based on case series, renal artery stenosis and
radiation nephropathy are known complications
of RT and may lead to hypertension.
Identiﬁcation of underlying renal artery stenosis
and/or radiation nephropathy may help in
disease and risk factor management

The incidence and prevalence of hypertension, renal
artery stenosis, and radiation nephropathy in
patients post-abdominal and pelvic RT are not
established

Modiﬁable CV risk factors signiﬁcantly increase risk
of future CV events post-RT, with the strongest
evidence in cohorts of adult survivors of
childhood RT
In accordance with prevention guidelines and
numerous studies in the general population,
treatment of CV risk factors is indicated

Screening intervals for CV risk factors post-RT
remain to be clariﬁed

Abdominal and pelvic RT

CV disease prevention after RT
Recommendation E.1: In patients who have
received RT, regular screening for and
aggressive treatment of CV risk factors and CV
disease are recommended. The interval of
screening visits should be guided by the
patient’s risk (patient and treatment factors).
Screening at least annually can be useful

Continued on the next page
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T A B L E 1 Continued

Recommendation Summaries

Evidence Basis

Future Directions/Gaps

Recommendation F.1: In patients with prior chest
RT, careful consideration before surgical versus
percutaneous treatment for valvular or CAD is
recommended due to their increased surgical
risk. The percutaneous approach is often
advantageous, especially in patients with
higher radiation doses to the mediastinum or
prior cardiac surgery

Small cohort studies have shown that survivors of
thoracic RT are at increased risk for
complications from chest surgery, and they may
beneﬁt from a percutaneous approach if
technically feasible

Additional research is needed to determine the
multidisciplinary strategy that is most successful
for management of obstructive CAD and/or
valvular disease post-RT

Recommendation F.2: In patients with prior chest
RT and heart failure with preserved ejection
fraction, consideration of both restrictive
cardiomyopathy and constrictive pericarditis is
recommended

This is based on expert opinion. The presentations
of restrictive cardiomyopathy and constrictive
pericarditis are similar, but management of the 2
conditions is vastly different. Distinguishing
between the 2 is of major clinical importance

Diagnostic protocols vary between institutions and
are not standardized

Recommendation F.3: In patients with prior chest
RT and conﬁrmed constrictive pericarditis who
have failed initial medical management,
pericardiectomy can be considered. Surgery is
considered high risk, although timing surgery
before progression to advanced disease can
improve morbidity

This is based on expert opinion. Case series of
patients with constriction have shown a high
mortality with pericardiectomy but patients
likely do better if they undergo surgery earlier in
the disease process

Timing and best practices for pericardiectomy in
patients with constriction post-thoracic RT
needs further research

CV management after RT

ASCVD ¼ atherosclerotic CV disease; BP ¼ blood pressure; CABG ¼ coronary artery bypass graft; CAC ¼ coronary artery calcium; CAD ¼ coronary artery disease; CT ¼ computed tomography;
CV ¼ cardiovascular; ECG ¼ electrocardiogram; LDL ¼ low-density lipoprotein; LIMA ¼ left internal mammary artery; MRI ¼ magnetic resonance imaging; NT-proBNP ¼ N-terminal pro–B-type
natriuretic peptide; PAD ¼ peripheral arterial disease; RT ¼ radiation therapy; TTE ¼ transthoracic echocardiogram.

patient’s underlying atherosclerotic burden and is

triggered CT scanning was 0.94 (95% CI: 0.89-0.97)

diagnostic of underlying CAD (22). The presence and

(29). Across 5 studies with 34,028 participants,

severity of CAC accurately predict major adverse

increasing calcium score categories on nongated CT

cardiac outcomes in addition to traditional risk fac-

imaging were consistently associated with increasing

tors in large population studies (23-26) and in cohorts

risk of CV death and events. With fewer image slices,

of patients speciﬁcally with cancer (27,28). In 1,130

however, there was a notable false-negative rate

participants in the Multi-Ethnic Study of Atheroscle-

of 9% and an underestimation of high CAC scores

rosis at intermediate risk for CV events (Framingham

in 19%.

risk

score

>5%

and

<20%),

CAC

signiﬁcantly

When available, formal scoring of the baseline CT

events

scan for CAC is likely the most robust, although the

compared with Framingham risk score alone (area

visual CAC-Data Reporting System or similar method

under the receiver-operating characteristic curve

can also be used (31). In cohorts of breast cancer

increased from 0.627 to 0.752; P < 0.0001) and pro-

patients with and without radiation exposure, cardiac

vided superior discrimination and risk reclassiﬁcation

events are associated with both the presence of

to other risk markers (26). In a single-center cohort of

CAC by formal Agatston CAC scoring (n ¼ 939; HR:

408 consecutive patients with breast cancer referred

4.95; 95% CI: 1.69-14.53) and the severity of CAC by

to cardio-oncology, CAC (but not Framingham risk

visual assessment of CT scans (Figure 2) with or

score) was predictive of the composite endpoint of

without contrast (n ¼ 408; aHR: 4.90 for comparison

all-cause mortality and CV events (28). In the general

of intermediate to high CAC vs no CAC; 95% CI: 1.95-

population, a CAC score $100 also seems to select

12.29) (27,28).

improved

discrimination

for

future

CV

patients most likely to beneﬁt from statin therapy

Calciﬁcations in other vascular beds on CT imaging

(17). Given the accelerated nature of radiation-

may also aid in risk assessment. Over a median

induced atherosclerosis, it is unclear if this same

follow-up of 8 years in the Framingham Heart Study,

threshold applies to radiation survivors, or if a lower

presence of aortic calciﬁcations was associated with
CV events (n ¼ 3,486; aHR: 2.71; 95% CI: 1.76-4.11),

threshold may be appropriate.
CAC seen on radiation-planning CT scans, and

although this ﬁnding was no longer signiﬁcant after

other nongated, noncontrast CT scans, correlates

adjusting for CAC (32). However, thoracic aortic

with formal gated CAC scans and has signiﬁcant pre-

calciﬁcations were associated with all-cause mortal-

dictive value (29,30). In a meta-analysis of 3 studies

ity, even after CAC adjustment (aHR: 1.33; 95% CI:

with 661 participants, the agreement in calcium score

1.10-1.61) (32). In a retrospective cohort of 334

between

patients with lung cancer treated with stereotactic

nontriggered

and

electrocardiography-
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Oncologic responses and overall survival were

F I G U R E 2 Coronary Artery Calcium on CT Imaging for

maintained in a randomized trial of 1,370 patients

Cancer Staging

with

early-stage

Hodgkin

lymphoma

(HL)

with

reduced RT doses from 30 to 20 Gy (34). In one randomized study of patients with unresectable stage III
non–small cell lung cancer, a reduction in total RT
dose from 74 Gy to 60 Gy was associated with
improved all-cause mortality, likely due to reduced
cardiotoxicity (35). For any given RT dose, successful
approaches

to

decrease

radiation

exposure

to

nontarget structures include radiation ﬁeld reduction
(eg, involved-node RT, accelerated partial breast
irradiation) and modern RT planning and delivery
techniques (eg, 3-dimensional conformal therapy,
intensity modulated RT, respiratory gating, proton
beam therapy).
A 68-year-old man was diagnosed with prostate cancer on bi-

In a small, retrospective single-center review of 29

opsy and underwent computed tomography (CT) imaging for

adolescents and young adults with stage I to II HL,

cancer staging. Severe coronary calciﬁcations are noted
extending from the left main coronary artery to the left

involved-node RT resulted in a mean heart dose of

anterior descending artery. He subsequently presented with

only 7.7 Gy compared with the 27.5 Gy that would
have been delivered with mantle ﬁeld RT, corre-

unstable angina w1 year later and underwent bypass surgery.

sponding to an estimated reduction in the 25-year
absolute excess risk of cardiac disease from 9.1% to
body RT, the volume of thoracic calciﬁcations on

1.4% (36) (Figure 3). There is also ongoing interest in

radiation-planning CT scanning was also modestly

the use of intensity-modulated RT in early laryngeal

associated with all-cause mortality (aHR: 1.05 for each

cancer to reduce dose to the carotid arteries (37).

1 cm 3 increase; 95% CI: 1.00-1.11; P ¼ 0.03) after

Proton therapy, although not widely available, offers

adjusting for tumor volume, age, sex, and perfor-

the potential to further decrease exposure to sur-

mance status (33). In summary, the presence of aortic

rounding organs, such as the heart, in patients

calciﬁcations, in addition to CAC, can guide risk

receiving RT (38).

assessment, although CAC is a more powerful pre-

Deep inspiratory breath hold (DIBH) has been

dictor for CV outcomes when available based on large

shown to signiﬁcantly decrease RT doses to the heart

population studies.

and surrounding tissues (39) and should be incorpo-

There are no data to suggest that radiation plan-

rated as standard of care for appropriate patients

ning should be altered based on the presence of

when the heart is potentially in the radiation ﬁeld.

pre-existing coronary artery calciﬁcations or known

During inspiration, ﬂattening of the diaphragm and

CAD, although patients would be expected to derive

expansion of the lungs pull the heart toward the

beneﬁt from optimal CV risk reduction.

center of the chest, away from the breast/chest wall

2.

MINIMIZE

RADIATION

DELIVERY

TO

CV

and the radiation beam (Figure 3). DIBH has been

to

associated with signiﬁcant improvements in both

maximally reduce radiation doses to CV structures

mean heart doses and mean left anterior descending

without

artery doses in a number of studies, with respective

STRUCTURES. Recommendation

compromising

A.3:

Efforts

cancer

treatment

are recommended.
Multiple studies have shown a linear dosedependent relationship between the mean heart

decreases of 25% to 67% and 20% to 73%, respectively, using DIBH versus free breathing planning in
the same patients.

dose delivered and the risk of future cardiac events

Although vascular-sparing techniques are impor-

(1,2), with no minimum dose threshold identiﬁed.

tant in reducing vascular toxicity from RT, they do

This relationship also holds true with other noncar-

not eliminate the need for CV risk factor and dis-

diac vascular structures (5,6). Protocols for risk-

ease screening. Even with modern RT, CV disease

adapted dose reduction and advances in planning

continues to develop at a faster rate after RT

and delivery techniques over the last 30 years have

exposure. Moreover, there is an existent population

reduced radiation to nontarget structures without

of

compromising cancer outcomes (Figure 3).

techniques.

cancer

survivors

exposed

to

historical
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F I G U R E 3 Evolution of Cancer Radiation Techniques and Impact on Cardiac Dose

Advances in radiation techniques over the last 30 years have signiﬁcantly decreased the mean heart dose during radiation therapy, especially in breast cancer (top) and
lymphoma (bottom). In breast cancer, modern computed tomography (CT) planning and techniques such as deep inspiratory breath hold can help reduce the mean
heart dose to <1 Gy. With the changes in systemic therapy and radiation treatment delivery techniques in lymphoma, modern radiation oncology practice has also
evolved to reduce the size of historical mantle radiotherapy ﬁelds in a risk-adapted fashion to “involved site” or “involved nodal” ﬁelds, minimizing dose to surrounding
organs while maintaining disease control. (A) Mantle radiotherapy. (B) Involved ﬁeld radiotherapy. (C) Involved site radiotherapy. 2D ¼ 2-dimensional;
3D ¼ 3-dimensional; 3DCRT ¼ 3-dimensional conformal radiation therapy; IMRT ¼ intensity-modulated radiation therapy; RT = radiation therap; VMAT ¼ volumetric
modulated arc therapy.

CV EFFECTS OF THERAPEUTIC RADIATION

Recommendation B.3: In patients with prior neck

TO THE HEAD, NECK, AND BRAIN

irradiation, reviewing available CT scans for carotid
calciﬁcations to aid in identiﬁcation of asymptomatic

Recommendation B.1: In patients with prior neck
irradiation, auscultation for carotid bruits during their
routine physical examination is recommended.

atherosclerosis is recommended.
Recommendation B.4: In patients with prior neck
irradiation, screening for signs and symptoms of

Recommendation B.2: In patients with prior neck
irradiation, carotid ultrasound to screen for develop-

dysautonomia on follow-up physical examinations
(including orthostatic vital signs) is recommended.

is

RT is an important component of curative-intent

recommended. Initial evaluation as early as 1-year

treatment for head and neck cancer (HNC), as well

post-radiation in higher risk patients (determined by

as an important treatment option for patients with

radiation dose and CV risk) with follow-up every 3 to 5

primary or metastatic brain tumors. A 2017 Surveil-

years can be useful to guide preventive therapy.

lance, Epidemiology, and End Results Program

ment

of

asymptomatic

atherosclerotic

plaque
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F I G U R E 4 RT Plan for Carcinoma of the Left Tonsil

Coronal and axial views of the radiation therapy (RT) plan used to treat a human papillomavirus–positive carcinoma of the left tonsil metastatic to the left neck lymph nodes (blue shaded region) in a 44-year-old woman. Isodose lines, in Gray (Gy), represent the dose distribution
similar to topographical lines on a map. This patient was prescribed 70 Gy in 35 treatments to gross tumor (red line), with an intermediatedose region of 63 Gy (green line) and a low-dose region of 56 Gy to the at-risk lymphatics (magenta line). One can appreciate the high
radiation exposure to the carotid vessels, including the carotid bulb (red arrow).

analysis reported that cardiac disease represented

rate of neurovascular events was >100 times the

nearly one third of all competing causes of death for

general population. Among this high-risk population,

64,598 patients with HNC (40).

neurovascular

ATHEROSCLEROSIS. Given the close association of

increased with any brain RT (HR: 8.0; 95% CI: 1.05-

carotid sheath structures with lymphatic target

62.0) and especially with RT to the Circle of Willis

events were substantially further

structures in the neck (Figure 4), RT for HNC has been

(HR: 9.0; 95% CI: 1.2-70.0) (44). Radiation to the

associated with increased risk of carotid artery

hypothalamic-pituitary axis was also associated with

disease, transient ischemic attack, and stroke (6). The

increased incidence of metabolic syndrome (odds

15-year cumulative risk of stroke was 12% in 367

ratio [OR]: 3.4; 95% CI: 1.01-11.8.0) in 142 survivors of

patients with HNC post-RT (7), which was increased

childhood brain tumors (45). Several randomized

in patients with hypertension and diabetes. In a

trials have investigated the use of stereotactic radi-

cohort of >14,000 patients with HNC, there was a

osurgery to ablate metastases while largely sparing

46% increase in the cause-speciﬁc hazard of stroke

the rest of the brain, with variable success reported

with RT compared with surgery alone (41). Patients

to date. In 1 randomized trial of 132 patients with 1

with HNC traditionally have a high prevalence of

to 4 brain metastases, there was increased risk of

pre-morbid CV risk factors that have also contributed

intracranial relapse in the stereotactic radiosurgery

to the development of their cancer (ie, smoking,

group compared with the whole brain radiation

heavy alcohol use) with a prevalence that is at least

arm, although the stereotactic radiosurgery arm

double that in age-matched control subjects (42). In

had

contrast, there is also a growing recognition of a

intracranial relapse were also able to avoid whole

subgroup of patients with HNC who are human

brain radiation (46).

papillomavirus positive who are younger, non-

AUTONOMIC DYSFUNCTION. Radiation to the neck

smokers, and have a more favorable oncologic prog-

can result in autonomic dysfunction many years after

similar

overall

survival.

Patients

without

nosis (43). With improved survivorship, they are at

RT, secondary to injury and ﬁbrosis of the carotid

risk of developing late effects from RT.

sinus. Autonomic dysfunction manifestations include

In a cohort of 431 pediatric survivors of brain tu-

inappropriate sinus tachycardia, orthostatic hypo-

mors, 61.5% of whom received radiation, the incident

tension, postural orthostatic tachycardia syndrome,
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F I G U R E 5 Cases of Radiation-Induced Cardiovascular Disease

(A) Severe coronary artery disease on coronary computed tomography angiography. A 57-year-old woman underwent adjuvant chemotherapy
and radiation therapy for left-sided breast cancer 14 years ago with normal coronary arteries on cardiac catheterization 7 years ago. She
developed electrocardiography changes on ribociclib but was asymptomatic. A computed tomography angiogram showed >70% proximal left
anterior descending artery (LAD) disease, and she was started on preventive therapy. A few months later, she began having angina and
underwent percutaneous coronary intervention. (B) Iliac vein stenosis 1 year after pelvic radiation. A 70-year-old with prostate cancer
developed iliac vein stenosis requiring stenting 1 year after radiation therapy. He notably also had baseline atherosclerotic disease manifesting as an abdominal aortic aneurysm and aorto-iliac calciﬁcations before his radiation therapy.

decreased heart rate variability, and a blunted blood

HEAD AND NECK: SCREENING RECOMMENDATIONS

pressure response to exercise (47-49). In a cohort of

AFTER

89 patients with HNC compared with 48 matched

e x a m i n a t i o n f o r c a r o t i d b r u i t s . In patients with

control subjects, neck RT was associated with afferent

prior neck irradiation, auscultation for carotid bruits

baroreﬂex

system)

can identify asymptomatic atherosclerosis and direct

manifested by an inappropriate heart rate response to

preventive therapy in addition to evaluating for ca-

the Valsalva maneuver, with relative sparing of the

rotid stenosis. The presence of a bruit had a 89%

cardiovagal efferent pathway (parasympathetic ner-

positive predictive value for carotid plaque in a

vous system) and a normal heart rate response to

multiethnic,

deep breathing (50). In a retrospective cohort of 263

prospective cohort (mean age: 68 years) and confers

HL survivors of RT compared with 526 matched con-

a 3 times higher risk of transient ischemic attack or

trol subjects who underwent exercise treadmill

stroke based on a meta-analysis of 17,913 patients

testing, RT was associated with increased resting

and 28 prospective cohort studies in the general

failure

(sympathetic

nervous

THERAPEUTIC

RADIATION. P h y s i c a l

community-based,

asymptomatic

heart rate (OR: 3.96; 95% CI: 2.52-6.23) and abnormal

population (52,53). In w30% of noncancer patients

heart rate recovery (OR: 5.32; 95% CI: 2.94-9.65) after

with bruit, carotid stenosis >60% will be detected

exercise. Abnormal heart rate recovery was indepen-

on carotid ultrasound (52).

dently associated with increased mortality (aHR:

C a r o t i d u l t r a s o u n d . Despite their positive predic-

4.60; 95% CI: 1.62-13.02). The prevalence of dysau-

tive value for carotid plaque in the community-based

tonomia increased with radiation dose and time from

cohort study, carotid bruits only had a 6% sensitivity

RT (48).

for detecting plaque and 54% sensitivity for detecting
carotid stenosis >60% (52). Thus, the panel believes

THYROID ABNORMALITIES. Notably, there is also a

that screening with carotid ultrasound is warranted to

signiﬁcant 20% to 30% prevalence of thyroid abnor-

supplement

malities within 5 years of curative RT to the neck re-

atherosclerosis can be detected early after RT on ul-

gions

(51).

Although

not

a

direct

CV

the

physical

examination.

Carotid

effect,

trasound and should prompt appropriate risk factor

derangements of the thyroid axis can have signiﬁcant

management, as these ﬁndings correlate with risk of

secondary effects on the CV system.

myocardial infarction and stroke in the general
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population, even after adjusting for traditional risk
factors (54,55).

Recommendation C.4: In patients with prior chest
irradiation who are at increased risk for cardiomyop-

In a cohort of 96 patients, carotid ultrasound
identiﬁed internal carotid stenosis of $30% in 28% of

athy, screening TTE or cardiac MRI after completion of
cancer therapy is recommended.

patients and critical stenosis in 13%, at a mean of

Recommendation C.5: The timing of the ﬁrst TTE

79.9 months from neck RT (20). In another cohort of

post-chest RT can be guided by individual patient risk,

105 patients with nasopharyngeal carcinoma post-RT,

with echocardiography as early as 6 to 12 months after

carotid ultrasound detected carotid plaque in 38 pa-

RT in high-risk patients. In all patients in whom the

tients (36%) at a median 48 months from radiation,

heart is in the radiation ﬁeld, an echocardiogram

with atherosclerosis severity increasingly linearly

within 5 years post-RT is recommended. Additional

with time (56). Asymptomatic atherosclerosis can be

screening

seen as early as 1 year after RT (19).

N-terminal

C T n e c k . Surveillance CT scans should also be

proBNP) levels every 5 years can be useful.

echocardiograms
pro–B-type

and

measurement

natriuretic

peptide

of

(NT-

reviewed for development of carotid calciﬁcations

Recommendation C.6: In patients with prior RT

and atherosclerosis. In a series of 104 patients with

with the heart in the radiation ﬁeld, evaluation for

laryngeal cancer with pre- and post-radiotherapy CT

subclinical valvular heart disease with TTE 5 years

scans and without baseline atherosclerosis, there was

post-RT

a 48% incidence of new carotid atherosclerosis on

recommended.

follow-up

contrast

CT

scans

4

years

and

then

every

5

years

thereafter

is

post-

Recommendation C.7: In patients with prior RT

radiotherapy and a 17% incidence of new carotid

with the heart in the radiation ﬁeld, evaluation for

calciﬁcations (19). CT angiography and magnetic

pericardial disease with TTE 5 years post-RT and then

resonance imaging (MRI) are not routinely recom-

every 5 years thereafter is recommended.

mended for screening but can be used for further

Recommendation

C.8:

In

patients

who

have

evaluation and characterization of carotid disease as

received radiation involving the subclavian artery,

clinically required.

bilateral blood pressure on annual examination to

D y s a u t o n o m i a . Recommended screening for dys-

screen for subclavian stenosis is recommended.

autonomia in patients with HNC post-RT focuses on

Recommendation

C.9:

In

patients

who

have

clinical history and examination. In patients with

received radiation involving the subclavian artery

signs or symptoms of dysautonomia, further evalua-

and/or left internal mammary artery (LIMA), evalua-

tion and treatment should follow established recom-

tion with CT angiography or a comparable study before

mendations (47,57).

coronary artery bypass graft (CABG) is recommended.

CV EFFECTS OF THERAPEUTIC RADIATION

patients with lymphoma, lung cancer, and breast

TO THE THORAX

cancer. As a result of RT, survivors are at increased

Thoracic RT is an integral part of the treatment for

risk for developing CAD, cardiomyopathy, valvular
Recommendation C.1: In patients with CV risk factors

dysfunction, pericardial disease, and/or disease of the

receiving radiation to mediastinal structures, including

aorta and great vessels depending on the structures

the

a

involved in the radiation ﬁeld and the magnitude of

comprehensive transthoracic echocardiogram (TTE)

exposure. Advanced radiotherapy techniques have

can be useful.

led to signiﬁcant reductions in the mean heart dose,

heart,

a

baseline

electrocardiogram

and

Recommendation C.2: In patients with prior chest

and lower incidence of CV events over time (58),

irradiation, review of available CT scans for coronary

although current screening recommendations should

or aortic calciﬁcations to guide therapy for asymp-

continue to consider the large number of survivors

tomatic atherosclerosis is recommended. The absence

who have been previously treated with older RT

of coronary artery calciﬁcations, particularly from a

techniques.

non-gated CT scan, cannot fully exclude the presence of
CAD.

Patients at high-risk for radiation-associated cardiac disease have been deﬁned as those with: 1)

Recommendation C.3: In patients with prior chest

mediastinal radiotherapy $30 Gy with the heart in the

irradiation without documented atherosclerosis on

treatment ﬁeld; 2) lower dose radiotherapy (<30 Gy)

prior evaluations, further screening for CAD with CAC,

with anthracycline exposure; 3) patients aged <50

coronary CT angiography, or functional stress testing

years and longer time since RT; 4) high dose of radi-

during

recommended.

ation fractions (>2 Gy/d); 5) presence and extent of

Screening at 5-year intervals, depending on the pa-

tumor in or next to the heart; 6) presence of CV risk

tient’s overall CV risk, can be useful.

factors; and 7) pre-existing CV disease (10,11,13).

follow-up

evaluations

is
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Mean cardiac dose correlates with risk, but notably no

PERICARDIAL DISEASE. Acute pericarditis is an un-

study has identiﬁed a safe RT dose that avoids CV

common complication of RT in the modern treatment

complications.

era. Chronic pericarditis may manifest years after RT,

CORONARY ARTERY DISEASE. After thoracic RT,

with an estimated prevalence of 7% to 20% reported

there is an increased risk of development and pro-

for patients who received high-dose mantle RT for HL

gression of CAD (Figure 5) and subsequent CV mor-

(67). A high incidence of pericardial effusion (36%)

tality (1,2,59-61). There was a 7% per Gray higher risk

has also been reported in patients receiving high

of major coronary events beginning within 4 years

cardiac radiation doses, such as in a cohort of 214

after RT in 2,168 breast cancer survivors who received

patients receiving chemoradiation for esophageal

RT between 1958 and 2001 in Sweden and Denmark

cancer from 2001 to 2010 in Japan (68).

(1). A >10% incidence of major cardiac events (CAD or

RT-associated latent pericardial disease can mani-

HF) was observed in the initial 24 months after RT in

fest as pericardial thickening and calciﬁcation, with

125 patients with non–small cell lung cancer across 4

some cases evolving to pericardial constriction. Pa-

trials from 2004 to 2013 (60).
CARDIOMYOPATHY. After chest RT, patients are at

risk for HF with reduced or preserved ejection fraction due to direct myocyte damage and subsequent
ﬁbrosis,

ischemic

heart

disease,

valvular

heart

disease, and pericardial disease. In a population casecontrol study of 170 breast cancer survivors in Olm-

tients are also at risk for myocardial ﬁbrosis resulting
in restrictive cardiomyopathy, and these 2 entities
can be difﬁcult to distinguish. Discerning between
restriction and constriction often requires multimodality assessment, including echocardiography,
cardiac

CT/MRI,

and

invasive

hemodynamic

evaluation.

stead County, Minnesota, post-RT, each increase in

AORTA AND THE GREAT VESSELS. Patients who

the log of the mean cardiac dose placed patients at a

have received mediastinal RT are at increased risk for

substantially higher risk of HF with preserved ejec-

disease of the aorta and great vessels, including

tion fraction (OR: 16.9; 95% CI: 3.9-73.7) and a modest

subclavian stenosis (67) and superior vena cava (SVC)

but nonsigniﬁcant increased risk of HF with reduced

syndrome (69,70). The prevalence of subclavian ste-

ejection fraction (OR: 3.2; 95% CI: 0.8-13.0) over an

nosis or SVC syndrome after RT has not been well

average of 6 years of follow-up (62).

deﬁned,

VALVULAR HEART DISEASE. Valvular heart disease

however,

and

is

largely

based

on

case reports.

develops in a subgroup of patients who have received

BASELINE EVALUATION IN PATIENTS UNDERGOING

mediastinal RT, most commonly for lymphoma, with

THORACIC RT. Consistent with the general principles,

a latency of 10 to 20 years from radiation exposure.

all patients should undergo history and physical ex-

The historical prevalence of RT-associated valvular

amination to evaluate for symptoms and signs of CV

disease has ranged from 2% to 37% for patients

risk factors (eg, hypertension, diabetes mellitus) or

treated for HL and 0.5% to 4.2% for patients treated

underlying CV disease. All patients undergoing

for breast cancer (63). The 30-year cumulative risk

thoracic RT will have, at minimum, a planning chest CT

is <2% in modern-day HL survivors treated with 20 to

scan that can be reviewed for CAC to identify patients

30 Gy but signiﬁcantly increases with >30 Gy medi-

with CAD who would beneﬁt from preventive therapy.
In addition, a TTE can be considered for all patients

astinal exposure (64).
Early RT-associated valve disease includes thick-

undergoing thoracic RT with the heart in the radiation

ening of the valve leaﬂets and subvalvular appa-

ﬁeld to ascertain baseline ventricular and valvular

ratus. Calciﬁcation develops over time and can lead

function. Global longitudinal strain may provide

to restricted leaﬂet motion and leaﬂet retraction

additional help in identifying subclinical left ven-

resulting in either stenosis or regurgitation. Calciﬁ-

tricular dysfunction at baseline (71). Patients with

cation typically spares the tips of mitral valve leaf-

symptoms or signs of CV disease at baseline should

lets and does not lead to commissural fusion (65).

undergo appropriate evaluation and management as

Calciﬁcation

(inter-

for the general population (72,73). These recommen-

valvular ﬁbrosa) is common in patients treated with

dations are consistent with previous consensus

RT for HL. The extent of RT-associated damage often

statements (10-13).

of

the

aorto-mitral

curtain

extends beyond the valve and affects the mitral

There is no deﬁnitive evidence supporting routine

annulus, aortic root, and other surrounding struc-

assessment of baseline cardiac biomarkers before RT.

tures.

commonly

However, studies have shown that elevated levels of

affected, with the aortic valve being most commonly

NT-proBNP in the general population without a

involved (66).

baseline HF diagnosis are associated with increased

Left-sided

valves

are

more
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mortality and a higher risk for subsequent clinical HF

derived similar beneﬁts from CTCA whether their

(74,75). Therefore, the panel believes that assessment

presenting pain was or was not cardiac due to use of

of baseline NT-proBNP level may be considered in

better preventive therapeutics. Data on the utility of

asymptomatic patients at risk for HF (age >40 years

CTCA in survivors of RT are limited but promising. In

and the presence of CV risk factors or signiﬁcant

a series of 31 HL survivors a median of 24 years after

valvular heart disease).

chest RT, CTCA detected CAD in 12 patients and

SCREENING RECOMMENDATIONS AFTER THORACIC

obstructive CAD in 3 patients, with only 1 of the pa-

RT. C o r o n a r y

d i s e a s e . In addition to a

tients being detected via functional stress testing

comprehensive examination and identiﬁcation/opti-

(84). It is therefore reasonable to consider use of CAC

mization of CV risk factors, available surveillance CT

and/or CTCA to screen for CAD and to help direct

or positron emission tomography/CT scans should be

preventive therapy in survivors treated with thoracic

reviewed for development of CAC after thoracic RT.

RT.

artery

As with baseline screening, such data are readily

The optimal timing of screening and indications/

available and provide useful information for guiding

beneﬁt of repeat screening are still unknown. In an

preventive therapy.

asymptomatic patient already on optimal preventive

Prior guidelines have recommended functional

therapy, repeated screening is unlikely to change

noninvasive stress testing for CAD detection 5 to 10

management. Repeated evaluations also have to be

years after exposure in asymptomatic high-risk

weighed against radiation exposure imposed by CT

patients, followed by reassessment every 5 years

imaging. In the noncancer population, a CAC of zero

(10,13). These recommendations are based on non-

conferred a very low 5- to 15-year risk of CV mortality

randomized studies showing that functional stress

(85,86), and repeat screening is not indicated before 5

testing identiﬁed CV disease in patients with no

years. The appropriate interval in a patient after RT is

symptoms and no abnormalities on cardiac testing at

not known. It is also uncertain whether there is a

rest (76,77). However, nonobstructive CAD often goes

heightened risk of noncalciﬁed plaque in radiation

undetected using this strategy, as functional testing

survivors. In that setting, CTCA would be preferred

requires ischemia to result in a positive test result. In

over CAC for screening. However, extrapolating from

one study of HL survivors treated with chest RT, 36%

available data in noncancer patients, CAC is likely a

of patients with a negative stress echocardiogram and

sufﬁcient screening test, and a 5-year interval seems

78% of patients with a negative nuclear perfusion test

reasonable in patients not currently on preventive

result had >50% stenosis on invasive coronary angi-

therapies. Once atherosclerosis is diagnosed, further

ography (77).

screening is not warranted, but the evaluation for

Even with single-vessel lesions, patients with

progression to symptomatic CAD consistent with

nonobstructive CAD have twice the risk of myocar-

existing guidelines is indicated if patients develop

dial infarction compared with patients with no CAD

angina or cardiomyopathy.

on angiography (15). In fact, most plaque ruptures

C a r d i o m y o p a t h y . There is no prospective evidence

that lead to acute myocardial infarction occur in

regarding an optimal long-term screening strategy for

patients with nonobstructive plaques (78,79). Thus,

cardiomyopathy post-RT. Screening echocardiograms

early identiﬁcation of CAD and institution of pre-

5 years after exposure is reasonable based on retro-

ventive therapies are essential. Optimal medical

spective studies (12,63). Comprehensive assessment

therapy remains the foundation of treatment in pa-

of diastolic function is of paramount importance

tients with obstructive CAD and stable angina

given the relative predominance of HF with preserved

(16,80,81).

ejection fraction in these patients (63). Cardiac MRI

Chest CT imaging offers an opportunity to detect

may be superior to TTE for screening in childhood

CAD earlier in the course and leads to better risk

survivors of cancer (87) and should be considered for

factor control (82). In a similar manner, the SCOT-

patients with poor acoustic windows and/or sus-

Heart (Scottish Computed Tomography of the Heart)

pected pericardial constriction. In survivors of RT

trial of patients with stable chest pain found that in

without evidence of current cardiac dysfunction, NT-

patients who underwent CT coronary angiography

proBNP levels were associated with an increased risk

(CTCA), CTCA clariﬁed the diagnosis, allowed initia-

of subsequent cardiomyopathy (88).

tion of preventive therapies, and was associated with

V a l v u l a r h e a r t d i s e a s e . TTE is the optimal imaging

a lower incidence of death from CAD and nonfatal

technique for valvular disease in the majority of pa-

myocardial infarction at 5 years compared with those

tients with prior RT exposure. Transesophageal

managed with standard care alone (83). Patients

echocardiography

can

provide

more

detailed
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characterization of detected valvular abnormalities

the internal mammary nodes are often included in

and may be indicated in the planning of potential

regional nodal radiation in patients with breast

interventions. Cardiac MRI imaging has a less estab-

cancer, with the internal mammary vessels (the

lished role in valvular disease assessment post-RT but

LIMA in left-sided patients) in the ﬁrst 3 intercostal

may be useful in patients with suboptimal echocar-

spaces used as a surrogate target for these high-risk

diograms. The role of cardiac CT imaging is limited to

nodes (92).

the assessment of valvular calciﬁcations and procedural planning (transcatheter aortic valve replacement [TAVR] and transcatheter mitral valve repair).
The prevalence of moderate or severe valvular disease is low in the ﬁrst 10 years after RT exposure
(13,63,89). TTE is recommended as the primary
screening

test,

commencing

5

years

after

the

completion of RT and every 5 years thereafter. In
patients with diagnosed radiation-induced valvular
heart disease with valvular dysfunction, the frequency of follow-up TTE imaging is dictated by
appropriate societal guidelines (90).
P e r i c a r d i a l d i s e a s e . TTE often provides the initial
evaluation of patients with suspected RT-associated
pericardial disease, allowing evaluation of pericardial
thickening,

pericardial

effusion,

and

functional

assessment of constrictive physiology (90). However,
the distinction between normal and thickened pericardium by TTE can be difﬁcult, and other modalities
such as cardiac MRI and/or CT imaging may be necessary. The timing of screening for pericardial disease
aligns with that for valvular heart disease. The majority of patients will be evaluated by use of TTE at 5 years
after the completion of RT and then in 5-year intervals.
Cardiac MRI and CT imaging are not recommended for
generalized screening.
A o r t a a n d g r e a t v e s s e l s . Routine screening is not
currently recommended for SVC syndrome given the
lack of data; however, SVC syndrome should be
considered in patients who present with any signs or

CARDIOVASCULAR EFFECTS OF
THERAPEUTIC RADIATION TO THE ABDOMEN
AND PELVIS
Recommendation D.1: In patients with prior abdominal or pelvic irradiation, screening for symptoms of
claudication,

assessment

of

pedal

pulses,

and

auscultation of aortic or renal artery bruits are
recommended.
Recommendation

D.2:

In

patients

with

prior

abdominal or pelvic irradiation, reviewing available
CT scans for aortic and iliofemoral calciﬁcations to
identify atherosclerosis can be useful.
Recommendation

D.3:

In

patients

with

prior

abdominal or pelvic irradiation with worsening renal
function and/or systemic hypertension, evaluation for
radiation nephropathy and/or renal artery stenosis
can be useful.
Therapeutic radiation is commonly used in the
abdomen and pelvis to treat gynecologic malignancies, prostate cancer, sarcomas, and some lymphomas. In addition to direct vascular damage (8),
abdominopelvic radiation is also associated with
nephropathy and metabolic derangements that ultimately increase a patient’s overall CV risk (93-95).
Unfortunately, there are limited techniques to spare
the vasculature during RT of abdominopelvic malignancies due to the physical intimacy with the at-risk
lymphatics.

symptoms such as sinus tachycardia, dyspnea, facial

ATHEROSCLEROSIS. Based on available case reports

or upper extremity swelling, or headaches.

and case series, therapeutic radiation to the abdomen

All patients who received RT to the subclavian

and pelvis can lead to aortic and iliofemoral athero-

territory should undergo bilateral, upper extremity

sclerosis (8) and stenosis of the renal artery (8),

blood pressure evaluations during their annual

mesenteric artery (94), and iliac vein (96) (Figure 5).

physical examination as a nominal screening for

Due to an absence of systematic screening protocols,

subclavian stenosis. In a series of 59 noncancer pa-

the true incidence of abdominopelvic atherosclerotic

tients undergoing evaluation for coronary artery

disease after RT is unknown. A higher likelihood of

bypass surgery, an upper extremity systolic pressure

peripheral arterial disease (PAD) has been associated

difference between arms of $15 mm Hg identiﬁed all

with a total radiation dose from 40 to 65 Gy and/or

patients with $50% narrowing of the subclavian (91).

underlying CV risk factors, although the range of time

Signs of great vessel atherosclerosis or SVC ste-

to symptoms of PAD can be months to decades after

nosis may also be appreciated on available CT im-

exposure (8).

aging or echocardiography. Patients being evaluated

HYPERTENSION AND METABOLIC DERANGEMENTS.

for CABG should undergo appropriate evaluation for

Abdominopelvic RT has also been associated with

left subclavian stenosis, as well as LIMA patency, if

development of CV risk factors in adult survivors of

the LIMA is being contemplated as a graft. Notably,

cancer

(94,94).

Renovascular

hypertension

may
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factors, especially hypertension, that develop after

T A B L E 2 Patients at Increased Risk for PAD a

RT in adult survivors of childhood cancer have a

Age $65 y
Age 50-64 y plus risk factors for atherosclerosis (eg, diabetes,
hyperlipidemia, hypertension, history of tobacco use) or family
history of PAD
Age <50 y but with diabetes mellitus and 1 additional risk factor for
atherosclerosis
Individuals with known atherosclerotic disease in other vascular beds
such as coronary arteries, carotid arteries, renal arteries, and
mesenteric arteries
Additional: Patients with prior therapeutic radiation to the abdomen
and pelvis as part of cancer treatment

sizeable and multiplicative impact on subsequent
major cardiac events. Thus, aggressive preventive
therapy is indicated, including lifestyle modiﬁcations.

Exercise

is

speciﬁcally

associated

with

improved mortality in childhood cancer survivors
(102). Cardiac rehabilitation also reduces CV mortality
in patients with coronary heart disease in the general
population and is associated with improved cardiorespiratory ﬁtness and quality of life in adult cancer

Prior therapeutic radiation to the abdomen and pelvis confers signiﬁcantly
increased risk for peripheral arterial disease (PAD) and should be considered in
addition to other known risk factors. aGerhard-Herman et al (100).

survivors (103). Clinicians should consider calculating
10-year atherosclerotic CV disease risk score (or
similar CV risk score) to risk-stratify patients who
received RT; however, some data suggest that the

result from renal artery stenosis (97,98) or direct ra-

pooled cohort equation underestimates the risk of

diation damage to the kidney (radiation nephropathy)

atherosclerotic CV disease in this population (104).

(95). Previously described in patients with semi-

SPECIFIC

nomas, radiation nephropathy has also been reported

STRATEGIES. Scientiﬁc

with total body irradiation even in the case of thera-

models, have explored treatments to counteract the

peutic radioisotopes that are ﬁltered by the kidneys.

pathophysiological

ABDOMEN AND PELVIS: SCREENING RECOMMENDATIONS

development of radiation-induced vascular disease.

AFTER THERAPEUTIC RADIATION. S c r e e n i n g f o r P A D .

Early

Clinical history, review of symptoms, and physical

angiotensin-converting enzyme inhibitors, and an-

examination help identify patients at risk for PAD

tioxidants, but prospective studies in humans are

(Table 2). Iliofemoral atherosclerosis can present as

still lacking (105). Statins have the strongest evi-

PREVENTION

evidence

AND

MANAGEMENT

studies, mostly in rodent

mechanisms
shows

involved

promise

for

in

the

statins,

limb

dence to date. In-line with their known beneﬁts in

ischemia (99). Because PAD results in signiﬁcant

atherosclerosis, statins may reduce RT-related ca-

morbidity, mortality, and impairment of quality of

rotid artery injury by lowering cholesterol levels

life (100), early recognition is key and can potentially

(106). Retrospective studies of patients with cancer

intermittent

claudication

and/or

critical

be identiﬁed by review of available CT imaging.

and RT of the chest, neck, or head showed signiﬁ-

Patients with signs or symptoms of PAD should

cantly reduced risk of stroke for those receiving

undergo further evaluation and treatment per estab-

statin therapy (107-109). Notably, trials of statins in

lished guidelines.

young patients treated with RT are underway to

Renal

artery

stenosis

and

radiation

study the primary prevention effect of statins

n e p h r o p a t h y . In patients who develop hypertension

against radiation-induced CV disease (110). In the

after RT to the abdomen or pelvis, renal artery ste-

absence of speciﬁc trials in radiation survivors, pa-

nosis and radiation nephropathy should be consid-

tients with established CV disease should be treated

ered. CV risk factors in survivors of RT are further

as per existing guidelines with aspirin, statins, or

addressed in Section E.

other medications as indicated.

CV DISEASE PREVENTION AFTER RT

IMPORTANT CONSIDERATIONS IN CV

Recommendation E.1: In patients who have received
RT, regular screening for and aggressive treatment of
CV risk factors and CV disease are recommended. The
interval of screening visits should be guided by the
patient’s

risk

(patient

and

treatment

factors).

Screening at least annually can be useful.

MANAGEMENT AFTER RT
Recommendation F.1: In patients with prior chest RT,
careful consideration before surgical versus percutaneous treatment for valvular heart disease or CAD is
recommended due to their increased surgical risks.
The percutaneous approach is often advantageous,

TREATMENT OF MODIFIABLE CV RISK FACTORS.

especially in patients with higher radiation doses to the

Modiﬁable CV risk factors are prevalent in middle-

mediastinum or prior cardiac surgery.

aged or older adult patients undergoing RT (3,42) as
well as adult survivors of childhood RT (101). CV risk

Recommendation F.2: In patients with prior chest
RT

and

HF

with

preserved

ejection

fraction,
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consideration of both restrictive cardiomyopathy and

hampered if a severely calciﬁed (“porcelain”) aorta is

constrictive pericarditis is recommended.

present. In these settings, a percutaneous coronary

Recommendation F.3. In patients with prior chest
RT and conﬁrmed constrictive pericarditis who have

intervention approach is often the preferred option,
unless there are other concomitant surgical needs.

failed initial medical management, pericardiectomy

Restrictive cardiomyopathy and constrictive peri-

can be considered. Surgery is considered high risk,

carditis are challenging complications in survivors of

although

chest RT, with similar manifestations but very

timing

surgery

before

progression

to

different management. They develop independently

advanced disease can improve morbidity.
Management of established radiation-induced CV

but can also occur simultaneously, and cardiac cath-

disease can pose signiﬁcant challenges due to

eterization is usually required in addition to cardiac

radiation-induced alterations in surrounding tissues

imaging for proper assessment of restrictive versus

and the vasculature. After chest RT, the combination

constrictive hemodynamic proﬁles. Management of

of scarring, ﬁbrosis, and diffuse atherosclerosis of

volume and blood pressure are key for both condi-

mediastinal structures increases surgical mortality

tions, while surgical pericardiectomy is reserved for

from open heart surgery (111). Likewise, the risk of

patients with constrictive pericarditis who have

surgical treatment of carotid artery stenosis also in-

failed initial medical management. The outcomes of

creases due to inﬂammatory and ﬁbrotic changes in

pericardiectomy are historically very poor in the

the arterial wall and neck tissue, although carotid

general population, with nearly 20% mortality at

endarterectomy remains a viable strategy (112). There

30 days in a single-center cohort of 97 patients from

are limited data to guide management, with the

1995 to 2012 (117), although improved outcomes

available evidence restricted to small cohorts and

were observed in another cohort of 99 patients

case series.

when pericardiectomy was within 6 months after

Patients with prior chest RT and severe aortic stenosis have worse outcomes with any type of valve
replacement than those without a radiation history.
In retrospective cohorts (113,114), these patients seem
to have improved outcomes with TAVR compared
with

surgical

aortic

valve

replacement

(SAVR),

although a subgroup of patients at low surgical risk
can potentially be managed well with SAVR. Importantly, the commonly used Society for Thoracic Surgery Score underestimates the 30-day mortality risk
in RT survivors (114). The risk of SAVR seems to be
further pronounced in those with prior cardiac surgery (115). A reasonable approach, pending further
data, is to offer TAVR as the default for patients at

the onset of symptoms (118).

FUTURE DIRECTIONS
Although the recommendations in this document
represent the expert panel’s consensus based on the
available evidence, there are several areas that
represent a gap in understanding or knowledge. For
instance, there are no published papers addressing
the incidence/prevalence of vascular disease after
pelvic/abdominal radiation, and the available data
rely on case series. We have summarized future
directions for each recommendation in Table 1.

CONCLUSIONS

intermediate or high risk and no technical TAVR reservations. SAVR can be considered in patients at

RT continues to be a major cancer treatment mo-

lower surgical risk (such as younger age), especially

dality. Although modern delivery techniques have

those with technical/anatomical concerns for TAVR,

reduced the dose to healthy tissues, no dose of

or those who require additional surgical interventions

radiation is safe for CV structures, and there is an

such as pericardiectomy, multiple valve surgery, or

existent population of survivors of prior, high-dose

CABG.

RT. Clinicians should be aware of, and vigilant for,

In terms of CAD management, the outcomes of

the potential cardiac and vascular complications of

percutaneous coronary intervention may be similar

RT in patients with cancer at every level of prac-

among those with or without RT (116), whereas CABG,

tice. Optimal management of traditional CV risk

as with any other open heart surgery, typically pre-

factors, as well as the perceptive recognition and

sents challenges. Subclavian artery stenosis and

aggressive management of identiﬁed CV diseases, is

atresia of the LIMA can occur, limiting the availability

essential.

of this bypass conduit that is a major contributor to

The risks of CV radiation exposure are life-long,

the survival beneﬁt of CABG versus percutaneous

and education of patients and their care providers is

coronary intervention. Other bypass graft options are

an essential part of a successful survivorship plan.
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