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Restrictive cardiomyopathies are the least common form of heart muscle disease. They are characterized as infiltrative

and noninfiltrative, storage diseases, and endomyocardial disorders. Genetic diseases commonly present during

childhood or adolescence. However, a growing percentage of elderly patients with heart failure with preserved

ejection fraction are being recognized as having forms of restrictive cardiomyopathy, particularly cardiac amyloidosis.

Noninvasive evaluation has replaced endomyocardial biopsy in the diagnostic evaluation of most suspected etiologies.

The detection of infiltrative cardiomyopathies, particularly primary and secondary forms of iron overload, as well as

inflammatory diseases such as sarcoidosis has slowly led to improved outcomes via disease-specific therapies.

(J Am Coll Cardiol 2018;71:1149–66) © 2018 by the American College of Cardiology Foundation.
R estrictive and infiltrative cardiomyopathies
are the least frequently encountered form of
primary heart muscle disease in adults within

the developed world (1,2). The first part of this review
focused on idiopathic restrictive cardiomyopathy
(RCM), storage disorders such as Fabry disease, and
cardiac amyloidosis. This second part discusses endo-
myocardial fibrosis; infiltrative cardiomyopathies,
particularly sarcoidosis; primary and secondary forms
of iron overload cardiomyopathy; and radiation-
induced forms of disease.

ENDOMYOCARDIAL DISEASES

Endomyocardial diseases are another rare cause of
RCM; the most common is endomyocardial fibrosis
(EMF). Several conditions share the pathologic
phenotype, but a variety of distinct causes have been
identified. Other diseases are endocardial fibroelas-
tosis (EFE), hypereosinophilic syndromes (HES), and
carcinoid heart disease (3).

ENDOMYOCARDIAL FIBROSIS

EMF was initially described in Uganda and is the
most common cause of RCM, affecting >12 million
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people worldwide (4). EMF is commonly seen in
equatorial countries such as Uganda, Nigeria, and
Brazil; it accounts for approximate 20% of heart
failure cases and 15% of cardiac deaths in equatorial
Africa (4–6). Although rarely observed in North
America, other conditions such as hypereosinophilic
syndrome may mimic this disorder. EMF typically
affects impoverished young adults with a bimodal
distribution peaking at 10 and 30 years of age (5).
Malnutrition, parasitic infections, genetic factors,
and cluster ethnicity have all been proposed
as etiological factors. Immunological investigation
has demonstrated the presence of autoantibodies
(immunoglobulin G and M) directed against
myocardial proteins (7,8). A popular diet-related
hypothesis proposes a pathogenic role for the
cassava plant. This foodstuff contains a toxic
cyanogenic glycoside, linamarin, that may produce
tissue hypoxia and lipid peroxidation, which are
proposed as mediators of myocardial damage when
not properly processed (4). Malnutrition may also
contribute by increasing susceptibility to parasitic
and helminthic infections, which, in turn, may
trigger a detrimental eosinophilic response, and
poor protein intake may attenuate the detoxification
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ABBR EV I A T I ON S

AND ACRONYMS

CMR = cardiac magnetic

resonance imaging

EFE = endocardial

fibroelastosis

EMF = endomyocardial fibrosis

HES = hypereosinophilic

syndromes

HH = hereditary

hemochromatosis

IOC = iron overload

cardiomyopathy

PET = positron emission

tomography

RCM = restrictive

cardiomyopathy

Pereira et al. J A C C V O L . 7 1 , N O . 1 0 , 2 0 1 8

Restrictive Cardiomyopathies: Part 2 M A R C H 1 3 , 2 0 1 8 : 1 1 4 9 – 6 6

1150
of dietary cassava-derived cyanide (9,10).
It is likely that a combination of dietary,
environmental, and infectious factors
combine in a susceptible individual to pro-
duce an inflammatory process leading to
progressive endomyocardial damage and
scarring (11).

The natural history of EMF is well
documented and includes an active phase
with inflammation and eosinophilia that
progresses to a chronic phase leading to
restrictive heart disease (4). In the chronic
phase, biventricular involvement is the
most common presentation (>50% of cases),
followed by isolated right-sided heart
involvement (5). When right ventricular
restriction predominates, chronic venous
hypertension often results in facial edema and
exophthalmos, marked jugular venous distention,
hepatomegaly, and ascites. Ascites is often seen out
of proportion to peripheral edema. The presence of
ascites with lymphocytic exudates and peritoneal
fibrosis suggests that EMF is a systemic syndrome
with periods of active peritoneal inflammation
(12,13). Atrial fibrillation occurs in >30% of patients
and embolic complications are common (2,14,15).

Echocardiography typically demonstrates small
ventricles, normal wall thickness, severely dilated
atria, and valvular dysfunction due to global fibrosis
(16,17). In advanced right-sided EMF, the cardiac apex
is severely retracted and the trabecular chamber is
almost obliterated. Severe tricuspid regurgitation is
also present. In biventricular EMF, progressive
entrapment of the posterior mitral leaflet results in
severe regurgitation without ventricular remodeling
(16). Marked restrictive inflow pattern is noted on
Doppler echocardiography. Cardiac magnetic reso-
nance imaging (CMR), when available, can provide
additional information regarding the extent of
chamber distortion and LV cavitary thrombus burden.
Late gadolinium enhancement correlates well with
extent of fibrosis (18).

Medical management consists of sodium and fluid
restriction, diuretics, and aspirin or anticoagulation
in view of the potential for intracardiac thrombi.
Long-term outcome for medical treatment in
advanced stages is very poor, with 75% mortality re-
ported at 2 years (2,4). Where surgical expertise ex-
ists, EMF may be successfully treated with surgical
endocardectomy and valve repair or replacement
(19,20). Survival rates as high as 70% at 10 years have
been reported (19).
ENDOCARDIAL FIBROELASTOSIS

EFE is characterized by diffuse thickening of the LV
endocardium secondary to proliferation of fibrous
and elastic tissue. Two forms have been described: a
dilated form (DCM phenotype), in which the LV is
enlarged, and a “contracted” form (RCM phenotype),
in which the LV cavity is small (21). A familial
pattern is seen in the majority, with presentation
commonly during infancy. The primary form of
EFE invariably affects the LV with significant
involvement of the mitral and aortic valves. Isolated
right ventricular involvement may rarely occur.
The “contracted” form produces restrictive hemo-
dynamics and a clinical picture of left-sided
obstructive disease, particularly if the mitral valve
is involved. EFE is extremely rare and may respond
to surgery.

HYPEREOSINOPHILC SYNDROMES

Hypereosinophilia is defined as an absolute periph-
eral blood eosinophil count that is >1,500 cells/l and
persists for longer than a month or pathological evi-
dence of hypereosinophilic tissue invasion. HES
affecting the heart (formerly known as Loeffler’s
endocarditis), although very rare, can cause sub-
stantial morbidity and mortality through the release
of highly active biological substances that damage the
endothelium and myocardium, which leads to eosin-
ophilic myocarditis (22). Most patients are diagnosed
between the ages of 20 and 50 years (23,24). Mecha-
nisms of eosinophilia are quite variable and include
helminthic and parasitic infections, malignancies,
eosinophilic leukemia, allergic drug reactions, or
idiopathic causes (22,24). Certain variants of HES,
particularly those associated with aberrations in the
gene for platelet-derived growth factor alpha and
beta, occur almost exclusively in males, whereas
others (e.g., the lymphocytic variant of HES driven by
interlukin-5 expression and HES of unknown etiol-
ogy) are equally distributed between the sexes (25). It
should be noted that eosinophilic myocarditis can
also occur independent of HES. Other etiologies
include hypersensitivity and eosinophilic gran-
ulomatosis with polyangiitis.

Eosinophilic heart disease has been categorized
into 3 stages: an acute necrotic phase; an intermedi-
ate phase with thrombus formation; and a fibrotic
stage characterized by impaired cardiac function,
heart failure due to RCM, and/or fibrotic deformation
of chordal structures leading to mitral and tricuspid



FIGURE 1 Echocardiographic Findings in Eosinophilic Heart Disease

(A) Apical 4-chamber image demonstrating thrombosis/fibrosis obliterating the right ventricular apex (arrow), which is typical for this

condition. Severe biatrial enlargement with normal left ventricular chamber size is also noted. (B) Apical 4-chamber color Doppler image

demonstrating severe mitral valve regurgitation in the setting of prior mitral valve repair. Images courtesy of Dr. S. Allen Luis, Mayo Clinic.
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regurgitation (22,24). The acute necrotic stage is
characterized by endothelial damage, myocardial
infiltration with eosinophils and lymphocytes,
eosinophil degranulation, and pronounced myocar-
dial necrosis. Serum troponin levels are generally
elevated. Echocardiography is typically normal at this
stage of disease (26,27). CMR can reliably detect all
stages of disease (27,28). Endomyocardial biopsy will
provide definitive evidence of eosinophil-associated
myocardial involvement, but is typically reserved
for patients in whom there is uncertainty about the
cause of the cardiac disease (22,24). The second stage
of heart disease includes thrombus formation in areas
of damaged endothelium. Tissue factor is expressed
by eosinophils and may play a direct role in thrombus
propagation (29). Embolic complications leading to
stroke and/or limb ischemia are not uncommon.
Cardiac imaging studies reveal extensive mural
thrombus with partial ventricular obliteration by
clot (28).

The fibrotic stage results in RCM due to extensive
endomyocardial fibrosis. Hypereosinophilic EMF or
late stage Loeffler’s endomyocardial disease occurs in
temperate zones but has all of the clinical and path-
ological features of tropical EMF (2). Fibrotic remod-
eling of valvular structures leading to impaired
valvular mobility and fusion of valves directly to the
endocardial surface are the major pathological find-
ings (26). Echocardiography (Figure 1) and CMR show
characteristic findings of intracardiac thrombi and/or
endocardial fibrosis (26–28).

Treatment can be effective in the early stages of
disease. Corticosteroids alone or in combination with
cytolytic therapies (hydroxyurea, inferon alpha) have
been shown to improve the acute necrotic stage of
disease with substantial increases in left ventricular
ejection fraction (LVEF) and decreased symptoms
(30,31). The role for systemic anticoagulation in the
management of patients with documented intracar-
diac thrombi remains controversial. Current recom-
mendations suggest that anticoagulation should be
instituted for patients who have sustained a prior
embolic event. The presence of a documented
thrombus may not be sufficient to justify anti-
coagulation, as treatment failures are not uncommon.
The fibrotic stage may occasionally require surgical
therapy, which may include resection of endocardial
scar as well as subchordal repair and/or valve repair
or replacement (31,32). The need for cardiac surgery
has declined during the last decade due to aggressive
management strategies aimed at preventing unregu-
lated eosinophil proliferation. Surgical replacement
of the mitral or aortic valves must be accompanied by
pharmacological measures designed to control
ongoing eosinophilia (31). Bioprosthetic valves are
preferable to mechanical valves due to the thrombotic
tendency of HES patients. Prosthetic valve obstruc-
tion occurs when marked hypereosinophilia is
not adequately controlled on pharmacological
therapy (31).

IRON OVERLOAD CARDIOMYOPATHY

Iron overload cardiomyopathy (IOC), regardless of its
origin, is characterized in early stages by a RCM with
prominent early diastolic dysfunction that inevitably



TABLE 1 Conditions Associated With Iron Overload Cardiomyopathy

Primary Hemochromatosis

Classical (Type 1)

Mutation: HFE gene (C282Y or H63D)

Inheritance: Autosomal recessive

Nonclassical (Type 2)

Mutation: Subtype A-hemojuvelin [iron-regulatory protein] (HJV gene)

Subtype B- hepcidin (HAMP gene)

Inheritance: Autosomal recessive

Nonclassical (Type 3)

Mutation: Transferrin receptor (TfR2 gene)

Inheritance: Autosomal recessive

Nonclassical (Type 4)

Mutation: Ferroportin [iron exporter protein] (SLC40A1)

Inheritance: Autosomal dominant

Secondary Iron-Overload

Acquired anemias

Hemoglobinopathies: Alpha and beta thalassemia and sickle cell anemia, sideroblastic anemia

Acquired anemias

Myelodysplastic syndromes

Myelofibrosis

Aplastic anemia

End-stage renal disease receiving intravenous iron supplementation

Other conditions

Friedreich’s ataxia (mitochondrial iron-overload)

Congenital atransferrinemia

Data from Murphy et al. (33).
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progresses to an end-stage dilated cardiomyopathy
(33–35). Excess iron accumulation usually occurs due
to increased gastrointestinal (GI) iron absorption
(e.g., hemochromatosis) or high parenteral iron
administration, generally due to frequent red blood
cell transfusions (Table 1) (33) especially in hereditary
anemias such as thalassemia major and sickle cell
disease. In iron overload, iron in the circulation
typically exceeds serum transferrin iron-binding ca-
pacity, leading to the appearance of nontransferritin
bound iron, an expansion of the labile intracellular
iron pool, and formation of highly reactive oxygen
free radicals causing peroxidation of membrane lipids
and oxidative damage to cellular proteins (36). Iron
impairs mitochondrial function in combination with
free oxygen radicals by peroxidation of poly-
unsaturated fatty acids within membrane phospho-
lipids and mitochondrial deoxyribonucleic acid
damage (37). Iron disrupts lysosomal membranes
resulting in cell death. Iron enters cardiac myocytes
in the ferrous (Fe2þ) form through voltage gated
L-type calcium channels and is converted to ferric
iron (Fe3þ), which interferes with normal excitation-
contraction coupling in myocytes (33). In experi-
mental models, Fe2þ results in a net increase in
calcium influx, which may contribute to the impaired
diastolic function that is observed during the early
stage of iron overload (38–40). Pathological iron
deposition initially begins in the epicardium, then
extends to the myocardium and finally to
the endocardium, which partially explains preserva-
tion of systolic function until late in the disease (41).

GENETICS. Hereditary hemochromatosis (HH) is an
autosomal disorder in which mutations of specific
genes involved in iron metabolism cause iron over-
load in the body due to increased GI absorption (34).
There is a low rate of disease penetrance particularly
among female genetic variant carriers. The associa-
tion of IOC with HH has been well described for
many years (42). However, IOC occurs far more
frequently in secondary forms of iron overload than
HH. It has been classified into 4 subtypes. Type 1
primary hemochromatosis (classic HH) is an auto-
somal recessive disorder linked to mutations in the
HFE gene that encodes a protein directly involved in
controlling GI absorption of iron. Mutations in the
HFE gene involve either a single base pair change
resulting in tyrosine for cysteine substitution at
position 282 (C282Y) or a substitution of aspartate
for histidine at position 63 (H63D) (33,36). Type 2
HH is associated with mutations of the HFE2 gene
that encodes for homojuvelin, a protein that
interacts with hepcidin (subtype 1A) or in the HAMP
gene that encodes for hepcidin, a key regulator of
circulating iron (subtype 2B). Type 3 HH results
are mutations in the TfR2 gene that encodes for
transferrin receptor 2. Finally, type 4 HH is caused
by mutations in the SLC40A1 gene that encodes
for ferroportin, a protein that is involved in iron
efflux (35).

CLINICAL FEATURES. Types 1 and 4 hemochroma-
tosis generally manifest in adulthood, usually during
the fourth or fifth decades of life, whereas type 2 (also
called juvenile hemochromatosis) typically presents
by the second decade with a more severe phenotype
accompanied, in addition to cardiomyopathy, by
hypogonadotropic hypogonadism, arthropathy, and
liver fibrosis or cirrhosis. The onset of type 3 hemo-
chromatosis is usually intermediate between types 1
and 2 and occurs before age 30 years. The typical
clinical hemochromatosis triad of cirrhosis, skin
bronzing, and diabetes mellitus is extremely variable
and is often absent (33).

Secondary iron overload occurs primarily in pa-
tients with hereditary anemias, particularly alpha-
thalassemia, beta-thalassemia and sickle cell anemia
(33,34). A reduction in childhood mortality from
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infection and malnutrition coupled with an increased
use of blood transfusions has led to a growing inci-
dence of iron overload in patients with these disorders
(35). In older adults, IOC often results from treatment
of myelodysplastic syndrome or end-stage renal fail-
ure (secondary to intravenous iron supplementation).

Cardiovascular disease is a major cause of death in
iron overload conditions worldwide, typically occur-
ring in the second and third decades of life (42). IOC is
the most important determinant of survival in Euro-
pean, North American, and Chinese patients with
thalassemia major (42,43). Initial clinical presentation
is often exertional dyspnea due to LV diastolic
dysfunction secondary to restrictive physiology (44).
Sudden death risk is also increased in this population
(45). In the early stages of disease, restrictive LV
filling by transmitral and pulmonary vein diastolic
Doppler indexes has been reported in 8% to 50% of
patients (40,44,46). Not surprisingly, diastolic
dysfunction was more pronounced in patients with
advanced age. First-degree atrioventricular (AV)
block and supraventricular arrhythmias, including
paroxysmal atrial fibrillation, are not uncommon, but
ventricular arrhythmias are infrequent. Elevation in
circulating natriuretic peptides has been reported to
identify early disease (47,48). In a minority of cases
(<10%), restrictive LV dysfunction leads with
advancing age to the development of pulmonary hy-
pertension, right ventricular dilation, and right-sided
heart failure without evidence LV remodeling and
continued preservation of LVEF, the so-called
restrictive phenotype (40,49).

DIAGNOSTIC EVALUATION. Plasma transferrin satu-
ration >55% and serum ferritin >200 or 300 ng/ml (for
women and men, respectively) have been proposed as
indicators of iron overload (50). Transferrin satura-
tion alone fails to detect a substantial portion of pa-
tients who are homozygous for HFE mutations (51).
Clinicians should recognize that elevated serum
ferritin levels may result from other causes besides
iron overload, including inflammation from active
infection or cancer, and correlates poorly with
severity of cardiac disease (33). Genetic screening for
the C282Y and H63D HFE mutations for type 1
hemochromatosis are now widely available and pro-
vide the basis for family counseling. Similarly, hemo-
globin electrophoresis for the detection of congenital
hemoglobinopathies is now routine. Plasma B-type
natriuretic peptide provides a valid prognostic marker
of outcome in IOC and should be measured in all sus-
pected cases (52,53).

Echocardiography is the main imaging modality
used to screen patients with suspected IOC and for
regular clinical follow-up. Unlike most infiltrative
cardiomyopathies, LV wall thickness is not increased
in IOC. Impaired diastolic LV function featuring
pseudonormalization and restrictive filling patterns
by Doppler, with or without left atrial enlargement,
constitutes early findings (40,44). As the disease
progresses, left and right ventricular dilation and
reduction in LVEF (the dilated phenotype), or alter-
natively, restrictive LV filling with right ventricular
dilation, increased pulmonary artery pressures, and
preserved LVEF (the restrictive phenotype) will occur
(35). However, IOC occurs far more frequently in
secondary forms of iron overload.

The time course for progression from diastolic
dysfunction to RCM and then dilated cardiomyopa-
thy is unknown and is probably highly variable.
Further, the frequency with which IOC presents in
its most common phenotype as dilated cardiomy-
opathy without having progressed through a
restrictive phase is also unknown. Echocardio-
graphic findings identify the consequences of iron
overload on the myocardial structure and function
but do not accurately predict myocardial iron
content (54). Tissue Doppler-derived peak systolic
strain has been shown to decrease early in this
condition (55). Palka et al. (56) also reported a
decrease in peak systolic and diastolic early filling
mitral annular tissue velocity as well as prolonga-
tion of the duration of atrial reversal wave of
pulmonary vein Doppler in early disease. Shizukuda
et al. (57) have reported that enhanced left atrial
active contraction can be observed before overt
LV diastolic dysfunction appears, and may be
the earliest detectable echocardiographic findings
of cardiac iron overload. Strain rate imaging with
speckle tracking can provide a more precise defini-
tion of local wall thickening and thinning leading to
a better description of regional myocardial function.
In patients with beta thalassemia, those with
significant documented iron deposition had sub-
stantially lower longitudinal and circumferential
early diastolic strain rate (58). Surprisingly,
myocardial strain rate imaging may be a more
sensitive measure of the effects of oxidative stress
on LV diastolic dysfunction than a measure of
overall iron content (59).

CMR is the only available noninvasive method with
the potential to accurately quantitatively assess iron
load (33,34,60). Iron’s paramagnetic effect produces
changes in the magnetic resonance signal intensity,
shortens the T2 weighted relaxation time, and
darkens the image more quickly (Figure 2) (61,62).
T2 relaxation time is an excellent measure of myocar-
dial iron deposition and is useful for serial assessment



FIGURE 2 Cardiac Magnetic Resonance Imaging of Iron-Overload Cardiomyopathy
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(A) Short-axis imaging demonstrates bright-blood T2* sequence from a transfusion-dependent thalassemia patient. The myocardium is

initially bright (arrows), but the signal delays quickly due to the high myocardial iron content. Reprinted with permission from Gupta A, Gulati

GS, Seth S, Sharma S, et al. Cardiac MRI in restrictive cardiomyopathy. Clin Radiol 2012;67:95–105. (B) The calculated T2* value is 9.4 ms,

which is indicative of severe iron overload. (C) High-power photomicrograph of ventricular myocytes with extensive sarcoplasmic iron

accumulation (blue) (Prussian blue stain; original magnification �400). Image courtesy of Dr. Joseph Maleszewski, Mayo Clinic.
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of response to iron chelation therapy. Measurements
are performed in a full-thickness area of interest in the
interventricular septum and are highly representative
of global iron content. T2 includes static magnetic field
effects in addition to the tissue-characteristic T2*
relaxation, is distinct from T2 imaging alone, and is
more sensitive than T2- or T1-based imaging for IOC
(63). Although myocardial T2* has been shown to have
no relationship to serum ferritin load, the T2* relaxa-
tion time is mainly affected by iron in the form of he-
mosiderin and not by ferritin or labile cellular iron (64).
Decreasing T2* values, are correlated with increasing
iron deposition and inversely correlated with global
cardiac function. In RCM due to iron overload, T2*
values are typically <20 ms. A T2* value <10 ms is
indicative of severe iron overload and predicts subse-
quent risk of heart failure with a sensitivity of 97.5%
and specificity of 83% (63). T2* imaging has also been
shown to be highly predictive of subsequent
arrhythmia development (63). Studies designed to
assess LV diastolic dysfunction in IOC with CMR using
tagging techniques or displacement encoding with
stimulated echocardiographic sequences are currently
under active investigation (65,66).

Endomyocardial biopsy is no longer routinely uti-
lized in the assessment of IOC. CMR has become the
noninvasive procedure of choice for estimating
overall myocardial iron content. Further, iron
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deposition is heterogeneous, with the epicardium
having the highest deposition of iron and thereby
limiting the sensitivity and specificity of the biopsy
(67).

TREATMENT. The mainstay of treatment for exces-
sive iron deposition in patients with hemochromato-
sis is phlebotomy (33–35). Dietary intervention to
decrease the consumption of iron-rich foods such as
red meat generally has little effect on total body iron
content. Alcohol increases iron absorption and its
intake should be minimized (33). Multivitamin tablets
containing iron and vitamin C should also be avoided.
Phlebotomy removes 200 to 250 mg of iron at each
session, and should be performed once or twice
weekly to reduce serum ferritin <50 mg/ml and
transferrin saturation <30%. After the therapeutic
levels have been achieved, maintenance phlebotomy
is undertaken to maintain a serum ferritin<100mg/ml
and transferrin saturation <50% (68). Improvements
in cardiac function with RCM and arrhythmias have
been noted if aggressive iron removal is initiated early
in the disease process (69,70).

CHELATION THERAPY. Chelation therapy has been
shown to be effective as an alternative option when
phlebotomy is not feasible for patients who have IOC
and chronic anemia or malignancy. In transfusion-
dependent patients with MDS or other acquired
hematological conditions, iron chelation therapy is
generally initiated after 10 to 20 transfusions to pre-
vent clinically significant myocardial iron deposition/
accumulation (70). Three chelators are currently
available: parenteral deferoxamine, and oral defer-
iprone and deferasirox (71). Early initiation of iron
chelation treatment, particularly guided by serial
CMR-T2* imaging, has dramatically improved prog-
nosis and survival, and can often prevent the devel-
opment of iron overload cardiomyopathy, heart
failure, and other complications (72). Patients with
low to moderate cardiac iron deposition (T2* values:
10 to 19 ms and without evidence for RCM) are
generally treated with a single-drug chelation
regimen to increase T2* >20 ms (57,73,74). Combina-
tion therapy could be considered for patients with T2*
values of 10 to 15 ms (57,74). Finally, patients with
marked cardiac iron deposition (T2* <10 ms or docu-
mented either restrictive or dilated phenotypes)
require intensive therapy, employing a combination
of deferoxamine and deferiprone. In clinically un-
stable cases, continuous deferoxamine infusion to
increase T2* $20 ms should be administered and can
improve cardiac performance (57,70). Finally, pa-
tients without evidence for myocardial iron deposi-
tion (T2* >20 ms and normal echocardiographic
function) should generally be treated with a single
drug regimen to maintain T2* $20 ms (57,74). Chela-
tion therapy has been convincingly shown to improve
systolic and diastolic ventricular function, prevent
ventricular arrhythmias, and reduce mortality in pa-
tients with secondary forms of iron overload
(42,43,75-78).

POTENTIAL NEW THERAPIES: ANTIOXIDANTS AND

CALCIUM-CHANNEL ANTAGONISTS. Antioxidant
treatment has theoretical appeal given the high de-
gree of oxidative damage associated with IOC. In a
murine model, taurine supplementation reduced
myocardial iron burden, decreased iron-related
oxidative damage, and provided protection of car-
diac structure and function (79). Blockade of the
L-type calcium channel decreases iron transport and
may potentially reduce Fe2þ-induced Ca2þ overload
(40). Calcium-channel antagonists also promote
microvascular perfusion and improve coronary
endothelial function; dihydropyridines such as
amlodipine also possess antioxidant properties (33).
Clinical trials have yet to be performed to establish
the clinical efficacy and safety of calcium-channel
blockade or antioxidant treatment.

Hepcidin is a 25 amino acid that plays a major role
in regulating iron homeostasis. It is regulated by
hemojuvelin, transferrin receptor-2, the protein
encoded by the HFE gene, hypoxia, and inflammation
(35). Decreased hepcidin levels have been noted in
almost all iron overload diseases, and animal studies
have demonstrated that administration of mini-
hepcidins could prevent or treat iron overload; hence,
hepcidin may prove to be a therapeutic target (80).
Treatment of iron overload using hepcidin transcrip-
tion inducers and hepcidin mimetic peptides or ago-
nists is currently investigational (81).

Management of RCM and the restrictive cardiac
phenotype due to iron overload has improved
dramatically during the past decade primarily due to
pre-emptive and early treatment guided by the use of
CMR. A small minority of patients now progress to a
dilated phenotype and overt symptomatic heart fail-
ure. Heart transplantation alone or with liver trans-
plant has been rarely performed without disease
recurrence, largely in those with IOC and primary
hemochromatosis who have failed medical therapy.
A 10-year actuarial survival rate of 41% has been
reported in highly selected patients (82).

CARDIAC SARCOIDOSIS

Sarcoidosis is a multisystem, granulomatous disease
of unknown etiology. Noncaseating granulomas are
the pathological hallmark of the disease and are most
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often associated with pulmonary and lymph node
involvement; however, the heart is also frequently
involved (83–86). The annual incidence of sarcoidosis
in the United States is estimated at 10.9 per 100,000 in
whites and 35.5 per 100,000 in African-Americans (86).
Recent evidence suggests that sarcoidosis is caused by
an immunological response to an unidentified anti-
genic trigger in genetically susceptible individuals
(85). Disease prevalence demonstrates geographic,
seasonal, and occupational clustering suggesting
possible infectious, environmental, or occupational
etiologies (87). Most disease (70%) occurs in patients
between 25 and 60 years of age; it is rarely observed in
patients <15 or >70 years of age (88).

GENETICS. Familial clustering indicates a strong ge-
netic element in sarcoidosis (85,89). Associations
have been described for a variety of genes including
those associated with human leukocyte antigen
(HLA), specifically HLA DQB1*0601 and HLA-
DRB1*1101 (90,91). Among cytokine genes, tumor ne-
crosis factor–308A and –857T polymorphisms have
been shown to be strongly associated with sarcoid in
Europeans (92). Alterations in immunoglobulin re-
ceptor genes, particularly splice mutations of BTNL2,
have also been described (93).

CLINICAL FEATURES. Symptomatic cardiac involve-
ment occurs in approximately 2% to 5% of patients
with documented systemic sarcoidosis (87,94,95).
However, the true prevalence of cardiac involvement
is now estimated to exceed 25% of patients based
upon recent CMR imaging studies (96). Isolated car-
diac sarcoidosis, defined as cardiac involvement with
no pre-existing diagnosis of extra pulmonary sarcoid
or evidence of extracardiac sarcoid, accounts for 35%
to 65% of all initial clinical presentations, including
arrhythmias, cardiomyopathy, and abnormal cardiac
imaging studies (97–100). Many of these patients will
subsequently develop extracardiac sarcoidosis (101).

Clinical features of cardiac sarcoidosis depend on
the location, extent, and activity of the granuloma-
tous involvement within the myocardium disease
(85). Thus, the clinical spectrum is highly varied and
includes asymptomatic cardiac involvement, atrial or
ventricular arrhythmias including sudden cardiac
death (SCD), varying degrees of AV block, LV
dysfunction (either restrictive [less common] or
dilated [more common] phenotype), or overt heart
failure (83–85).

Congestive heart failure is common in cardiac
sarcoidosis and is present in 10% to 40% of reported
series (83,102–104). This may result from several eti-
ologies, including direct granulomatous infiltration of
the myocardium, valvular regurgitation, or secondary
right ventricular failure due to pulmonary involve-
ment (105). Ventricular dysfunction may be due to
systolic abnormalities, diastolic abnormalities, or
both (83). Direct myocardial involvement may also
lead to LV aneurysm formation. Mitral regurgitation,
when present, is most often due to papillary muscle
dysfunction but direct granulomatous involvement of
the valves themselves may also occur (102–106).

Conduction system abnormalities are also
commonly observed, ranging in prevalence from 12%
to 62% of reported series (102–104). Complete heart
block is the most common presenting conduction
abnormality (25% to 30%) and most frequently pre-
sents as syncope (98,102,107). Complete heart block
can occur without any evidence for cardiomyopathy
or in the presence of early RCM (83). Finnish in-
vestigators confirmed the presence of cardiac
sarcoidosis in 25% of patients age <55 years who
presented with new-onset high-grade AV block (108).

Atrial arrhythmias are increasingly recognized as
the first clinical manifestation of cardiac sarcoidosis
(109). Supraventricular tachycardia occurs in
approximately one-third of patients who develop ar-
rhythmias. Several mechanisms have been proposed,
including diastolic dysfunction and/or left atrial
dilation secondary to LV systolic dysfunction or cor
pulmonale (102). Granulomatous infiltration and scar
formation within the atrium have been described, but
are less commonly observed (102). Evidence of atrial
late gadolinium enhancement on CMR is associated
with 3-fold greater likelihood of developing symp-
tomatic atrial arrhythmias over time (109).

Ventricular arrhythmias, including frequent pre-
mature ventricular complexes and ventricular tachy-
cardia (VT), are also commonly observed, even in the
presence of normal systolic function (84). More than
two-thirds of ventricular arrhythmias are related to
late-stage scar formation, with re-entrant scar-based
circuits forming in areas of slow conduction (110,111).
Sudden death is the most feared complication of
cardiac sarcoidosis; unfortunately, SCD is responsible
for up to 25% of initial presentations (84,102). Among
patients with recurrent VT, nearly 50% are related to
scar formation in the right ventricular or LV septal
endocardium (112,113). Late gadolinium enhancement
on CMR is associated with a substantially higher rate
of VT recurrence despite antiarrhythmic or ablative
therapy (114,115).

DIAGNOSTIC EVALUATION. Initial screening for
suspected cardiac sarcoidosis should include detailed
history and physical examination, an ECG, and a
transthoracic echocardiogram. A positive history or
significant ECG abnormality should prompt further
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evaluation, usually with ambulatory ECG monitoring
and additional imaging studies (83,103). The potential
role of biomarkers, including B-type natriuretic pep-
tide and cardiac troponin, in screening for cardiac
sarcoidosis has met with disappointing results (116).
Angiotensin-converting enzyme levels are elevated in
approximate 60% of patients with active cardiac
sarcoidosis; however, serum angiotensin-converting
enzyme levels lack sensitivity and specificity for
either diagnosing or managing the disease activity
(117). Neopterin and, especially, soluble interleukin-2
receptor levels have been shown to be significantly
elevated in active disease (118). However, no
consensus exists on the optimal strategy or even
whether serial diagnostic testing should occur in
asymptomatic patients with known systemic
sarcoidosis but without evidence for cardiac disease
on initial screening (83). Mehta et al. (119) have re-
ported a sensitivity of 100% and specificity of 87% for
cardiac symptoms (palpitations, syncope, or pre-
syncope) and/or an abnormal ECG, Holter monitor,
or echocardiogram for detecting isolated cardiac
sarcoidosis (119).

The ECG is usually abnormal in patients with
clinically manifest cardiac disease (85). ECG patterns
may demonstrate fragmentation of the QRS complex
(75%), right bundle branch block (23%), left bundle
branch block (3.8%), or varying degrees of heart
block, the latter distinguishing cardiac sarcoidosis
from other forms of cardiomyopathy (120,121). Rarely,
pathologic Q waves or epsilon waves may occur (122).
In contrast, the ECG is abnormal in only 3.2% to 8.6%
of patients with clinically silent cardiac sarcoidosis as
detected by CMR findings (123,124).

Echocardiography is an essential initial diagnostic
study. Although it is often abnormal in overt symp-
tomatic disease, it is usually normal in clinically
silent cardiac sarcoidosis and in those patients who
may present with SCD or ventricular arrhythmias
(119). Echocardiographic abnormalities have been re-
ported in 14% to 56% of patients (125,126). Findings
are highly variable but are not specific for cardiac
sarcoidosis (85). Left and/or right ventricular diastolic
and systolic dysfunction, regional wall motion ab-
normalities, basal septal thickening, and discrete
aneurysms are often observed (127). When present,
regional wall motion abnormalities or myocardial
thinning do not follow a typical coronary artery dis-
tribution. Smedema et al. (103) have reported that
segmental wall motion abnormalities, extent of mitral
regurgitation, LV dimensions, and both diastolic and
systolic function correlate reasonably closely with the
extent of myocardial involvement detected by CMR.
However, in the same study, impaired diastolic
relaxation was observed in 35% of patients without
CMR evidence for cardiac sarcoidosis. Newer tech-
niques, particularly myocardial strain rate imaging,
show promise for detection of early disease, but are
not specific for the presence of cardiac sarcoid (128).

CARDIAC MAGNETIC RESONANCE IMAGING. CMR
has proven extremely useful in the initial diagnosis
and subsequent follow-up of patients with cardiac
sarcoidosis. Although T2 imaging can identify
myocardial edema associated with active inflamma-
tion, no specific pattern of late gadolinium enhance-
ment (LGE) has been shown to be diagnostic for
cardiac sarcoidosis; its distribution is usually patchy
and multifocal with sparing of the endocardium
(129,130). Two different mechanisms have been pro-
posed for LGE. In the acute phase, it is believed to be
due to focal myocarditis; in the chronic post-
inflammatory phase, fibrosis is largely responsible
(60,130,131). LGE is most commonly observed in the
basal segments, particularly of the septum and lateral
wall and usually in the midmyocardium and epicar-
dium (Figure 3) (123,129). However, transmural
involvement can rarely occur; further, the right ven-
tricular free wall may also be involved in rare cases
(123). Sensitivity and specificity rates of 76% to 100%
and 78% to 92%, respectively, have been reported for
diagnosing clinically suspected cardiac involvement
(129,132).

CMR is increasingly utilized in evaluation of silent
cardiac sarcoidosis in view of its ability to identify
small regions of myocardial involvement in patients
with preserved systolic function or early RCM
(119,123,124). In addition to its diagnostic role, CMR
has also assumed an increasing role in assessing risk
for adverse cardiovascular events. The extent of LGE
correlates reasonably well with the severity of cardiac
involvement, due to both acute inflammation and
cardiac fibrosis (133). Patients with significant LGE
have been shown to have an increased risk of life-
threatening ventricular arrhythmias and SCD with a
reported hazard ratio of 31.6 for lethal events and 33.9
for all adverse cardiac events, independent of ejec-
tion fraction or LV volumes (114,134). Further, the
extent of LGE has also been shown to be to predict
corticosteroid responsiveness; a large LGE percentage
being associated with lack of improvement in systolic
function (135).

POSITRON EMISSION TOMOGRAPHIC IMAGING.

Positron emission tomographic (PET) imaging with
18F-fluorodeoxyglucose (FDG) has been shown to
correlate with histologic activity of sarcoidosis (83).
FDG is a glucose analog that can differentiate be-
tween normal and active inflammatory lesions,



FIGURE 3 CMR and FDG-PET Imaging in Cardiac Sarcoidosis

(Top) Representative 4-chamber, short-axis, and 2-chamber CMR views demonstrating abnormal LGE consistent with scarring. (Bottom)

3D-LGE images with fusion of FDG-PET signal demonstrating active inflammation surrounding regions of established scar formation.

Reprinted with permission from White JA, Rajchl M, Butler J, Thompson RT, Prato FS, Wisenberg G. Active cardiac sarcoidosis: first clinical

experience of simultaneous positron emission tomography–magnetic resonance imaging for the diagnosis of cardiac disease. Circulation

2013;127:e639-41. CMR ¼ cardiac magnetic resonance imaging; FDG ¼ fluorodeoxyglucose; LGE ¼ late gadolinium enhancement;

PET ¼ positron emission tomography.
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because activated pro-inflammatory macrophages
demonstrate substantially higher metabolic rates and
glucose utilization (136). Focal or focal plus diffuse
FDG uptake patterns suggest active sarcoidosis
(Figure 3) (137,138). PET imaging can provide both an
accurate measure of disease activity using 18F-FDG
uptake, as well as measurement of fibrotic replace-
ment of the myocardium using perfusion imaging
(139,140). The advantage of PET imaging compared
with CMR is the ability to perform the test in patients
with implantable cardioverter-defibrillators (ICDs)
and its ability to distinguish active inflammation from
scar. A recent meta-analysis reported an 89% sensi-
tivity (range 79% to 100%) and a 78% specificity
(range 38% to 100%) for 18F-FDG PET imaging in
detecting active cardiac disease (139). One proposed
explanation for the low sensitivity observed in some
studies is the ability of this modality to detect sub-
clinical disease (138). Several small case reports have
also demonstrated that FDG uptake can be used to
assess response to immunosuppressive treatment
(141).

ENDOMYOCARDIAL BIOPSY. Endomyocardial biopsy
is seldom indicated as it has a low sensitivity due to
the focal nature of disease, revealing noncaseating
granuloma in <25% of patients with subsequently
proven cardiac sarcoidosis (100). It may occasionally
be clinically indicated when extracardiac biopsies
(e.g., lymph node or lung) are negative or for differ-
entiating cardiac sarcoid from other forms of restric-
tive or inflammatory heart disease. Electroanatomic
mapping (100,142) or image-guided PET- or CMR-
directed biopsy (100) are now recommended by
consensus guidelines (139,143). Intracardiac
electrogram-guided biopsy has also been shown to
increase the yield for detecting cardiac inflammatory
diseases including cardiac sarcoidosis (142). These
newer imaging techniques have increased the diag-
nostic yield of biopsies to approximately 50%
(100,142).

TREATMENT AND PROGNOSIS. Immunosuppress ion .
Management of cardiac sarcoidosis involves both
immunosuppressive therapy as well as cardiac-
specific treatments for ventricular dysfunction and
heart rhythm abnormalities. In a Delphi study,
sarcoid experts agreed on immunosuppressive
therapy when there was evidence for LV
systolic dysfunction, ventricular arrhythmias,
hypermetabolic activity on cardiac 18F-FDG PET
imaging, presence of conduction defects, delayed
enhancement on CMR, or right ventricular
dysfunction in the absence of pulmonary
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hypertension (144). Its role in the treatment of
restrictive physiology but preserved systolic
function remains uncertain. Despite more than 50
years of use, there have been no randomized
controlled trials of the efficacy of
immunosuppressive treatment.

Immunosuppressive therapy appears to be benefi-
cial for treatment of arrhythmias, both atrial and
ventricular, that arise from active inflammation.
Several uncontrolled studies have shown that corti-
costeroid therapy can also lead to resolution of sec-
ond- or third-degree AV block (145,146). Treatment
has also been shown to decrease the frequency of
premature ventricular beats and may decrease the
frequency of VT (147,148). Both clinical indications
have received Class IIa recommendations in recent
Heart Rhythm Society practice guidelines (148). The
presence of normal LV systolic function (with or
without diastolic dysfunction) predicts a good elec-
trophysiological response to treatment (145,147).

The effect of corticosteroid treatment on LV sys-
tolic function has been reported in a variety of small,
single-center observational studies (149). Among pa-
tients with normal LVEF ($55%) or markedly reduced
LVEF (<30%), LV systolic function did not typically
improve with immunosuppressive therapy. However,
patients with mildly to moderately reduced LV sys-
tolic function (LVEF 30% to 50%) who received
immunosuppression generally demonstrate an
improvement in LV systolic function (145,149).
Although most studies of patients with severely
reduced LVEF suggest a high scar burden and poor
response to corticosteroid treatment, Kandolin et al.
(97) have reported improvement in function among
treated patients despite an initial LVEF <35%. The
extent of LGE on CMR has been found to be predictive
of corticosteroid response; a large extent of delayed
enhancement has been associated with unfavorable
response (134). Importantly, immunosuppressive
therapy has also been shown to be associated with
preservation of LV systolic function in patients with
active cardiac sarcoidosis and normal LVEF at initia-
tion of treatment (150). No data are available
regarding their efficacy for improving diastolic func-
tion in the restrictive phenotype.

The choice and duration of corticosteroids also
remains controversial (144). Several retrospective,
uncontrolled studies have suggested that a cortico-
steroid dose of 30 mg daily tapered to a maintenance
dose of 10 mg daily over a 6-month period appears to
be effective (117,145–147,151). One study showed no
significant difference in prognosis among patients
treated with prednisone >40 mg daily compared with
those treated with #30 mg daily (104). As expected,
the effect of immunosuppressive therapy is depen-
dent on baseline LV function—patients with LVEF
>50% had higher response and survival rates than
those who had LVEF <50% (152). Patients should be
followed for at least 3 years by performing ECG and
imaging studies after discontinuing treatment to
assess for possible relapse (88). Methotrexate is used
as a second-line agent in refractory cases and/or for
its steroid-sparing effects (153); however, mycophe-
nolate mofetil is more recently increasingly being
used (154). Other treatments that have been used
include azathioprine (155), cyclophosphamide (156),
infliximab (157), adalimumab (158), and more
recently, rituximab (159).
Management of ar rhythmias and heart b lock .
Patients who demonstrate second- or third-degree AV
block require permanent pacemaker implantation,
even if the AV block resolves during treatment (148).
Implantation of an ICD is also recommended at the
time of permanent pacer implantation because of the
increased risk of sudden death in this population
(148,160). Recent Heart Rhythm Society consensus
guidelines recommended ICD implantation for all
patients with sustained spontaneous ventricular ar-
rhythmias and LVEF #35% despite optimal treat-
ment, unexplained syncope, or inducible sustained
ventricular arrhythmia on electrophysiological
testing (148). Syncope is a particularly ominous
symptom, because it can be caused by either high-
grade heart block or life-threatening ventricular ar-
rhythmias (83). Electrophysiological testing may be
useful in this limited circumstance to differentiate
potential etiologies and guide therapy. It is uncertain
whether electrophysiological testing is a better pre-
dictor of future adverse cardiac events than LVEF
alone, as the majority of events occur in patients with
significant depression of LV function (161). Implan-
tation of an ICD in patients with delayed enhance-
ment on CMR but normal LVEF remains controversial
and decision-making should be individualized. The
vast majority of patients with normal LVEF rarely
experience ventricular arrhythmias requiring ICD
intervention; however, those with mildly depressed
LVEF (35% to 49%) remain at increased risk for SCD
(162,163). Conversely, the prevalence of ventricular
arrhythmias in patients with preserved LVEF may be
underestimated due to a failure to diagnose cardiac
sarcoid in those patients who present with unex-
plained syncope or VT or SCD.

Although the most common mechanism of ven-
tricular arrhythmias is macro–re-entry around an area
of granulomatous scar, active inflammation may also
play a role in promoting monomorphic VT due to re-
entry, either by triggering it via ventricular ectopy
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or by slowing conduction through diseased tissue
(164). Antiarrhythmic therapy is generally ineffective.
Immunosuppression may provide improvement in
recurrent VT if active inflammation is present. VT
ablation currently has a limited but evolving role in
the management of recurrent VT that occurs after the
acute inflammatory stage. Ablation outcomes are
modest, reflecting the extensive scarring and multi-
ple inducible morphologies that are encountered (85).
Kumar et al. (164) reported VT-free survival of only
37% at 1 year; nonetheless, better VT control was
achieved in the majority of patients with fewer anti-
arrhythmic drugs.

Prognos is . Patients with sarcoidosis who have car-
diac involvement have a poorer prognosis than those
without cardiac involvement. Mortality is usually due
to progressive heart failure or sudden death. The
extent of LV dysfunction is the most important pre-
dictor of survival (100,148). Kandolin et al. (100) have
reported a 10-year transplant-free survival rate of
83%; heart failure at presentation predicted a poor
outcome with a 10 event-free survival rate of only
53%. Conversely, Chiu et al. (150) found that all pa-
tients with normal LVEF (with or without diastolic
dysfunction) were alive at 10 years (150). Eligible
patients with end-stage heart failure with or without
significant ventricular arrhythmias usually require
heart transplantation and have a good prognosis
(165). Cardiac transplantation has also been success-
fully performed in patients with refractory arrhyth-
mias (166). Recurrence of cardiac sarcoidosis in the
transplanted heart has been described within
6 months, but is rare and typically responds to
enhanced immunosuppression (167). Finally, the
prognosis of clinically silent cardiac sarcoidosis is
uncertain. The majority of studies have reported a
benign course (e.g., no cardiac events at an average
follow-up of 23 months); however, several reports
have documented SCD or symptomatic ventricular
arrhythmias in this population (96,103,119,123,134).

RADIATION-INDUCED HEART DISEASE

Radiation-induced heart disease (RIHD) is becoming
an increasing concern as use of radiotherapy in-
creases and long-term cancer-free survival rates
improve. Its manifestations are myriad and may
include accelerated coronary artery disease, valvular
dysfunction, RCM, aortopathy, and constrictive peri-
carditis (168). It had been recognized since the 1960s
that substantial doses of radiation (>30 Gray [Gy]) that
were initially employed during mantle radiotherapy
for Hodgkin’s lymphoma were cardiotoxic (169).
However, convincing evidence has developed during
the past decade that RIHD also occurs following
doses substantially below 20 Gy (169). RIHD typically
occurs with a latent period of 10 to 15 years (170). A
large Scandinavian epidemiological study demon-
strated a substantial increase in mortality from heart
disease 15 years or more after radiation (hazard ratio:
1.27) (171). In a second study, radiation-related risk
was studied by comparing women with left- and
right-sided breast cancer; women with left-sided
disease had greater cardiac radiation exposure and
demonstrated higher rates of ischemic heart disease,
pericarditis, and aortic valve disease (172). No dif-
ference in the risk for RCM was demonstrated
between the 2 treatment groups. In a more contem-
porary era, a population-based, case-control study of
incident heart failure in women who underwent
radiotherapy for breast cancer and received a low
mean cardiac radiation dose of 3.3 Gy, <20% of pa-
tients with HF experienced ischemic events, and a
majority of patients had heart failure with preserved
ejection fraction (173).

Radiation-related RCM is due to early inflamma-
tion, microvascular injury, and reduced capillary
density, which lead to ischemia and myocyte
replacement with diffuse bands of collagen replace-
ment fibrosis (169,174). Clinical studies using single-
photon emission computed tomography or PET
imaging have demonstrated perfusion defects within
6 to 12 months after radiotherapy (169,175). Repeat
myocardial perfusion imaging over 3 to 8 years after
radiotherapy demonstrated persistent perfusion de-
fects in the majority of patients (169). Radiation can
also directly adversely affect diastolic function as
seen in rats that received 10 or 20 Gy radiotherapy,
resulting in reduced exercise capacity and elevated
LV filling pressures (173). Histological analysis
demonstrated increased cardiac fibrosis, car-
diomyocyte hypertrophy, and reduced microvascular
density (173).

Radiation-related myocardial fibrosis is often
asymptomatic and is detected as an incidental
finding on echocardiography more than 10 years
after radiation therapy (176). Subclinical disease can
be detected by strain rate imaging immediately af-
ter radiation therapy as myocardial strain is persis-
tently decreased up to 14 months after treatment
(177). Biochemical markers such as troponin are also
elevated in the absence of overt cardiac dysfunc-
tion, especially in left-sided patients (177). In
symptomatic patients, echocardiographic findings
typically demonstrate normal or mildly impaired
systolic function, normal ventricular wall thickness,
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valvular calcification, impaired myocardial relaxa-
tion, and, in some patients, signs and symptoms
suggesting pericardial constriction (178,179). RCM,
although uncommon, is more likely to occur in the
context of concomitant anthracycline chemotherapy
or exposure to high radiation doses to large por-
tions of the heart (169). Preventive measures can be
undertaken to minimize toxicity due to radiation by
using 3-dimensional imaging for treatment planning
to minimize the dose and exposed cardiac contour,
deep inspiration breath-hold techniques, robotic-
directed delivery using a small linear particle
accelerator, and using multiple or rotational sources
of radiation beams (180). Clinical management of
established disease is symptomatic and consists
largely of diuretics to control volume overload. In
advanced cases, cardiac transplantation has been
successful in a limited number of radiation-induced
RCM patients with actuarial survival rates in a
single-center experience at 5 and 10 years of 75%
and 47%, respectively (181). However, multicenter
5-year post-transplant survival reported in the
United Network for Organ Sharing database was
58%, and was lower when compared with transplant
for other types of RCM; this finding is likely related
to the presence of concomitant mediastinal fibrosis
and radiation lung disease, and prior cardiac sur-
geries leading to increased early post-operative
deaths (182).

CONCLUSIONS

RCM comprises a heterogenous group of diseases that
clinically manifests itself as heart failure with
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preserved ejection fraction. The initial diagnostic
approach is primarily based on echocardiographic
findings, and individual disease entities can be
further delineated by specific clinical, imaging,
biochemical, and molecular characteristics as sum-
marized in the Central Illustration. Considerable
progress has been made in diagnosing and under-
standing the pathophysiology of the various causes of
RCM over the past several decades, which has
improved the treatment modalities available to the
patient.

ADDRESS FOR CORRESPONDENCE: Dr. G. William
Dec, Cardiology Division, Massachusetts General
Hospital, 55 Fruit Street, Yawkey 5B, Boston,
Massachusetts 01224. E-mail: gdec@parnters.org.
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