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The cardiovascular sequelae of radiation exposure are an important cause of morbidity
and mortality following radiation therapy for cancer, as well as after exposure to radia-
tion after atomic bombs or nuclear accidents. In the United States, most of the data

on radiation-induced heart disease (RIHD) come from patients treated with radiation
therapy for Hodgkin disease and breast cancer. Additionally, people exposed to radia-
tion from the atomic bombs in Hiroshima and Nagasaki, Japan, and the Chernobyl,
Ukraine, nuclear accident have an increased risk of cardiovascular disease. The total
dose of radiation, as well as the fractionation of the dose, plays an important role in
the development of RIHD. All parts of the heart are affected, including the pericardium,
vasculature, myocardium, valves, and conduction system. The mechanism of injury is
complex, but one major mechanism is injury to endothelium in both the microvascula-
ture and coronary arteries. This likely also contributes to damage and fibrosis within the
myocardium. Additionally, various inflammatory and profibrotic cytokines contribute to
injury. Diagnosis and treatment are not significantly different from those for conven-
tional cardiovascular disease; however, screening for heart disease and lifelong cardiol-
ogy follow-up is essential in patients with past radiation exposure.
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well-known complication of radiotherapy
(RT) for cancer and environmental exposure
to radioactive material first described in large-scale
human studies in the 1960s.' The first description of
cardiac lesions came from patients who had received
mediastinal RT for Hodgkin disease (HD); since

Radiation—induced heart disease (RIHD) is a
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then, RIHD has been described in patients who
received RT for breast cancer. In patients treated for
breast cancer or HD, this may exacerbate and con-
tribute to cardiotoxicity from systemic anthracycline
chemotherapy. Additionally, survivors of the atomic
bombs in Japan and radiation accidents (such as that
in Chernobyl, Ukraine) provide additional evidence
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TABLE 1

Unit Type of Unit

rad? Absorbed radiation dose

gray® Absorbed radiation dose;
SI unit

rem® Dose equivalent

sievert®  Dose equivalent; SI unit

Commonly Used Units of Radiation Exposure

Conversion Factor

1 rad = 0.01 gray
1 joule/kg = 1 gray = 100 rad

1 rem = 0.01 sievert;
1rem = 1 rad

1 sievert = 100 rem;
1 sievert = 1 gray*

arad and grays are units of energy per mass.

brem and sieverts are units of energy per mass adjusted by a dimensionless factor to account for potential

for biologic damage.

‘rem and rad are equivalent and sieverts and grays are equivalent for radiography and gamma radiation.
Data from International Bureau of Weights and Measures.'*

TABLE 2

Pericardial disease
Pericardial effusion
Acute pericarditis
Chronic constrictive pericarditis

Cardiomyopathy

Vascular injury
Coronary artery disease
Microvascular injury

Valvular disease

Conduction abnormalities
Bundle branch blocks
Atrioventricular blocks

Cardiac Disease Associated With Radiation Exposure

of the cardiovascular effects of radi-
ation. In this review, grays (Gy) are
used as the units of measurement
of absorbed radiation dose; units
of radiation dosage are described in
Table 1.

Involvement of the pericardium,
myocardium, coronary arteries,
valves, and conduction system
has been observed, depending on
the type and amount of radiation
received (Table 2). In one autopsy
series of 16 young patients (age
15-33 years) who had received
> 35 Gy to the heart during medi-
astinal RT, published in 1981,
the majority had pericardial and

valvular thickening, and many
patients also had myocardial fibro-
sis and coronary artery stenoses.?
Another autopsy series of patients
with likely RIHD found that the
majority had pericardial disease,
valvular injury, and myocardial
fibrosis, whereas a smaller propor-
tion had coronary artery stenoses.’

Radiation therapy is frequently
used to treat patients with breast
cancer.! Examination of the US
Surveillance, Epidemiology, and
End Results (SEER) registry
revealed that among patients with
early breast cancer, 37% received
RT. Meta-analyses of randomized

trials of RT for breast cancer
have found statistically significant
increases in cardiac and vascular
mortality.>® In the SEER registry
there was significant laterality of
RIHD; that is, women who received
radiation to the left breast had
significantly higher cardiovascu-
lar mortality than those receiv-
ing radiation to the right breast.*
This effect was more prominent as
time since radiation increased. In
patients who died = 10 years after
irradiation, a statistically signifi-
cant difference in mortality after
left versus right breast irradiation
was mainly attributed to acute
myocardial infarction (MI) and
other ischemic heart disease. These
findings likely reflect the anterior
coronary arteries, including the left
anterior descending artery (LAD),
being present in the field of radia-
tion of a left breast tumor.
Mediastinal RT is a common
treatment for HD.” In studies fol-
lowing patients treated long term
with RT for HD, cardiovascular
causes were the third most common
cause of death after HD and other
cancers, and accounted for 12%
to 16% of mortality.”® One study
that screened patients for cardiac
disease by exercise stress test and
echocardiography found cardiac
disease in 11% of patients.” Another
study that evaluated patients with
echocardiography,  radionuclide
angiocardiography, and cardiac
catheterization found cardiac dis-
ease in nearly all patients.” The
greater prevalence of heart disease
in this study may be attributed
to the more extensive work-up,
and the majority of patients had
normal echocardiogram results.
Constrictive pericarditis (including
overt or occult) was found in 50%
of patients, coronary artery disease
(CAD) in 12%, and left ventricu-
lar dysfunction in 4%. In patients
with HD who received irradiation
to a portion of the heart or carotid
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arteries, there was an increased risk
of valve surgery, coronary artery
bypass grafting (CABG), or per-
cutaneous coronary intervention
(PCI) when compared with the US
general population."

In addition to RIHD secondary
to therapeutic radiation, environ-
mental radiation exposure from
nuclear power plant accidents and

The literature regarding radia-
tion exposure from diagnostic
studies (ie, conventional films
and computed tomography [CT])
focuses primarily on the risk of car-
cinogenesis rather than discussion
of cardiotoxicity.'>” However, the
dose of a typical CT scan is approx-
imately 10 mGy (0.01 Gy), far less
than typical RT doses exceeding

It is likely that cardiac disease develops with single radiation doses\

of < 10 Gy.

the atomic bombs dropped in Japan
in 1945 has previously caused car-
diovascular disease. Longitudinal
studies that have followed survi-
vors of Hiroshima and Nagasaki
have found statistically signifi-
cant excess risk for heart disease
when compared with the popula-
tion without radiation exposure.'>"
Ischemic heart disease was asso-
ciated with radiation exposure;
however, there were stronger asso-
ciations between radiation and
heart failure or hypertensive heart
disease. An excess relative risk for
heart disease of 14% was found for
each Gy of exposure. Patients were
at highest risk for MI when exposed
at age < 40 years." Workers who
were involved in the recovery oper-
ation after the Chernobyl accident
were also found to have an increased
risk in cardiovascular mortality."”
Risk of disease was found to be
increased in those who received
doses of = 150 mGy over a period
of < 6 weeks. Cardiovascular
mortality was primarily driven by
hypertensive heart disease, and
there was no association between
radiation dose and ischemic heart
disease or acute MI. In addition to
those exposed to atomic bomb fall-
out and nuclear accidents, work-
ers for British Nuclear Fuels were
found to have increased risk for
ischemic heart disease, although
this is not observed in uranium
miners."”

10 Gy. Additionally, in large-scale
studies of low-dose radiation expo-
sure, doses < 0.5 Gy did not result
in increased risk of heart disease."”
This indicates that cardiac toxicity
as a result of diagnostic radiation is
likely not clinically significant.

Relation of Radiation
Field, Dose, and

Fractionation to RIHD

The total dose of radiation received
by the heart, and fractionation
(the division of the total dose into
smaller fractions separated by
time), have both been studied with
respect to risk of subsequent RIHD.
Early animal studies provided
insight into the dose-response rela-
tionship of cardiac irradiation. In
rats that received unfractionated

fractionated radiation, higher than
the single dose of 20 Gy causing
cytolysis in the former study, indi-
cating that fractionation does play
a role in the development of RIHD.
In one early autopsy study of RIHD,
the mean radiation dose received
was 42 Gy (range, 13-75 Gy) in
single fractions.” Only those who
received > 30 Gy developed mod-
erate to severe myocardial fibrosis.
The radiation dose that the heart
receives varies depending on the
typeandlocation of the tumor being
treated or environmental exposure.
As described above, RT for left-
sided breast cancer has resulted
in higher risks of cardiac toxicity
when compared with RT for right-
sided tumors.* The estimated whole
heart dose for left-sided tumors is
more than double that received
for right-sided tumors.?* The LAD
received the greatest radiation dose
with left-sided irradiation. Anterior
radiation fields result in higher car-
diac doses than fields that are tan-
gential to the breast.» For HD, the
historic RT used was mantle field
irradiation (lymph nodes in the
neck, mediastinum, and axillae) of
35 to 45 Gy.”” This type of radia-
tion results in 27.5 Gy of radiation
to the whole heart, and > 35 Gy to
some parts of the heart—above the
threshold dose for aortic or mitral

RT has previously been used to treat peptic ulcer disease and, in
these patients, an average total cardiac dose of 2.8 Gy was the low-
est dose that resulted in a statistically significant increase in CAD.

radiographic radiation localized
to the heart, a dose of 35 to 40 Gy
resulted in severe cardiac failure
within 15 weeks,’®* and animals
that received 10 to 15 Gy devel-
oped only minor heart failure after
1 year. It is likely that cardiac dis-
ease develops with single radiation
doses of < 10 Gy. Larger fractions
of radiation led to severe heart fail-
ure earlier.” Myocardial cytoly-
sis was observed at 50 to 70 Gy of
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valve thickening.**** Similarly, the
majority of deaths due to cardiac
causes in follow-up of HD patients
occur in those who received
> 30 Gy’ In patients who devel-
oped pericardial effusion follow-
ing RT, the average pericardial dose
was 53.25 Gy.® RT has previously
been used to treat peptic ulcer dis-
ease and, in these patients, an aver-
age total cardiac dose of 2.8 Gy was
the lowest dose that resulted in a
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Figure 1. Planning computed tomography scan prior to radiation of the left breast (A, B, and C are transverse, coronal, and sagittal views,
respectively). The light blue line outlines the heart, the green line outlines the left coronary artery. Radiation doses are a color-coded overlay
over the left breast: redis 74 Gy, blue is 0 Gy. Treatment delivery may also be restricted to inspiration to maximize the distance of the heart
to the radiation field. Reprinted with permission from Topolnjak R et al.’*

statistically significant increase in
CAD.*®

Many changes have been made
to contemporary RT regimens for
breast cancer in order to reduce the
radiation dose received by the heart.
Breast cancer radiation may now be
performed using CT planning in
order ensuretheheartisnotincluded
in the field (Figure 1); exclusion
of the internal mammary chain of
lymph nodes from the field also
results in reduced cardiac doses.**
It is expected that these changes will
result in a lower incidence of RIHD;
however, the long-term follow-up
data for those patients who received
RT in the 1990s and later are not yet
complete. The laterality of CAD
observed with left versus right-
sided irradiation was most promi-
nent for women who received RT
in the 1970s, and decreased steadily
after 1979.% This indicates that RT
techniques have improved in recent
years with respect to cardiac irra-
diation. In early randomized con-
trolled trials of RT for breast cancer,
the risk of ischemic heart disease
was significantly greater in the
RT arms than in the surgery-only
control arms.** The more recent
Danish Breast Cancer Cooperative
Group (DBCG) 82b and 82c tri-
als randomized patients to surgery
with or without RT, and found no
increased risk of ischemic heart

disease.’®! In the DBCG trials, a
lower volume of irradiated heart
tissue, radiation protection blocks
over the heart, and RT treatment
planning using ultrasound mea-
surement of chest wall thickness all
likely contributed to the absence of
cardiotoxicity.

Radiation therapy for HD hasalso
been refined. Stanford University
Medical Center (Stanford, CA)
began using radiation protection
blocks during RT to protect the left
ventricle, limiting the total cardiac
dose to 15 Gy, and reduced the frac-

development of RITHD. Studies have
demonstrated that greater fraction-
ation of the total dose decreases
acute pericarditis and myocardial
necrosis.”* The decrease in non-
acute MI cardiovascular mortality
in patients who received RT for HD
observed at Stanford University
Medical Center after 1972 coin-
cided with a reduction in fraction
size.”® Fractionation schedules of
twice weekly rather than five times
weekly have been found to result
in increased risk of late complica-
tions in normal tissues such as pul-

( Studies have demonstrated that greater fractionation of the total
dose decreases acute pericarditis and myocardial necrosis.

tion size in 1972.7** The nonacute
MI cardiac death relative risk in
the era prior to 1972 was 5.3; this
decreased to 1.4 in the period after
1972. A more recent change to RT
for HD is involved-field radiation
therapy, which only includes the
lymph nodes that were enlarged
prior to initiation of treatment
and their surrounding regions, as
opposed to extended-field (mantle)
radiation.®  Similarly, involved-
node radiation therapy involves the
involved nodes alone. These tech-
niques significantly decrease the
total cardiac dose (Figure 2).”?
Fractionation of radiation doses
is another potential factor in the

monary pneumonitis and fibrosis
and pathologic fractures, whereas
cardiac effects were not reported.*
The current standard RT for breast
cancer is a total dose of 50 Gy to
breast tissue given in 25 fractions.”
However, a recent randomized trial
comparing this regimen with hypo-
fractionated RT (larger dose frac-
tions given in fewer treatments, in
this case a total dose of 42.5 Gy in
16 fractions) found that there were
no differences in cardiovascular
mortality in 10 years of follow-up.*
Analysis of dose plans finds that
patients receiving hypofractionated
RT will receive lower radiation dose
to the heart than those receiving
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Figure 2. Mantle field radiation versus involved node radiation therapy for Hodgkin disease. (A) Mantle field
radiation for large mediastinal tumor, (B) Involved node radiation for large mediastinal tumor, (C) Mantle
field radiation for small mediastinal tumor, (D) Involved node radiation for small mediastinal tumor. Involved
node radiotherapy reduces the amount of the cardiac volume within the treatment field. Reprinted with

permission from Maraldo MV et al.?

normofractionated RT.¥ These
studies indicate that there does
not appear to be evidence in favor
of either fractionation regimen for
breast cancer treatment, whereas in
the case of mediastinal irradiation
for HD, larger fractions are more
detrimental.

Pathology of RIHD and

Mechanism of Injury

The distinct gross and microscopic
pathology of RIHD has been char-
acterized in human autopsy stud-
ies.>* Many of these patients were
young, making it unlikely that
age-related degenerative changes
or CAD was responsible for the
lesions observed. The majority
(70%-100%) of RIHD autopsy peri-
cardium specimens had some form
of pericardial disease. Pericardial

effusion was the most common
finding, followed by constrictive
pericarditis, fibrinous pericardial
adhesions, and obliterative peri-
cardial fibrosis. Pericardial thick-
ening with fibrous tissue was also
found in most patients. The mural
endocardium and valves were
also thickened in the majority of
patients. Several valve specimens in
one study were surgically removed
mitral and aortic valves, and most
of these were moderately to severely
fibrotic and stenotic. Across the
spectrum of autopsied patients, dif-
fuse fibrosis was noted in each of
the four valves, with calcification
present in some. Interstitial fibrosis
of the myocardium was present in
> 50% of patients. Damage to or
necrosis of myocardial cells was not
observed in either study. Finally,
15% to 37% of autopsies revealed
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severe coronary artery stenosis
(> 75% narrowing) attributable
to radiation. Further microscopic
examination showed atherosclero-
sis and intimal fibrosis; however,
fibrous tissue dominated in the
majority of sections. In addition, in
most patients, the media was infil-
trated by fibrous tissue.

A complex set of causes con-
tributes to the development of
RIHD. There is an early find-
ing of increased vascular perme-
ability and fluid extravasation, as
well as inflammatory cell infiltra-
tion.'®!®* This finding correlates
with the development of pericar-
dial fibrin exudates and effusions.
After 1 year, fibrous tissue within
the myocardium is more preva-
lent. Coagulation necrosis is seen
near arteries occluded by fibrointi-
mal proliferation, indicating focal
infarctions rather than direct radi-
ation damage to myocardium.

Myocardial fibrosis after radia-
tion exposure is mediated by mul-
tiple cytokines and inflammatory
cells. Following irradiation there is
an increase in both type I and III
collagen in the ventricles.***! Tumor
necrosis factor-o and interleukin-1
secreted by macrophages follow-
ing irradiation contribute to fibro-
sis in lung tissue.*>** Transforming
growth factor-B (TGF-f3) promotes
fibroblast activity and proliferation,
and has been found to correlate
with radiation-induced fibrosis in
several tissue types.*? TGF-$ gene
expression is upregulated after
irradiation in cultured endothelial
cells, fibroblasts, and myocytes.*
Expression of other fibrosis-pro-
moting factors, such as fibroblast
growth factor-2, is also found to be
elevated. The level of gene expres-
sion, however, is independent of
radiation dose, indicating that
this initial change in gene expres-
sion may not be the primary insult
leading to fibrosis. The authors
hypothesize that hypoxia after
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radiation-induced vascular damage
may play a greater role. Indeed, late
interstitial fibrosis is often perivas-
cular, and capillary injury precedes
fibrosis, providing support that
vascular damage causes radiation-
induced fibrosis.'®!**4*4* There is
also evidence that intestinal radia-
tion injury is caused primarily by
endothelial apoptosis.*® Deposition
of von Willebrand factor (VWF)

this may have both protective and
injurious effects.”®*

Cardiac  radiation  exposure
results in endothelial injury and
atherosclerosis. ~Within  several
days after irradiation of the carotid
and coronary arteries, lysosomal
enzymes are activated within the
intima and media, and cholesterol
plaques form in the intimal layer.®*-¢*
This intimal infiltration of lipids

Angiotensin-converting enzyme inhibitors and angiotensin receptor
blockers are protective against radiation-induced fibrosis in multiple

tissue types, including heart.

deposition in myocardial capillar-
ies is followed by fibrosis in the ven-
tricles and atria.*®* This deposition
is further evidence of endothelial
damage and may result in capil-
lary obstruction. Additionally, his-
topathologic findings in RIHD are
most evident in the subendocardial
layer, as in myocardial ischemia due
to CAD. However, the intercalated
discs and mitochondria of myofi-
bers are damaged following irradia-
tion, which appears to be unrelated
to ischemia.***! Additionally, there
is evidence of chronic TGF-j
activity after irradiation continu-
ing to stimulate fibrosis.”* Cardiac
mitochondrial respiration is also
inhibited by ionizing radiation,
which results in elevated reactive
oxygen species (ROS) production.”
These findings are associated with
radiation-induced myocardial dys-
function.*"**>* Finally, radiation-
induced oxidative stress activates
the renin-angiotensin-aldosterone
system, and angiotensin II is a
potent stimulator of fibrosis.*>*
Angiotensin-converting  enzyme
(ACE) inhibitors and angiotensin
receptor blockers (ARBs) are pro-
tective against radiation-induced
fibrosis in multiple tissue types,
including heart.”>*” The kallikrein-
kinin system promotes inflamma-
tory cell recruitment within the
heart following radiation, although

is a result of increased endothe-
lial permeability following radia-
tion.**% The plaques that develop
following irradiation are often
inflammatory plaques that are vul-
nerable to thrombosis.®**” These
lesions contain infiltrates with
macrophages and neutrophils, and
occasional plaque hemorrhages
were present.®® Microvascular ath-
erosclerosis is also observed.®® In
addition to plaques, fibrosis is pres-
ent throughout the intima, media,
and adventitia.>® Generation of
ROS is important to the patho-
genesis of radiation-induced endo-
thelial damage.”® Release of VWF
from endothelial cells is increased,
thrombomodulin production is

Because valvular tissue lacks vas-
culature, ischemia secondary to
atherosclerosis is unlikely to cause
radiation-induced valvular dis-
ease.”* Radiation does have a direct
effect on interstitial valve cells.
When aortic valve interstitial cells
are grown in culture and exposed
to 10 Gy of radiation, these cells
exhibit a conversion to cells resem-
bling osteoblasts.”” Among the
changes in phenotype observed are
an increased expression of alkaline
phosphatase, bone morphogenetic
protein 2, and osteopontin. This
is likely an important step in the
development of calcific aortic ste-
nosis and other radiation-induced
valvular disease.

Pericardial Disease

Pericardial disease is a well-known
outcome after RT, and includes a
spectrum of disease ranging from
acute pericardial effusions to con-
strictive pericarditis. Among the
first case reports of RIHD were of
pericardial effusions and adhe-
sions following thoracic radiation,
as well as extensive fibrosis of the
pericardium resulting in cardiac
tamponade.”® In one of the early
series of RIHD patients who had
received RT, pericardial disease was

Because valvular tissue lacks vasculature, ischemia secondary to
atherosclerosis is unlikely to cause radiation-induced valvular

disease.

decreased, and adhesiveness of
endothelial cells is found to
increase, contributing to throm-
bosis.**’*7? Additionally, endothe-
lium-dependent vasodilation is
impaired by radiation, which may
worsen small vessel thrombosis.”?
In patients with whole-body radia-
tion exposure, such as survivors
of the atomic bombs or nuclear
accidents, injury to the kidney can
cause hypertension, further wors-
ening atherosclerosis."”

commonly observed.”” The cases
consisted primarily of acute peri-
carditis. Most of these patients sub-
sequently recovered; however, some
developed constrictive physiology
later on. Their clinical presenta-
tion was identical to that of viral
pericarditis, including chest pain
and a friction rub.”””® The onset of
acute pericarditis was not neces-
sarily immediately following RT,
ranging from immediately after
RT to 2 years later.”” Many patients
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developed pericardial effusion, and
several of these patients developed
tamponade. Treatment was simi-
lar to viral pericarditis, consisting
of nonsteroidal anti-inflammatory
drugs and pericardiocentesis for
large effusions.

Some patients develop chronic
pericarditis with effusion or con-
strictive pericarditis.”””® In a series
of patients with constrictive pericar-
ditis, up to one-third of cases were
caused by RT, although this statis-
tic likely varies by institution.®**
Constrictive pericarditis can occur
in patients of any age, including
children.® Patients with constric-
tive pericarditis following RT often
have jugular venous distention or a
pericardial knock on examination,
and hepatomegaly was common in
children.””7% Many have symp-
tomatic pulmonary congestion or
edema. Electrocardiographic find-
ings include low QRS voltage and
T-wave abnormalities. The average
time from irradiation to clinical
presentation ranged from 14 to 88
months in several studies.>””*8
There have also been cases of con-
strictive pericarditis developing
over 20 years after RT for HD.*
Diagnosis can be aided with echo-
cardiography or CT scan, revealing
pericardial thickening, although
cardiac catheterization showing
elevated end-diastolic pressure
is the most sensitive modality.*
Pericardiocentesis may be indi-
cated for large effusions, especially
for stabilization prior to surgery.”
When fibrosis of the pericardium
has progressed to the degree that
diastolic filling is significantly
impaired, radical or partial peri-
cardiectomy is performed to
remove the constrictive portions of
the pericardium.*** The prognosis
after pericardiectomy after radia-
tion is significantly worse than that
for pericardiectomy performed for
other reasons (5-year survival of
64.3% vs 11.0%; P < .001).*” This

is likely because, with radiation-
induced constriction, the entire
heart is involved rather than the
pericardium alone.*®*” However, at
least one institution has achieved
100% survival in a small cohort
after 8 years, and early pericardiec-
tomy is recommended if constric-
tive pericarditis is diagnosed.®

Cardiomyopathy

As a result of the involvement of
myocardium by vascular compro-
mise or direct radiation injury and
fibrosis, cardiomyopathy and heart
failure is a potential complication
of cardiac radiation exposure. Dogs
that developed severe congestive
heart failure (CHF) following irra-
diation often also had myocytolysis
on histopathologic examination."”

receive anthracyclines, there is the
risk for enhanced cardiotoxicity.!
Mediastinal irradiation potentiates
doxorubicin cardiotoxicity, even
when the two are not administered
during the same time period.”***
The treatment for CHF secondary
to mediastinal irradiation is similar
to treatment for CHF not caused
by radiation exposure, including
B-blockers and ACE inhibitors.”
As with CHF due to other causes,
orthotopic heart transplantation
(OHT) is the final option in cases
that are refractory to medical ther-
apy.”®”” This may be preferable to
CABG or pericardiectomy, given
that the severe fibrosis found in the
mediastinum or diffuse CAD may
impair operative success. One study
had a 100% survival rate at a mean

As with CHF due to other causes, orthotopic heart transplantation
is the final option in cases that are refractory to medical therapy.
This may be preferable to CABG or pericardiectomy, given that
the severe fibrosis found in the mediastinum or diffuse CAD may

impair operative success.

Systolic CHF with depressed ejec-
tion fraction occurs, presenting
similarly to nonradiation CHEF,
with dyspnea.®® MRI in patients
with radiation-induced CHF may
demonstrate myocardial fibrosis.
For patients receiving RT alone for
treatment of HD, one study found
that, although the average ejec-
tion fraction of all patients was
within the normal range (56%), it
was significantly lower than that
of healthy control subjects (62%;
P < .05).% Of the patients in this
study, 90% were in New York Heart
Association class I heart failure,
whereas the other 10% were in class
IT heart failure. In addition to sys-
tolic failure, diastolic failure due
to restrictive cardiomyopathy may
also develop following radiation.”®*!
This develops secondary to both
endocardial and myocardial fibro-
sis. Because patients receiving RT
for breast cancer or HD also often

238 # Vol. 15 No. 3 ® 2014 e Reviews in Cardiovascular Medicine

follow-up time of 48 months, indi-
cating that OHT has the potential
to be safe and feasible.”” However,
OHT in this population also car-
ries significant risks, with 33% of
patients dying in the perioperative
period in another study.”® Although
OHT is an option for end-stage
RIHD, patients should be carefully
selected given the significant peri-
operative risk.

Valvular Disease

A wide range of disease affect-
ing any of the cardiac valves may
occur as a result of cardiac irradia-
tion. Valvular disease has a high
prevalence 20 years or more after
mediastinal radiation, affecting the
majority of these patients.”® Most
patients are asymptomatic. Aortic
regurgitation greater than trace lev-
els was present in 60%, aortic steno-
sis in 16%, and mitral regurgitation
in 52%. Calcification of the aortic
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or mitral valves was present in 90%
of these patients. Regurgitation
is more common than stenosis in
RIHD; however, clinically signifi-
cant valvular disease is more likely
to be stenosis.>'**%° The aor-
tic and mitral valves are the most
commonly affected, and tricuspid
or pulmonary disease is less fre-
quently reported.>" Risk factors
for asymptomatic valvular disease
include > 25 Gy of radiation to the
heart.” In addition to mediasti-
nal RT exposure, valvular disease,
including aortic stenosis, aortic
regurgitation, and mitral regurgi-
tation, has been reported in a man
who was exposed to radiation in
Chernobyl.'** Patients, when symp-
tomatic, often present with heart
failure symptoms depending on the
valve involved.!#*100:103104 The pre-
sentation is similar to that of non—
RIHD-associated valvular disease,
and occurs an average of 22 years
after radiation exposure.
Treatment of severe radiation-
induced valvular disease is pri-
marily surgical, consisting of valve
replacement or occasionally percu-
taneous intervention.”” In patients
with RIHD undergoing valve sur-
gery (including aortic, mitral, tri-
cuspid, and multiple), the 30-day
mortality rate is 12%, and the 5-year
survival rate is 66%.'>'%° The most
important predictor for periop-
erative (30-day) mortality was the
presence of constrictive pericar-
ditis. These patients had a 30-day
mortality rate of 40%. One possible
reason for this increased mortality
is “frozen mediastinum,” referring
to severe fibrosis of the mediasti-
num that may interfere with the
operation.'”*'” In addition, con-
strictive pericarditis may be lim-
ited to patients who have received
higher doses of radiation and have
greater overall cardiac injury. In
patients with extensive mediastinal
fibrosis or who are otherwise poor
surgical candidates, transcatheter

Figure 3. Coronary angiography images of a patient with coronary artery disease secondary to radiation
exposure. (A) There is diffuse atherosclerosis of the right coronary artery with a fractional flow reserve of
0.69. (B) The left circumflex artery had a stenosis in the ostium. (C) The left anterior descending artery had
diffuse atherosclerotic disease with a fractional flow reserve of 0.78. (D) Angiography of the right brachioce-

phalic artery reveals a moderate stenosis.

valve replacement is also an option.
One case report described a woman
with severe radiation-induced aor-
tic stenosis who was successfully
treated with the Edwards SAPIEN
XT (Edwards Lifesciences, Irvine,
CA) stent-mounted prosthetic
valve.'”® Another reported a patient
with pulmonary stenosis secondary
to RT who was treated with balloon
angioplasty and stent placement,
achieving reduction in the ste-
nosis and pressure gradient.'”
Intervention for radiation-induced
valvular disease should be individ-
ually tailored to the valve involved
and the patient’s other cardiac dis-
ease and noncardiac comorbidities.

Coronary Artery Disease
CAD is rapidly accelerated in
patients exposed to radiation, and

is the most common clinically sig-
nificant manifestation of RIHD
(Figure 3)." The majority of patients
who develop CAD have at least one
Framingham risk factor. However,
radiation alone may cause CAD.
In multiple cases, young patients
without traditional cardiac risk fac-
tors who had received mediastinal
radiation for HD have had acute
MI.771% The distribution of CAD
depends on the areas irradiated,
as vessels exposed to higher doses
have more stenoses.!’® In patients
with left-sided breast cancer treated
with RT, the risk of severe steno-
sis in the mid and distal LAD as
well as the distal diagonal is sig-
nificantly increased."! In patients
who have received mediastinal RT,
over 75% of asymptomatic patients
have coronary artery stenoses.'?
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The distribution of CAD in these
patients is often extensive; 30% of
patients screened for CAD with
coronary angiography have two- or
three-vessel disease with stenosis
of = 70%."*'" Ostial lesions in the
left, right, or both coronary arteries
were also common. In addition to
de novo CAD following RT, medi-
astinal RT for HD can increase the
risk of in-stent restenosis follow-
ing PCI previous to irradiation.'”
Interestingly, intracoronary radia-
tion therapy in the form of irid-
ium-192 seeds embedded within
a ribbon is being used to treat in-
stent restenosis."® The Washington
Radiation for In-Stent Restenosis
Trial (WRIST) randomized study
evaluating this therapy found a
reduced major adverse cardiac
event rate at 5 years when compared
with placebo (46.2% vs 69.2%; P =
.008), primarily driven by reduced
target lesion revascularization.
The proposed mechanism is inhi-
bition of neointimal proliferation
associated with medial fibrosis and
cell death of the proliferative cells
within the media."®"” These incon-
sistencies in the effects of radiation
on vasculature may be due to the
fact that external RT uses repetitive
and higher doses as opposed to the
single, lower dose used with intra-
coronary radiation therapy."”

The clinical presentation of
radiation-induced CAD is primar-
ily angina, as with typical CAD.'"®
This may be exertional angina,
rest angina, chest pain due to acute
MI, or heart failure secondary to
acute MI. Hibernating myocar-
dium associated with a significant
stenosis has also been observed
in a patient treated for HD.'®
Electrocardiographic (ECG) and
cardiac biomarkers such as tropo-
nin and creatine kinase-MB are
useful for the diagnosis of acute
MI" Coronary angiography is
still the standard of care for diag-
nosis and localization of the lesion

in patients who present with angina
associated with cardiac irradia-
tion.'”? There are also several other
validated diagnostic approaches
to CAD associated with radiation;
perfusion imaging using techne-
tium-99m tetrofosmin is one such
method."”'** However, it should be
noted that some lesions observed
with perfusion imaging are irre-
versible or do not correspond to
coronary artery territories, sug-
gesting that they are due to damage
to microvasculature rather than
coronary arteries. CT angiography
(CTA) with or without coronary
artery calcium (CAC) scoring is
another technique.’'* CAC scor-
ing alone with Agatston and volume
scores over 200 was fairly specific
for CAD, although not necessarily
sensitive.'” Using CTA in addition
to CAC scoring adds sensitivity to
the test.'”

Although guidelines for the med-
ical management of acute coronary
syndromes (ACS) and stable CAD
do not make mention of RIHD spe-
cifically, it is reasonable to follow
the existing recommendations for
conventional CAD and ACS."”*'*
For revascularization of coronary
arteries, both PCI and CABG may
be used.”” Because radiation may
cause multiple types of heart dis-
ease in one patient, CABG has the
potential of being done during the
same operation as pericardiectomy
or valve surgery to reduce reopera-
tion.'” As discussed above, medi-
astinal fibrosis may interfere with
cardiac surgery.'” There is con-
cern that the internal mammary
artery (IMA) may also be affected
by irradiation, and that this makes
it an inferior conduit for CABG in
patients with radiation-induced
CAD.”® However, one study of
125 patients who had previously
received RT did not find any evi-
dence of radiation-induced injury
to IMA grafts, and the authors
state that avoiding use of the IMA
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as a bypass graft is not necessary.'”
Both CABG and PCI are reasonable
options and the appropriate use cri-
teria for coronary revascularization
should be considered when manag-
ing significant coronary artery ste-
noses in patients with a history of
irradiation.””>"!

Conduction Abnormalities

Damage to myocardium and cor-
onary arteries also can result in
conduction abnormalities, such as
bundle branch blocks and atrio-
ventricular (AV) block.*®* In
asymptomatic patients, left or right
bundle branch block (LBBB, RBBB),
and first-degree AV block may be
detected incidentally on ECG.” The
prevalence of these defects is com-
parable with Framingham stud-
ies. In a case series of patients with
symptomatic conduction defects,
clinical presentation was most
commonly syncope.”” The aver-
age time interval from irradiation
until presentation was 12 years, and
intermittent complete infranodal
AV block was present in all patients,
with interval ECGs showing LBBB
or RBBB. One reported cause of
AV block after RT is exercise-
induced ischemia of the AV node,
due to ostial stenosis of the right
coronary artery.”*"* In addition,
fibrosis throughout the heart can
disrupt the bundle branches, the
AV node, and the conduction sys-
tem proximal to the AV node.!*>!¢
Pacemaker therapy is indicated
for high-degree AV blocks."*>!%
In addition to conduction blocks,
young patients treated for cancer
with anthracyclines and cardiac
irradiation were at increased risk
for premature ventricular contrac-
tions, supraventricular tachycardia,
and ventricular tachycardia.'*’

Prevention and Screening
The most important method to
prevent RIHD is preventing or
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TABLE 3

Exposure

Screening for CAD?

Lipid panel every 3 years

Screening for Valvular Disease®
Echocardiography

Starting 10 years after radiation

Screening Recommendations for Patients With Cardiac Radiation

CT angiography or coronary artery calcium scoring

For patients receiving = 35 Gy to the mediastinum

Starting 5 years after radiation exposure for patients = 45
Starting 10 years after radiation exposure for patients < 45
Monitoring for traditional CAD risk factors

Blood pressure and fasting blood glucose screening annually

For patients receiving = 35 Gy to the mediastinum

CAD, coronary artery disease.
2Data from Gansera B et al.'®
®Data from Uriel N et al.®®

reducing radiation exposure to the
heart. This is accomplished with
radiation protection blocks cover-
ing the heart, decreasing the radia-
tion field, and altering total dose or
dose fraction. There is a paucity of
literature regarding the prevention
of RIHD post-exposure. Several
preclinical studies have found that
ACE inhibitors and ARBs mitigate
injury to noncardiac tissues, and
another study found that patients

Troponin I and brain natri-
uretic peptide have been found to
increase following RT for breast
cancer'; however, further studies
should be conducted to determine
the capability of these biomark-
ers to predict future cardiomyopa-
thy. There are recommendations
to screen for valvular disease with
echocardiography 10 vyears after
RT%"2 The benefit of screening
echocardiograms is to determine

The most important method to prevent RIHD is preventing or reduc-
ing radiation exposure to the heart. This is accomplished with radia-
tion protection blocks covering the heart, decreasing the radiation
field, and altering total dose or dose fraction.

who were incidentally on ACE
inhibitors had a decreased risk of
radiation pneumonitis.**'*° The
mechanism of this protective effect
appears to be the prevention of
tibrosis within these tissues. Given
that fibrosis is also commonly
observed in the heart following
irradiation, the use of ACE inhibi-
tors or ARBs may be similarly
protective for RIHD; however, pro-
spective trials would need to evalu-
ate this.

which patients are candidates for
endocarditis prophylaxis. Proposed
recommendations for screening
for CAD are to screen asymptom-
atic patients aged 45 years or older
5 years following mediastinal RT
= 35 Gy, or 10 years following RT
for younger patients (Table 3).!'"!*
These authors recommended CTA
or CAC scoring as a screening tech-
nique. Patients with abnormali-
ties on these screening tests then
proceed to coronary angiography.

It is also important to carefully
monitor and treat traditional CAD
risk factors such as hyperten-
sion, dyslipidemia, diabetes, and
smoking, even in young patients.”
Recommendations for lipid screen-
ing include a lipid panel every
3 years, and annual blood pressure
and fasting blood glucose testing.'*?

Conclusions

RIHD is a significant cause of long-
term morbidity and mortality in
survivors of HD and breast cancer,
with a prevalence of 6.7% after
treatment for HD.”” High radiation
doses portend a poor prognosis and
refractoriness to treatment. It is
prudent for the majority of patients
with significant radiation exposure
to be followed by a cardiologist for
life, as CAD, valve disease, and
heart failure have a high prevalence
and are progressive."** Additionally,
screening for valvular disease with
echocardiography, and for CAD
with CAC scoring and CT angiog-
raphy, may be warranted. As RT is
refined to reduce cardiac doses, the
incidence of RIHD may decline. m
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