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REVIEW

The heart and other organs

Cardiovascular complications of radiation
therapy for thoracic malignancies: the role
for non-invasive imaging for detection
of cardiovascular disease
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and Javid Moslehi1,3,5,6
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Radiation exposure to the thorax is associated with substantial risk for the subsequent development of cardiovascular disease. Thus, the
increasing role of radiation therapy in the contemporary treatment of cancer, combined with improving survival rates of patients undergoing
this therapy, contributes to a growing population at risk of cardiovascular morbidity and mortality. Associated cardiovascular injuries include
pericardial disease, coronary artery disease, valvular disease, conduction disease, cardiomyopathy, and medium and large vessel vasculopa-
thy—any of which can occur at varying intervals following irradiation. Higher radiation doses, younger age at the time of irradiation, longer
intervals from the time of radiation, and coexisting cardiovascular risk factors all predispose to these injuries. The true incidence of radiation-
related cardiovascular disease remains uncertain due to lack of large multicentre studies with a sufficient duration of cardiovascular follow-
up. There are currently no consensus guidelines available to inform the optimal approach to cardiovascular surveillance of recipients of thor-
acic radiation. Therefore, we review the cardiovascular consequences of radiation therapy and focus on the potential role of non-invasive
cardiovascular imaging in the assessment and management of radiation-related cardiovascular disease. In doing so, we highlight characteristics
that can be used to identify individuals at risk for developing post-radiation cardiovascular disease and propose an imaging-based algorithm
for their clinical surveillance.
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Introduction
Radiation therapy is established as an effective adjuvant therapy in
many malignancies, and is used in the management of more than
50% of cancer patients.1 Significant improvements in disease-
specific and overall survival accompany the increasing use of radi-
ation therapy. For example, radiation following breast conserving
surgery for patients with breast cancer is associated with a 50% re-
duction in disease recurrence and a 17% reduction in breast cancer
death2; following chemoradiotherapy for Hodgkin’s lymphoma,

5-year survival rates exceed 85%.3 However, radiation exposure
to the thoracic region is associated with clinically significant
cardiac disease that may not manifest until years after treatment.

Cardiovascular complications of thoracic radiation were origin-
ally described in the 1960s.4 These complications include pericar-
dial disease, cardiomyopathy, coronary artery disease (CAD),
valvular disease, and conduction system disease in addition to
medium and large vessel vasculopathy (Figure 1). Compared with
contemporary regimens, traditional regimens involved larger total
radiation doses delivered over relatively wide target fields, with
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anterior mediastinal approaches. While avoiding toxicity to the
oesophagus and spinal cord, these earlier regimens predisposed
to cardiovascular toxicity.5 Recent modifications in radiation
dose and delivery have reduced the incidence of cardiac complica-
tions, but the exact cardiac risks of contemporary regimens
remain unknown, largely given the delayed manifestation of
radiation-induced disease.

Herein, we provide an overview of the cardiovascular risks asso-
ciated with radiotherapy and discuss the role of non-invasive
imaging in screening for and diagnosing radiation-induced cardio-
vascular injury.

Basics of radiotherapy
Radiation therapy uses high energy radiation from X-rays, gamma
rays, or charged particles to induce double-stranded DNA breaks
in malignant cells, thereby causing apoptosis or preventing cellular
division. The total dose of radiation delivered is determined by the
type and stage of the target cancer. Repeated small doses of radiation
are less damaging to surrounding cells than a single fraction of an
equivalent total dose, since small repeated doses permit normal
tissue cells to repair damaged DNA and survive. Radiotherapy can
be used as monotherapy or adjuvant therapy, and may be delivered
with either palliative or curative intent.

Radiation dose is measured in Gray units; 1 gray (Gy) is the
absorption of 1 J of ionizing radiation energy by 1 kg of tissue.
Developments such as the use of CT planning systems, gating,
intensity-modulated radiotherapy, and helical tomotherapy now
serve to minimize cardiac dosing in modern-day regimens for
mediastinal and thoracic irradiation.6– 8 For example, cardiac
doses in irradiated breast cancer patients in Sweden increased
from the 1950s to the 1970s, and reduced significantly in the
following two decades.9 Following breast conservation surgery
for breast cancer, currently a typical dose of 45–50 Gy is delivered
in 25–28 fractions (1.8–2 Gy per fraction) to the whole affected
breast over a 5–7 week period,10 and a boost of approximately

10–16 Gy in 5–8 fractions is commonly added to the lumpectomy
cavity. In the treatment of Hodgkin’s lymphoma, 35 Gy involved
field radiation therapy (IFRT) has largely replaced traditional
35 Gy extended mantle radiation therapy since the mid-1990s,
reducing the median value of the mean dose to the whole heart
by 29%.11 Contemporary IFRT regimens for Hodgkin’s lymphoma
involve total doses of approximately 35 Gy delivered in 20 daily
fractions to the supra-diaphragmatic lymph node areas12;
whereas a lower total dose of 20 Gy for earlier stages has been
advocated.13 For any cancer type, it has long been known that ra-
diation doses above 30 Gy are associated with cardiac damage. A
recent, large population-based case–control study of 2168
women treated with radiation therapy for breast cancer over 5
decades reported an increase in rate of major coronary events
of 7.4% per Gy [95% confidence interval (CI) 2.9–14.5; P ,

0.001], with no apparent threshold below which there was no
increased risk.14 Similarly, a retrospective analysis of patients
with breast cancer suggests an increased relative risk (RR) of
cardiac death of 3.1% per Gy of thoracic radiation exposure, com-
pared with radiotherapy naı̈ve breast cancer patients.1

Basic pathophysiology of
radiation-induced heart disease
Radiation therapy causes damage to both the heart and the vascu-
lature. With respect to the heart, histological examination of the
myocardium after radiation treatment reveals diffuse fibrosis of
the interstitium and narrowing of both the arterial lumen and ca-
pillaries. Fibrosis occurs both in the myocardium and pericardium
with collagen deposition replacing myocytes and parietal pericar-
dium, respectively. Fibrosis of the myocardium can lead to a re-
strictive cardiomyopathy and diastolic heart failure. Similarly,
collagen deposition in the parietal pericardium can lead to a rigid
pericardial sac resulting in increased thickness and cardiac constric-
tion. With respect to the vasculature, radiation-induced coronary
and peripheral vascular disease results from intimal proliferation

Figure 1 Classification of cardiovascular injury following radiation therapy.
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of myofibroblasts with lipid-containing macrophages and subse-
quent atherosclerotic plaque formation. Experimental models
also indicate that radiation can lead to decreased capillary
density and result in chronic myocardial ischaemia and fibrosis.15

Post-radiation pericardial disease
Prior to the 1970s, acute pericarditis occurred commonly after
radiotherapy, but rarely occurs today due to lower doses and
modern radiation techniques designed to reduce incidental
cardiac irradiation. However, 7–20% of patients may develop
chronic pericarditis 10 or more years after radiation treat-
ment.16–18 Importantly, constrictive pericarditis has a wide spec-
trum of clinical manifestations ranging from a few non-specific
symptoms to severe congestive cardiac failure. Medical manage-
ment includes diuretics (and beta-blockers) with or without surgi-
cal pericardiectomy. Constrictive pericarditis due to radiation
therapy, compared with from other causes, is associated with a
poorer overall survival following pericardiectomy (27% at 7
years).19 This inferior survival rate has been attributed to other
associated radiation-related cardiac lesions.20 For example, post-
radiation constrictive pericarditis rarely exists in isolation and is
commonly accompanied by myocardial fibrosis, premature coron-
ary artery stenosis, and valvular lesions.21,22 Associated myocardial

involvement predominantly affects the right ventricle,23 presum-
ably due to its anterior position in the chest. Thus, a strong clinical
suspicion of post-radiation constrictive pericarditis should prompt
a comprehensive evaluation to detect additional associated cardiac
lesions.

Key features of constrictive pericarditis may be detected by non-
invasive imaging. These features, shown in Figure 2 and outlined in
Table 1, include pericardial thickening, tubular ventricles, dilated in-
ferior vena cava, pericardial and pleural effusions, and interventri-
cular septal bounce. The presence of pericardial thickening
≥4 mm on CT or MRI in the correct clinical context is highly sug-
gestive of constrictive pericarditis.24,25 However, up to 20% of
patients with surgically proven constrictive pericarditis do not
have pericardial thickening,26,27 where MRI is the preferred
imaging modality for characterizing pericardial anatomy.28 Trans-
thoracic echocardiography (TTE) may demonstrate peak E′ veloci-
ties that are higher for the septal compared with the lateral mitral
valve annulus. An interventricular septal bounce, on either TTE or
MRI, is considered one of the most sensitive and specific signs of
constrictive pericarditis, with a reported sensitivity on echocardi-
ography of 62–81% and a specificity of 93–100%.27 In general, a
multimodality approach of TTE with complementary CT or MRI
can facilitate diagnosis of post-radiation constrictive pericarditis
(Table 2).

Figure 2 Non-invasive imaging can aid in the assessment of cardiovascular complications following radiotherapy, as shown in the following
examples: (A) pericardial thickening on a T2-weighted cardiac MR in a 52-year-old male found to have constrictive pericarditis 18 years follow-
ing mediastinal irradiation; (B) circumferential late gadolinium enhancement of the thickened pericardium on cardiac MR in the same patient; (C)
pericardial calcification seen by non-contrast CT imaging in a patient with a remote history of thoracic irradiation; (D) respiratory variation in
mitral inflow peak E-wave velocities and rapid deceleration time, seen via pulse-wave Doppler echocardiography in a patient with constrictive
pericarditis following radiation therapy; (E) respiratory variation in hepatic vein pulse-wave Doppler signal in the same patient as in part D; (F )
diffuse calcification of the thoracic aorta on contrast-enhanced CT in another patient who received Mantle radiotherapy in childhood; (G) ex-
tensive calcification of the aortic valve on contrast-enhanced CT in a patient imaged 10 years after thoracic radiation; (H ) stress and rest
N13-ammonia PET perfusion in a 58-year-old female 8 years post-mediastinal radiation, demonstrating a medium-sized perfusion defect of mod-
erate intensity in the mid-anteroseptal, mid-inferoseptal walls, the apical septum, apical inferior wall and apex that was partly reversible, con-
sistent with ischaemia in the distribution of the mid-left anterior descending artery. In addition, there was a medium-sized defect of moderate
intensity in the entire inferolateral wall that was reversible, consistent with ischaemia in the distribution of an obtuse marginal artery.
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Post-radiation coronary disease
In the coronary arterial tree, radiation can result in macrovascular
and microvascular injury. Macrovascular injury often manifests as
stenoses affecting the ostia or proximal segments of the left
main and/or epicardial coronary arteries.29–32 Histology demon-
strates diffuse fibrosis of all arterial wall layers, with the loss of
smooth muscle cells in the media and few lipid deposits.33 Micro-
vascular injury affects the endothelial cells of myocardial capillaries
and can lead to myocardial fibrosis.34 Perfusion deficits on myocar-
dial perfusion imaging (MPI) that do not fit a classic coronary
distribution in post-radiotherapy patients may be related to such
microvascular injury.

Clinical manifestations of coronary disease may present several
years following exposure. The relative risk (RR) of myocardial infarc-
tion or sudden death was reported at 6.7% among 352 Hodgkin’s
survivors followed for a mean period of 11 years post-radiation.34

In another study of 258 patients with a median follow-up of
14 years, 12% experienced ischaemic heart disease with an
observed-to-expected mortality ratio of 5.3.35 In a retrospective
study comparing 2232 consecutive patients with Hodgkin’s lymph-
oma with a matched general population over a mean follow-up
period of 9.5 years, the risk of myocardial infarction increased
with duration from irradiation and was highest among patients irra-
diated at ages younger than 20 years (RR 44.1, 95% CI 17.8–91.8),
reducing with increasing age at the time of treatment.36

Increased cardiovascular risk underscores the importance of
identifying individuals who might benefit from primary prevention
and aggressive cardiovascular risk factor modification. Exercise

treadmill testing is an accessible and simple screening tool, but
has limited sensitivity and specificity, particularly in women. Alter-
natively, stress echocardiography, nuclear MPI, CT calcium scores,
and coronary CT angiography (CCTA) have been used as more
sensitive screening methods (Table 3). Studies to date are small,
predominantly retrospective, single centre, cross-sectional and
have often excluded patients with a prior history of CAD, a
likely higher-risk group for radiation-mediated coronary injury. Fur-
thermore, radiotherapy techniques differed across studies contrib-
uting to variation in the reported prevalence of post-radiotherapy
coronary disease. Additionally, many studies were based on older
radiotherapy regimens/techniques and the cardiac volume included
in radiation treatment field was inconsistently reported. Most
studies also lacked baseline pre-radiotherapy imaging on patients,
making it difficult to definitively attribute identified coronary
disease to the radiation exposure. In some studies, the short
interval from radiation to screening may have limited detection
of delayed radiation-related cardiac injury. Some studies involving
MPI are also limited by having investigated rest perfusion only,
without screening for more clinically relevant stress-induced
defects.

Of the studies listed in Table 3, only two studies provide follow-
up data to contextualize imaging abnormalities.5,37 For example,
23 of 294 (7.8%) patients with ≥35 Gy mediastinal exposure
developed symptomatic CAD over a median follow-up period of
6.5 years after screening.37 Other studies largely report prevalence
of coronary defects on imaging without clinical correlations.
Therefore, the clinical significance of post-radiation perfusion
defects, which are often clinically silent, is uncertain.38 –40

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Features of constrictive pericarditis evident on various imaging modalities

Echocardiography CT MRI

Thickened pericardium (normal pericardial thickness is ,3 mm)a

Tubular shaped ventricles
Dilated hepatic veinsa

Dilated inferior vena cava
Pleural effusionsa

Ascitesa

Pericardial effusion
Dilated atria

Interventricular septal bounceb

Mitral inflow Doppler signal:
† Increased E-wave velocity
† Higher septal than lateral E′

† Rapid deceleration time
† Small or absent A-wave
† ≥35% respiratory variation in peak trans-mitral E-wave velocity

Pericardial calcification
(CT is superior to MRI in demonstrating calcification)

Diastolic flow reversal in hepatic vein and pulmonary vein
Doppler signals with respiratory variation

Pericardial adhesions

Myocardial tagging may demonstrate adhesions
between pericardium and adjacent structures

aCT or MRI are superior to echocardiography in characterizing these features.
bAn interventricular septal bounce can be readily evaluated on echo and MRI. However, it is more difficult to appreciate on CT due to inferior temporal resolution and can be
evaluated only if data are acquired throughout the cardiac cycle.
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Extrapolating data from nuclear MPI in radiotherapy naı̈ve patients
would suggest that such perfusion defects may help identify
patients at higher risk of adverse cardiac events,41,42 facilitating
timely primary preventative strategies, but this is speculative. Risk
factors for post-radiation perfusion defects include adjuvant
chemotherapy and/or hormonal therapy, hypercholesterolaemia,
larger LV volume within the irradiated field, and left compared
with right breast radiotherapy.34,39,43 The most appropriate
imaging modality to screen for CAD among post-radiotherapy
patients is uncertain. The strengths and challenges of available
modalities are briefly outlined in Table 4. Local access and expert-
ise will determine modality selection for CAD diagnosis and
screening.

The optimal timing of initial and interval screening for CAD
among radiation therapy recipients is also unknown. It has been
suggested that patients older than 45 years at the time of radiation
therapy should commence screening 5-year post-radiation, with
screening of patients younger than 45 years commencing 10-year
post-radiation.44 However, the overall mortality rate attributable
to heart disease in a cohort of 972 patients with Hodgkin’s lymph-
oma who had received mediastinal radiation was 5.5%, with 42% of
deaths from myocardial infarction occurring within 10 years of ra-
diation and 27% of coronary deaths occurring in patients under the

age of 40 years.37 Such observations suggest that screening for
CAD for younger patients should begin earlier than 10 years post-
radiation therapy. This is reinforced by a large case–control study
of 2168 women who received radiation therapy for breast cancer
that demonstrated a radiation-related increased risk of major
coronary events (myocardial infarction, coronary revascularization,
or death from ischaemic heart disease) starting within 5 years of
exposure.14

Patients with risk factors for post-radiation CAD may well
benefit from earlier and/or more frequent screening. Traditional
cardiovascular risk factors, such as hypercholesterolaemia, that
can act synergistically with radiation exposure to promote prema-
ture CAD require careful longitudinal attention in all patients
treated with radiotherapy. The RR of major coronary events in
the presence of a prior history of IHD or one or more cardiovas-
cular risk factors (other vascular disease, diabetes, chronic
obstructive lung disease, smoking history, and elevated body
mass index) among 2168 women treated with radiotherapy
for breast cancer was 6.7 (95% CI 4.4–10.2) and 2.0 (95% CI
1.6–2.4), respectively.14 Management of post-radiation CAD may
otherwise be similar to the management of non-radiotherapy
associated CAD. However, in cases of heavily calcified coronary
lesions, conventional approaches to intervention may be
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Table 2 Comparison of imaging modalities in the diagnosis of constrictive pericarditis

Advantages Disadvantages

Echo † Respiratory variation in Doppler indices can be assessed
† Respiratory variation in 2D chamber appearance can be easily

assessed
† Widely available
† Inexpensive
† Portable
† Fast acquisition
† No intravenous iodinated contrast/gadolinium
† No radiation exposure

† Accurate measurement of pericardium is challenging (TEE superior
to TTE)

† Echo windows can be limited in some patients (e.g. high body mass
index, chronic obstructive pulmonary disease)

CT † Superior modality for demonstrating pericardial calcification
† Superior pericardial characterization than echo
† Fast acquisition
† Larger field of view than echo
† Identification of extracardiac hallmarks of constrictive pericarditis,

e.g. ascites, dilated hepatic veins, hepatosplenomegaly
† Occasionally, important ‘incidental finding’ in extracardiac field of

view
† Concomitant evaluation of coronary arteries possible
† Quantification of post-radiation mediastinal fibrosis possible (useful

for operative planning)

† Associated radiation exposure
† Although non-contrast CT imaging will provide much useful data,

certain protocols require intravenous iodinated contrast.

MRI † Larger field of view than echo
† No radiation
† Tagging sequence can demonstrate for adhesions between

pericardium and adjacent structures
† Can assess for post-gadolinium pericardial enhancement
† Can assess for a septal bounce

† Inferior to CT in demonstrating pericardial calcification
† Reduced relative availability
† Longer acquisition time
† Relative cost
† Certain sequences (e.g. pericardial enhancement) require intravenous

gadolinium
† Contraindicated for patients with pacemakers/defibrillators

TTE, transthoracic echocardiography; TEE, transoesophageal echocardiography.
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Table 3 Summary of imaging studies used to detect cardiac injury in post-radiotherapy patient populations

Study N Mean/Median
age (SD/range),

years

Mean radiation dose
(SD), Gy

Mean/Median
interval from
radiation (SD/

range)

Abnormality on imaging study Study Type

Stress echocardiography

Heidenreich
et al. 200737

294 asymptomatic pts with
HD; no known CAD

42 (9) years 43.5 (3.4) Gy 15 (7) years 16 of 292 (6%) had stress induced wall
motion abnormalities

Cross-sectional cohort study; 41
deaths, 23 symptomatic CAD
(including 10 AMIs) over median
follow up period of 6.5 years
post-screening

Nuclear myocardial perfusion imaging (MPI)

Heidenreich
et al. 200737

294 asymptomatic pts with
HD; no known CAD

42 (9) years 43.5 (3.4) Gy 15 (7) years 32 of 274 (12%) has stress induced perfusion
defect

Cross-sectional cohort study; 41
deaths, 23 symptomatic CAD
(including 10 AMIs) over median
follow up period of 6.5 years
post-screening

Maunoury et al.
199299

31 asymptomatic pts with
HD; no known CAD

35 (23-45) years 39.9 Gy 7 (3-11) years 21/25 (84%) had abnormal exercise Tl201

SPECT (defects often not fitting classical
coronary distribution)

Cross-sectional study, single center

Gustavsson
et al. 1990100

26 pts with HD (21 with no
known CAD)

38 (21-45) years 40 Gy 15 (4-20) years 2/23 abnormal; 12/23 ambiguous (uneven
isotope uptake, not classic for any pattern
of CAD); 9/23 normal

Cross-sectional study, single center

Gyenes et al.
1994101

20 pts with LBC and 17 pts
with RBC;
non-irradiated controls;
excluded pts with
known IHD

65 (43-72) years 45 Gy in daily fractions of
1.8 Gy

�19 (16-21) years Exercise 99mTc sestamibi MPI: perfusion
defects in 5/20 (25%) LBC pts and 0/17
(0%) controls

Cross sectional study

Constine et al.
1997102

50 pts with HD; no known
CAD

26 (8.6) years 35.1 (7.8) Gy 9.1 (7.5) years Rest/stress 99mTc sestamibi or Tl201 SPECT:
stress induced ischemia in 2/38 (5%)
patients

Cross-sectional, retrospective,

Cowen et al.
(1998)103

19 pts with LBC; no known
risk factors for CAD

59 (42-75) years 60 Gy (50 Gy to whole
breast in 2-Gy daily
fractions and 10 Gy
boost irradiation)

55 (37-90) months Exercise stress Tl201 MPI: No perfusion
defects among the 17 (0%) evaluable
patients

Cross-sectional study, single center

Hardenbergh
et al. 200138

20 asymptomatic pts with
LBC

54 (42-72) years 46-50 Gy in 2-Gy daily
fractions

6 months 99mTc sestamibi rest SPECT:New perfusion
defects in: 5/10 (50%) pts treated with RT
alone; 7/7 (100%) patients treated with
RT and chemo

Prospective study; baseline studies;
short interval from RT to imaging

Sioka et al.
201139

46 asymptomatic pts with
breast ca

59 (10) years 60 Gy (in daily dose of 2 Gy) 40 (6-263) months Mean S-RSS in 28 LBC pts ¼ 2.3 (2.4); Mean
S-RSS in 18 RBC pts ¼ 2.9 (2.9); Mean
S-RSS in 85 controls¼ 1.5 (1.6)

Case-control study

Continued
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Table 3 Continued

Study N Mean/Median
age (SD/range),

years

Mean radiation dose
(SD), Gy

Mean/Median
interval from
radiation (SD/

range)

Abnormality on imaging study Study Type

Seddon et al
200234

24 pts with LBC, 12 pts
with RBC; no known
IHD

59 years for pts
with LBC; 62.5
years for pts
with RBC

Median 50 Gy; IQR: 46, 54
Gy (in 2-Gy daily
fractions)

6.7 yrs for LBC pts;
8.3 yrs for RBC
pts

Perfusion abnormality on 99mTc tetrofosmin
in: 17/24 (71%) LBC pts and 2/12 (16.7%)
RBC pts

Retrospective study

Lind et al
200343

69 pts with LBC 53 (32-76) years 46-50 Gy in 2-Gy daily
fractions; additional
10 Gy boost
post-mastectomy)

18 months 99mTc -tetrofosmin or sestamibi Rest
SPECT: Statistically significant increase in
LAD territory perfusion defects at 6-18
months post-RT compared to baseline;
no difference in RCA/LCx territories

Prospective; baseline studies; short
interval post-RT

Marks et al.
2005104

114 pts with LBC; 7 pts had
hx of CAD; pts with
pre-RT perfusion
defects excluded

57 (33-82) years 46-50 Gy in 1.8-2Gy daily
doses

Varied; up to 24
months

99mTc -sestamibi or tetrofosmin SPECT:
volume (of heart irradiated) dependent
perfusion defects in 40% within 2 years of
RT

Prospective study; baseline studies;
short interval from RT to imaging

Prosnitz et al
2007105

44 pts with LBC 55 (39-83) years 47.3 Gy Rest SPECT pre
and, at varying
intervals up to 6
yrs, post-RT.

Incidence of perfusion defects at 3/4/5/6 yrs
post-RT was 52%/71%/67%/57%,
respectively.

Prospective; baseline studies

CT calcium scores

Rademaker
et al. 20086

9 asymptomatic pts with
HD; no known CAD

45.6 (9.4) years 34-45 Gy 26 (7.5) years Mean (SD; range) Ca Score¼ 361 (383;
0-1042)

Cross-sectional study

Andersen et al.
2010106

47 pts with HD; 7/47 had
hx of CAD; remainder
has no known CAD

50 (7) years 40.6 (2.3) Gy 22 (3) years Coronary Ca (volume score): 8/47 pts had a
score of 0, 29/47 pts had a score of 1-199,
and 10/47 pts had a score of ≥200.

Cross-sectional study, single center

Coronary CT angiography

Rademaker
et al. 20085

9 asymptomatic pts with
HD; no known CAD

45.6 (9.4) years 34-45 Gy 26 (7.5) years 6/9 (67%) had diffuse CAD, 1/9 (11%) had
proximal LAD disease, 1/9 (11%) had
proximal RCA disease

Cross-sectional study

Kupeli et al
2010107

59 asymptomatic pts with
HD

�19.3-23.7 years 27.5 Gy among pts with
CAD 20 Gy among pts
with no CAD

�11-15.1 years 14/59 (24%) patients (7 had proximal LAD
disease; 1 patient had 90% ostial stenosis
requiring PCI)

Cross-sectional study, single center

LBC, left breast cancer; RBC, right breast cancer; HD, Hodgkin’s disease; WMA, wall motion abnormalities; CAD, coronary artery disease; AMIs, acute myocardial infarctions; Tc, technetium; Tl, thallium; S-RSS, stress-rest summed score; IQR,
interquartile range; RT, radiation therapy. J.D

.G
roarke

et
al.
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challenging. Such cases may warrant consideration of percutaneous
or surgical atherectomy vs. conservative therapy.

Post-radiation valvular disease
Valvular diseases due to radiation therapy range from mild asymp-
tomatic valvular thickening to severe, haemodynamically significant
valvular thickening, and may manifest as stenosis or insufficiency.45

Aortic and mitral valves are more often affected.23 Diagnosis often
occurs more than a decade following irradiation and pathology of
severely diseased valves demonstrate thickened, fibrotic leaf-
lets.7,46 A study of 112 patients who had received mediastinal radi-
ation for Hodgkin’s lymphoma reported a cumulative risk of
valvular thickening on echocardiography after 30 years of follow-
up of .60%, but mostly without haemodynamic disturbance.47

In another study of 415 Hodgkin’s lymphoma survivors previously
treated with radiation therapy, the actuarial incidence of clinically
significant valvular disease was 1% at 10 years, 4% at 15 years,

and 6% at 20 years following irradiation; aortic stenosis was the
most common valve lesion and the observed-to-expected ratio
for any valve surgery among this cohort was 8.4 over a median
follow-up of 11 years.48

As long-term survival improves, surveillance for development of
valvular complications may be indicated.49 Transthoracic echocar-
diography remains the modality of choice for screening. It has been
suggested that such echocardiography surveillance should com-
mence at 10 years after radiotherapy, and at 5 yearly intervals;
for newly identified valvular lesions, management should abide
by existing guidelines.44

Radiation-induced
cardiomyopathy
Cardiomyopathy can occur directly due to radiation therapy ex-
posure, as well as indirectly due to radiation-associated valvular
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Table 4 Comparison of available imaging modalities used to screen for coronary disease

Advantages Disadvantages

Stress (exercise/
pharmacological)
echocardiography

† Provides functional assessment
† Identifies haemodynamically significant coronary stenoses
† Opportunity to screen for valvular and pericardial disease
† Widely available
† No radiation

† Suboptimal images in certain patients can
limit accuracy

† Will not identify coronary plaques not
causing haemodynamically significant luminal
obstruction

SPECT MPI (rest and exercise/
pharmacological stress)

† Provides functional assessment
† Identifies haemodynamically significant coronary plaques

† Will not identify coronary plaques not
causing haemodynamically significant luminal
obstruction

† Radiation

Cardiac PET † Lower radiation exposure than SPECT
† Better spatial resolution than SPECT
† Coronary blood flow quantification
† CT coronary Ca2+ Score can be included
† Additional information available from CT (e.g. pericardial/aortic

calcification)

† Not widely available
† Radiation

CT coronary Ca2+ Score † Simple
† Low radiation
† No intravenous contrast agent required

† Lower calcium scores do not exclude CAD
† No information on function or

haemodynamic significance of CAD

CCTA † High sensitivity for detection of CAD
† Additional information available on other radiation related

processes such as pericardial thickness, valve thickening, aortic
calcification, mediastinal/pulmonary fibrosis

† Rapid acquisition

† Limited information on haemodynamic
significance of CAD

† Can be difficult to evaluate stenosis severity
in heavily calcified plaques

† Heart rate and rhythm dependent
† Radiation
† Intravenous iodinated contrast

Stress CMR † Identifies haemodynamically significant coronary plaques
† Opportunity to screen for valvular and pericardial disease
† No radiation

† Relatively long acquisition time
† Not widely available
† Intravenous gadolinium
† Pharmacological stress only

Invasive coronary angiography † High sensitivity and specificity for detecting CAD
† Haemodynamic significance of coronary lesions can be

investigated with fractional flow reserve at same time

† Invasive
† Complications (e.g. at access site, stroke, etc.)
† Not appropriate for screening of

asymptomatic patients
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or coronary disease. Murine models demonstrate that time- and
radiation dose-dependent inflammatory changes, reduced micro-
vascular density, impaired microvascular function, and activation
of fibrogenic pathways may manifest as an initial phase of cardiac
injury with evidence of impaired contractile reserve and preserved
LV ejection fraction (LVEF), followed by reductions in LVEF, pro-
gressive worsening of contractile reserve, myocardial interstitial fi-
brosis, and sudden death.50–52 Restrictive cardiomyopathy with LV
diastolic dysfunction presents more frequently than dilated cardio-
myopathy with LV systolic dysfunction.53 Risk of radiation-
mediated cardiomyopathy is especially high for patients who
have received concomitant treatment with single- or multi-agent
chemotherapy regimens with cardiotoxic potential.54 However,
the synergistic interaction between local radiation therapy and
contemporary, intensive multi-agent chemotherapy regimens, and
the potential for subsequent cardiomyopathy are not well under-
stood. Studies evaluating cardiotoxic potential of chemotherapeu-
tic agents predominantly excluded patients receiving concomitant
radiation therapy, and similarly studies evaluating the harmful
effects of radiation therapy often excluded patients receiving
adjuvant chemotherapies. Furthermore, lack of standardized TTE
screening obscures the true incidence and prevalence of
radiation-induced cardiomyopathies.

Given its wide availability, low cost, and high temporal reso-
lution, TTE is the optimal imaging modality for diagnosing LV sys-
tolic and diastolic dysfunction. Myocardial strain imaging techniques
may be more sensitive for detecting earlier, subclinical LV dysfunc-
tion than standard measures, such as LVEF. For example, Erven
et al.55 observed in 75 women with breast cancer that myocardial
strain in the anterior LV segments was significantly decreased at all
post-radiation therapy time points, compared with baseline, in
women with left- but not right-sided breast cancer. Such regional
reductions in LV strain were subclinical, not accompanied by signifi-
cant changes in conventional echocardiographic parameters and
are yet of uncertain clinical significance. Thus, the optimal techni-
ques as well as timing for echocardiographic screening remain un-
certain. Furthermore, the threshold for initiating heart failure
medications, such as ACE inhibitors and beta-blockers, is not yet
known. However, patient-tailored strategies are likely necessary.
Predisposing factors, including baseline LV dysfunction or adjuvant
chemotherapies, can identify ‘at risk’ patients who may warrant
increased surveillance. The varying and often long latent clinical
phase requires indefinite vigilance for cardiomyopathy following
local radiation therapy.

Radiation-induced vasculopathy
Radiation-induced arterial injury can involve any arteries exposed
to the radiation field. Supra-aortic arch vasculopathy, resulting
from head, neck, and mediastinal radiotherapy, significantly in-
crease the risk of cerebrovascular disease related to carotid sten-
osis and carotid occlusion.56–60 Injuries of the subclavian artery,
innominate artery, and axillary artery have also been
reported.48,61,62 The incidence of significant carotid stenosis fol-
lowing head and neck radiotherapy is 30–50%, and the presence
of traditional cardiovascular risk factors contribute to this risk.63

Up to 12% of patients screened with colour flow duplex scans

demonstrated ≥70% stenosis of the internal or common carotid
artery in a cross-sectional study of 240 patients at a mean interval
of 6 years following head and neck radiotherapy.64

Management of radiation-induced carotid artery stenosis can be
challenging and complicated. Carotid endarterectomy in these
cases confers higher risk of wound complications, cranial nerve
injuries, and neurological events, in part due to radiation-related
sclerosis of the surgical field.65–68 On the other hand, event
rates associated with carotid artery stenting are similar to those
for non-radiation-induced disease.69 Following either surgery or
stenting, the high risk for de novo stenoses and re-stenoses
obligates continued longitudinal screening.68,70– 74 Surveillance
with ultrasound for early detection and possible therapeutic inter-
vention has been advocated.64,75– 79 Because post-radiation carotid
stenosis progresses more rapidly than atherosclerotic carotid
disease in radiation-naı̈ve patients, some have recommended
frequent carotid surveillance in this at-risk population.80 Others
have argued against routine screening in asymptomatic patients
due to the relatively low excess cases of cerebrovascular
events.44,59 However, screening even asymptomatic patients may
identify subclinical disease that may benefit from more aggressive
risk factor modification and antiplatelet therapy. Prospective
studies are needed to determine the overall clinical and cost effect-
iveness of interval carotid screening of recipients of head, neck,
or mediastinal radiotherapy.

In our clinical practice, we routinely screen patients previously
treated with head, neck, or mediastinal radiotherapy for symptoms
and signs of extra-coronary vascular disease. Patients are also
screened for cardiovascular risk factors that may predispose to
post-radiation arterial disease, and receive risk factor modification
as appropriate. Carotid screening with ultrasound is performed in
patients with any of the following features: (i) signs or symptoms
suggestive of stroke or transient ischaemic attack (TIA); (ii)
carotid bruits; (iii) other vascular disease (e.g. peripheral or coron-
ary arterial disease); or (iv) presence of at least one cardiovascular
risk factor. Screening is initiated when signs of vascular occlusion
manifest or with onset of signs or symptoms suggestive of a TIA
or stroke. There is no clear guideline suggesting an optimal time
for carotid screening post-radiotherapy in the absence of earlier
cerebrovascular signs or symptoms. However, longitudinal screen-
ing may be warranted given that the median time from radiother-
apy to first stroke or TIA was 17 years among 96 survivors of
Hodgkin’s lymphoma.59 Ultrasound is the standard screening
approach, with consideration of contrast-enhanced MR or CT angi-
ography if ultrasonography is inconclusive or identifies significant
disease. Upon detecting carotid disease, annual ultrasound surveil-
lance is preferred, particularly for stenoses of .25%, given post-
radiotherapy patients’ predisposition to rapid disease progression.

Pre-operative planning
Of patients who require cardiac surgery of any type [pericardiect-
omy, coronary artery bypass grafting (CABG), and/or valvular
surgery], those who have received radiation to the chest have a
higher operative risk than patients who are radiation-naı̈ve. Post-
radiation mediastinal and pericardial fibrosis are common and
can prove challenging during surgery.82,83 Indeed, failure to
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consider previous chest radiation has been identified as a short-
coming of risk algorithm scores for predicting risk from cardiac
surgical procedures, such as the logistic EuroSCORE.83 Pre-
operative CT imaging can demonstrate cardiovascular relationships
to the chest wall as well as quantify and localize mediastinal and
adjacent fibrosis; these data facilitate surgical risk assessment and
inform the selection of non-traditional surgical strategies such non-
midline incisions.84,85

Certain types of RT-related anatomic abnormalities deserve
special mention. Radiation-related fibrosis of the internal
mammary artery as a result of radiation may preclude its use as
a conduit during CABG.86,87 Therefore, pre-CABG assessment of
the internal mammary artery by invasive angiography or non-
invasively with CT angiography is recommended. Furthermore,
aortic calcification to the point of porcelain aorta can also result
from radiation injury;88,89 calcification of the ascending aorta
(Figure 2) is associated with increased morbidity and mortality
following cardiac surgery.90–92 Pre-operative imaging with CT
can also demonstrate relevant aortic calcification (Figure 2). In
cases of extensive radiation-related calcification involving multiple
cardiovascular structures, alternatives to high-risk surgical manage-
ment may be considered, including percutaneous coronary or peri-
cardial interventions.
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Table 5 Radiation exposure associated with various
cardiac imaging studies

Mean effective
dose, mSv

Stress echocardiography 0

Stress CMR 0

CT coronary calcium score 3.1108

Coronary CT angiogram 109

Prospective ECG-gating 3.5

Retrospective ECG-gating 16.3

Tube current modulation 8.8

Myocardial Perfusion Imaging 108–112

Stress only 99mTc-sestimibi 4

Rest/stress 99mTc-sestimibi 9

Ammonia-13 stress/rest PET 2

MUGA (99mTc-labeled red blood cells) 7.8112

Invasive diagnostic coronary angiography 7112

Figure 3 A proposed clinical algorithm for screening and diagnosis of radiation-induced cardiovascular disease. *Choice of functional imaging
modality to be guided by local availability and expertise.
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Radiation dose and cardiac
imaging
The carcinogenic potential of cardiac imaging-derived radiation ex-
posure requires consideration in any screening protocol for radi-
ation therapy-related cardiac injury. The effective radiation dose
of various cardiac imaging studies is typically reported in milliSie-
verts (mSv). Technological advances have successfully reduced
the ionizing radiation associated with CCTA, although there
remains tremendous inter- and intra-site variability in associated ef-
fective radiation dose. Similarly, the effective dose of radiation from
nuclear MPI is variable. Table 5 outlines the mean effective radi-
ation doses of various cardiac imaging studies. For reference, it is
useful to remember that the average annual effective dose from
background radiation in the USA is 3 mSv, and that the effective
dose associated with a standard chest radiograph and screening
mammography is 0.1 and 0.7 mSv, respectively.93,94 Technological
advances are expected to result in further reductions in the radi-
ation dose of various cardiovascular imaging studies.

Conclusion
The growing population of cancer survivors who have received ra-
diation field exposure to the heart, thoracic aorta, and/or great
vessels is at increased risk for cardiovascular morbidity and mortal-
ity. Cardiovascular complications are probably under-reported due
to the long delay between radiotherapy exposure and manifest
injury.95 The evidence base that informs risk estimation is based
on outdated radiation therapy regimens and studies with methodo-
logical limitations. Adequate exposure of target tissues during radi-
ation therapy often necessitates the inclusion of certain volume of
the heart; however, technological advances have facilitated reduc-
tions in incidental cardiac dosing associated with contemporary
protocols. For these reasons, it is difficult to quantify the exact
cardiac risk for patients treated with either traditional or contem-
porary radiation regimens. Furthermore, radiation therapy as the
aetiology of cardiovascular disease in cancer survivors treated
with radiation therapy may be overlooked in the presence of
other cardiovascular risk factors, or only considered a plausible
but uncertain aetiologic factor in the absence of other risk factors.

Minimizing risk of radiation-induced cardiovascular disease
should begin with pre-treatment assessment of patients’ individua-
lized risk of cardiovascular morbidity. Similar to the pre-operative
cardiovascular assessment, patients may benefit from screening for
cardiovascular symptoms and coexisting traditional cardiovascular
risk factors, such as hypertension and diabetes mellitus, prior to
initiation of radiation therapy. The pre-treatment screen should
also consider cancer-specific radiation protocols, including the
proposed cumulative dose of radiation and volume of heart
included in the radiation field, and the use of adjuvant chemothera-
pies. Patients at higher risk for cardiovascular events can be iden-
tified prior to treatment and, where appropriate, benefit from
baseline assessment of cardiac function and therapeutic interven-
tions to minimize cardiovascular comorbidities starting before radi-
ation treatment and continuing throughout survivorship96,14. Large,
prospective studies designed with adequate longitudinal follow-up

for detecting cardiovascular sequelae of radiation therapy could fa-
cilitate design of a risk-prediction score to optimally risk stratify
patients before, as well as after, initiation of radiation therapy.
The health economic impact of such pre-treatment cardiovascular
assessment is uncertain, but development of risk prediction models
could enable providers to focus the use of resources for higher-
risk patients.

For patients who have already received thoracic radiation, the
available evidence suggests that routine screening for radiation-
related cardiac injury is warranted. Early detection of such
complications can prompt timely interventions that may improve
cardiovascular prognosis. Consensus guidelines for cardiovascular
screening of the ‘at risk’ population are lacking; a deficit highlighted
by recent European Society of Medical Oncology clinical practice
guidelines.97 The National Comprehensive Cancer Network guide-
lines for survivors of Hodgkin’s lymphoma recommend aggressive
cardiovascular risk factor management and a surveillance stress
test or echocardiogram at 10 years following treatment, even in
asymptomatic patients.98 Such guidelines are based on a limited
evidence base and, because information gained from an echocar-
diogram and a stress test is not equivalent, the goals for recom-
mending one vs. the other remain uncertain.

Any algorithm for the evaluation and treatment of post-
radiotherapy patients will require validation in prospective large
studies. Prospective studies can better define the role of the
various imaging modalities in screening this population, while
determining appropriate timing and frequency of screening, with
respect to risk for outcomes. One of the challenges facing such
studies will be the need to recruit large number of patients for detec-
tion of a statistically significant difference in the ratio of observed to
expected events. This large number of patients will need to be fol-
lowed for many years, given the often delayed manifestation of
radiation-related cardiac events. The requirement for baseline
imaging for study patients will need to be considered to determine
the true incidence of radiation-mediated cardiac injury. Further-
more, the cost effectiveness of screening protocols for this popula-
tion will need to be evaluated. Clarifying risk factors for cardiac injury
will help identify patients who may warrant increased surveillance;
the role of cardiac biomarkers in identifying such higher-risk patients
may help focus screening protocols.

The diversity of cardiovascular injury that can follow radiation
challenges a single imaging modality-based screening tool. Screen-
ing protocols will require complementary information obtained
from a multimodality imaging approach. The algorithm that is fol-
lowed in clinical practice by our group is outlined in Figure 3. Al-
though initial diagnosis and treatment of patients with cancer are
increasingly focused at larger centres with ready access to the
multitude of cardiac imaging modalities, longer term follow-up of
survivors can occur in practices with more restricted access to
cardiac imaging. Thus, local availability and expertise will dictate
modality selection.97

Ultimately, physicians must be aware of post-radiation cardiac
complications, recognize at-risk patients, and screen such patients
for symptoms and signs of cardiac disease. Regular comprehensive
symptoms review and clinical examinations are the cornerstones of
any cardiovascular screening algorithm for radiation patients. Main-
taining a low threshold for screening with non-invasive imaging may
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help identify injury at a stage where timely intervention may reduce
cardiovascular morbidity and mortality in cancer survivors.
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