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Abstract
Purpose of Review The purpose of this review is to summarize the application of cardiac magnetic resonance (CMR) in the
diagnostic and prognostic evaluation of patients with heart failure (HF).
Recent Findings CMR is an important non-invasive imaging modality in the assessment of ventricular volumes and function and
in the analysis of myocardial tissue characteristics. The information derived from CMR provides a comprehensive evaluation of
HF. Its unique ability of tissue characterization not only helps to reveal the underlying etiologies of HF but also offers incremental
prognostic information.
Summary CMR is a useful non-invasive tool for the diagnosis and assessment of prognosis in patients suffering from heart failure.
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Introduction

Heart failure (HF) is a complex clinical syndrome caused by
structural and/or functional cardiac abnormalities [1, 2]. As the
population age, the prevalence and cost of HF will continue to
increase over time. It is estimated that from 2012 to 2030, the
prevalence of HF will increase by 46%, and the cost of HF will
increase to $69.8 billion by 2030 in the USA [3]. Abnormalities
of the myocardium, valves, pericardium, endocardium, and heart
rhythm can all cause HF. Correctly identifying the underlying
etiology of HF is crucial as the subsequent treatment may differ
and the outcomes may be impacted in these patients [1, 2, 4].

Cardiac magnetic resonance (CMR) has become a useful
non-invasive tool for the diagnosis and assessment of

prognosis in patients suffering from heart failure. CMR is
superior in the assessment of left ventricular (LV) volumes
and function and in the analysis of wall motion abnormalities
and myocardial tissue characteristics compared with echocar-
diography. Myocardial fibrosis is a common pathologic man-
ifestation in heart failure, and the pattern of fibrosis differs
between different etiologies [5]. Late gadolinium enhance-
ment (LGE) CMR enables non-invasive quantification of
myocardial fibrosis and is one of the most widely used
CMR techniques in identifying etiology and assessing prog-
nosis in patients with HF. However, LGE can only delineate
focal but not diffuse interstitial fibrosis. Besides fibrosis, other
common pathophysiologic features of HF include intracellular
abnormalities, myocardial edema, and deposition of extracel-
lular proteins. Myocardial tissue characterization parameters
(T1, T2, T2*, and extracellular volume (ECV)) can quantify
tissue alterations in patients with HF, including intracellular
changes of cardiomyocyte (fat deposition or iron overload),
extracellular changes in the myocardial interstitium (e.g., fi-
brosis or deposition of amyloid proteins), or both (myocardial
infarction and/or edema) [6–10]. Native T1 reflects the chang-
es inmyocardium involving themyocytes and the interstitium,
and ECV, calculated by T1 pre and post administration of
gadolinium and hematocrit, reflects the myocardial interstitial
expansion by fibrosis, fluid, or other protein deposits [10].
Native T1 as a non-exogenous contrast-based endogenous
tissue characterization parameter is especially useful in pa-
tients who cannot receive gadolinium contrast due to severe
renal dysfunction. T2 mapping is sensitive to myocardial
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edema. T2* is a useful tool to assess tissue iron deposition [8].
CMR imaging in HF has been endorsed as appropriate in
multiple heart failure guidelines and has been shown to
change overall patient management in up to 65% of patients
with heart failure [1, 2, 7, 11]. European Association for
Cardiovascular Imaging recommended that in the diagnostic
evaluation of patients with HF, parametric mapping should be
considered [6]. In this context, we aim to discuss each specific
cardiomyopathy as it relates to CMR imaging in heart failure.

Ischemic Cardiomyopathy

Coronary artery disease (CAD) is the most common and a
potentially treatable cause of HF and needs to be assessed in
every patient with a new diagnosis of HF. Regional wall mo-
tion abnormalities are readily identified on steady-state free
procession (SSFP) cine imaging (Fig. 1a, b). LGE on contrast
CMR was validated to distinguish between irreversible
(hyper-enhanced) and reversible (not hyper-enhanced) ische-
mic injury independent of wall motion and infarct age in an
canine myocardial infarction model [12]. LGE in ischemic
cardiomyopathy (ICM) usually occurs in the subendocardial
to transmural involvement corresponding to a coronary artery
distribution [5, 13, 14] (Fig. 1c, d). An international multicen-
ter trial including 566 patients with MI showed that the

sensitivity of CMR for detecting MI was 99% and 94% in
acute and chronic infarction, respectively, and the accuracy
for identifying MI location was 99% and 91% in acute and
chronic infarction, respectively [15]. In a study prospectively
enrolled 71 patients with HF without a previous history of MI,
CMR could identify the presence of obstructive CAD using
coronary angiography as a diagnostic standard with sen-
sitivity of 81%, specificity of 91%, and diagnostic ac-
curacy of 87% [16]. This was confirmed by another
study of 60 patients with HF, in which LGE-CMR
had a sensitivity of 98%, specificity of 84%, and diag-
nostic accuracy of 93% in detecting CAD [17].

In addition to LGE, where the pattern of fibrosis can detect
scar due to MI, there is cumulating evidence that stress perfu-
sion CMR performswell to identifymyocardial ischemia (Fig.
1e, f). The Magnetic Resonance Imaging for Myocardial
Perfusion Assessment in Coronary Artery Disease Trial
(MR-IMPACT) I, MR-IMPACT II, and Clinical Evaluation
of Magnetic Resonance Imaging in Coronary Heart Disease
(CE-MARC) study demonstrated equal or superior perfor-
mance of stress perfusion CMR for the detection of CAD
compared to single-photon emission computed tomography
(SPECT) [18–20]. The recently published SPINS (The
Clinical Impact of Stress CMR Perfusion Imaging in the
United States) study further demonstrated that patients with-
out ischemia by stress perfusion CMR or LGE experienced a

Fig. 1 Ischemic cardiomyopathy images in cine, late gadolinium
enhancement (LGE), stress perfusion, microvascular obstruction, and
hemorrhage. a, b Still frames from 4-chamber cine in end-diastole and
end-systole showing hypokinesis of the mid-ventricle to the apex with an
apical aneurysm (between arrows) in a 65-year-old woman. c, d LGE
images showing subendocardial delayed enhancement in the apical walls
(between arrows) of the 65-year-oldwoman and subendocardial LGE in a
78-year-old man with an old myocardial infarction (MI). e, f Stress

perfusion image showing perfusion defects of the anterior wall and the
septum compared to the rest perfusion image, suggesting reversible
ischemia (between arrows) in the 65-year-old woman. g LGE image
showing microvascular obstruction in the basal inferoseptum (between
arrows) in a 40-year-old man with acute MI. h T1 mapping showing the
dark core of intramyocardial hemorrhage (between arrows) in the 78-
year-old man with the corresponding LGE slice in image (d)
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low incidence of cardiac events, a low need for coronary re-
vascularization, and low cost spent on subsequent ischemia
testing with a 4-year follow-up [21].

The presence and extent of LGE predicts prognosis
in patients with heart failure regardless of etiology
[22–26]. For patients with CAD, the presence and ex-
tent of LGE is an independent predictor of mortality
[27–29]. A study of 349 patients with ICM and reduced
left ventricular ejection fraction (LVEF) showed the ex-
tent of myocardial scar detected by LGE was associated
with mortality in these patients [29]. T1 mapping has
also been used to evaluate the prognosis of CAD. A
study with 665 patients with CAD undergoing CMR
imaging with T1 mapping and LGE demonstrated that
native T1 and LGE were predictors of survival and ma-
jor adverse events, while native T1 of noninfarcted
myocardium is the sole independent predictor of all-
cause mortality [30].

Parametric mapping techniques may be helpful to de-
termine the presence of microvascular obstruction
(MVO) and intramyocardial hemorrhage in patients with
CAD [31, 32] (Fig. 1g, h). MVO is caused by no-
reflow in patients with ST-segment elevation myocardial
infarction (STEMI), and it appears as a dark area within
hyper-enhanced infarcted myocardium [33]. A number
of studies have demonstrated that MVO was associated
with adverse LV remodeling and outcome [32, 34, 35].
In a study of 203 patients with STEMI, who underwent
CMR including T2*, myocardial hemorrhage (persistent
iron) was found to be associated with worse LV func-
tion and long-term prognosis [31]. Both T1 and T2
mapping performed equally well when a hypointense
core was identi f ied on these images to detect
intramyocardial hemorrhage as compared to T2* [36].

CMR may influence therapeutic decisions as LGE can
identify reversible and irreversible myocardial injury before
revascularization [37–42]. Early studies showed that LGE
could delineate myocardial viability by quantifying
transmurality of scar, with transmural LGE significantly relat-
ed to the less likelihood of improvement in regional function
after revascularization [37, 42]. Another study including 60
patients with STEMI found that T1 mapping was able to dif-
ferentiate reversible and irreversible myocardial damage, and
was a strong predictor of LV remodeling [38]. In patients
undergoing complete revascularization, favorable survival is
reported as compared to patients who receive incomplete re-
vascularization, which was not superior to medical manage-
ment [43]. This suggests that the evaluation of myocardial
viability with CMR combined with the feasibility of complete
revascularization is important in order to identify patients who
may benefit from revascularization, although the assessment
of viability in ICM remains controversial and needs further
study [40].

Non-ischemic Cardiomyopathy

Dilated Cardiomyopathy

Dilated cardiomyopathy (DCM) is a common etiology of
heart failure. It is characterized by ventricular chamber dila-
tion and decreased systolic function in the absence of other
identifiable etiologies such as ischemic heart disease or valvu-
lar heart disease. Interactions between genetic and environ-
mental factors can influence the phenotype of DCM [44],
which depend not only on the genotype but also on epige-
netics, inflammation, toxic factors, diabetes, and other ac-
quired diseases [45]. LGE was detected in approximately
30–40% of patients with DCM [46–49], with the common
pattern being mid-wall septal LGE [46, 48] (Fig. 2a–c).
CMR is useful to assess patients with early stage DCM. In a
study of 150 phospholamban (PLN) p.Arg14del mutation car-
riers, LGE was detected in nearly 30% of carriers with pre-
served LVEF, suggesting fibrosis may be an early feature of
PLN p.Arg14del cardiomyopathy which can cause HF and
ventricular arrhythmia [50]. Native T1 and ECV reflecting
the degree of diffuse myocardial fibrosis have been confirmed
by human and animal studies [51–53]. A study found ECV
values obtained from CMR were significantly different be-
tween early DCM (LVEF 45–55%), DCM (LVEF < 45%),
and healthy volunteers (25 ± 4 vs. 27 ± 4 vs. 23 ± 3%, all p <
0.05), and a strong correlation was detected between ECV and
collagen volume fraction (CVF) assessed by histological anal-
ysis from endomyocardial biopsies [53].

CMR can also help to assess prognosis in patients with
non-ischemic cardiomyopathy [53–58]. A study including
472 patients with DCM found that mid-wall fibrosis was an
independent predictor for all-cause mortality after adjustment
for LVEF and other clinical factors such as heart rate and
blood pressure [49]. Another study also demonstrated the
presence of mid-wall LGE in patients at first diagnosis of
DCM was independently associated with subsequent adverse
cardiac events and HF rehospitalization [56]. On the other
hand, a study enrolling 120 patients with new-onset HF
showed an absence of myocardial fibrosis which indicated a
favorable prognosis [22]. A meta-analysis including 34 stud-
ies and 4554 patients with DCM showed that LGE on CMR
was present in 44.8% of patients, and LGE was associated
with worse prognosis, while the absence of LGE was associ-
ated with LV reverse remodeling [57]. T1 mapping is also
used to prognosticate in patients with DCM [53, 58]. In a
multicenter observational study enrolling 637 patients with
DCM, T1 mapping predicted all-cause mortality and HF
events and performed better than LGE [58], which might be
due to the diffuse nature of fibrosis in DCM.Myocardial strain
assessed by CMR has been used to measure global and re-
gional myocardial deformation and contractility [59]. In a
study of 210 patients with DCM, LV longitudinal strain was
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an independent prognostic parameter of survival
outperforming clinical parameters and standard CMR param-
eters, such as LVEF and LGE [60].

Despite significant advances in medical therapies for heart
failure, the response of different patients to drug treatment varies
dramatically. Different studies have demonstrated that myocar-
dial fibrosis detected byCMR is associatedwith response to drug
therapy in patients with HF [61–63]. One of the mechanisms that
medicine improves the prognosis of patients with HF is reversing
ventricular remodeling. In a study including 31 patients with
non-ischemic cardiomyopathy (NICM) treated with carvedilol,
LV function improved more in patients without LGE at baseline
than in patients with LGE [63].

Implantable cardiac defibrillator (ICD) is an effective strategy
to prevent sudden cardiac death (SCD) in patients with DCM.
LVEF ≤35% is recommended threshold for ICD implantation
[1]; however, many patients suffer from SCD with LVEF
>35% [64]. In a community-wide study of SCD, only one-third

of the SCD cases that underwent evaluation before cardiac arrest
had severe LV dysfunction as defined by LVEF ≤35% [64]. As
fibrosis/scar is considered as ventricular arrhythmias substrate
[65, 66], CMR is able to identify patients at high risk of SCD
[25, 47, 67–69]. A study enrolled 137 patients referred for eval-
uation of ICD placement and found that the patients with LVEF
>30% and scar >5% LV mass had similar risk compared to
patients with LVEF ≤30%, while those with LVEF ≤30% but
no scar had similar low risk compared to patients with LVEF
>30% [69]. These studies suggest more research in myocardial
tissue characteristics is needed to improve risk stratification of
SCD in DCM beyond LVEF.

Cardiac resynchronization therapy (CRT) is considered an
important treatment option for patients with end-stage HF.
However, about 30% of patients do not respond to CRT [70,
71]. Studies have evaluated the relationship between myocar-
dial scar and response to CRT [72–74]. In a study of 40 end-
stage heart failure patients treated with CRT, patients with

Fig. 2 Non-ischemic cardiomyopathy. Dilated cardiomyopathy images
in cine, late gadolinium enhancement (LGE), and T1 mapping. a CMR
end-diastolic frames from 4-chamber cine showing biventricular dilation
in a 23-year-old man with chronic heart failure. b LGE imaging showing
mid-myocardial delayed enhancement in the septum and the inferior wall
(arrows). c T1 mapping shows diffusely elevated signals consistent with
diffuse fibrosis. Hypertrophic cardiomyopathy (HCM) presentations in
cine and late gadolinium enhancement. d, f 4-chamber or 2-chamber
long-axis cine images showing different phenotypes of HCM. e, g LGE
images showing patchy delayed enhancement (arrows) in corresponding
patient cine views. d, fAsymmetric septal hypertrophy. e, gApical HCM.
Arrhythmogenic right ventricular cardiomyopathy. h Still frame from 4-
chamber cine in end-diastole showing dilated, trabeculated right ventricle

with regional thinning and microaneurysm (white arrows) in a 76-year-
old man. i Late gadolinium enhancement image showing enhancement in
the right ventricular wall (black arrows). The left ventricular LGE was
due to a left circumflex occlusion in this patient, not left ventricular
involvement in ARVC (white arrow). Amyloidosis. j, k Still frames
from 2-chamber and 4-chamber cines showing bi-atrial enlargement,
increased wall thickness of left ventricle, and trace pericardial effusion
in a 65-year-old man. l Serial short-axis late gadolinium enhancement
images showing diffuse transmural enhancement in the basal to mid-left
ventricular myocardium, gradually decreasing to a global subendocardial
pattern in the mid-ventricle. Note that the blood pool is dark which is
related to abnormal blood pool gadolinium dynamics in the presence of
diffuse amyloid deposition in the body
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posterolateral scar tissue had significant lower response rate
compared to patients without posterolateral scar tissue [73].

Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is the most common
hereditary cardiomyopathy with a highly variable phenotypic
expression. The most common hypertrophied segments in
HCM are basal anteroseptum and the contiguous anterior free
wall [75]; however, any segment can be hypertrophied and
CMR has advantages in defining LV segmental wall thickness
irrespective of echocardiographic window [76, 77].
Myocardial fibrosis is detected by CMR-LGE in around
70% of patients with HCM, and the LGE is typically non-
subendocardial predominantly in areas of hypertrophy [78]
(Fig. 2d–g).

CMR is also useful to identify the early phase of HCM as
shown in a study of 40 sarcomere mutation carriers with nor-
mal echo wall thickness (<12 mm), and CMR identified mild
hypertrophy (12.6–14 mm) in 4 subjects [79].

The results of studies using CMR to characterize HCM
genotype-phenotype relationships are inconsistent. In a large
HCM family, the same point mutation manifests different phe-
notypes assessed by CMR, and elevated T1 and ECV values
were also present in phenotypically negative mutation carriers
[80]. A multicenter study found no significant differences in
CMR phenotypic characteristics between patients with β-
myosin heavy chain (MYH7) gene mutations (n = 53) versus
myosin-binding protein C (MYBPC3) gene mutations (n = 75),
including structure characteristics, such as LVmass andmaximal
wall thickness, and the prevalence and extent of LGE [81].
Another study showed MYBPC3 mutations were more likely
to impair ventricular function compared with MYH7 mutations
[82]. More studies are still needed to understand the relationship
between genotypes and phenotypes.

CMR can differentiate HCM from other causes of left ven-
tricular hypertrophy (LVH), including athlete’s heart, hyperten-
sive cardiomyopathy, metabolic cardiomyopathy such as Fabry
disease, and infiltrative cardiomyopathy such as amyloid [83].

Intensive exercise is associated with ventricular hypertrophy.
The pattern and location of myocardial fibrosis determined by
biopsy or CMR vary widely in athletes, and the most common
findings are nonspecific LGE, located in the right ventricular
insertion points or the septum [84]. The diagnosis of HCM is
supported if hypertrophy remains assessed by CMR after pre-
scribed deconditioning while the diagnosis of athlete’s heart is
supported if the wall thickness regresses by more than 2 mm
[85]. In a study of 50 patients with HCM, 40 athletes, and 35
sedentary volunteers, the T1 values and ECV of the thickest
segment in athletes were lower than HCM [86]. Most of the
studies showed there were no significant differences in terms of
T1 mapping and ECV between athletes and controls [87, 88].

In clinical practice, differentiation of hypertensive LVH
fromHCM can be challenging. Nonspecific LGE can be iden-
tified in up to 50% of the patients with hypertension [78].
Hypertension can lead to diffuse myocardial fibrosis which
may not be detected by LGE [89], but ECV can be elevated
in hypertensive patients with LVH and not in the absence of
LVH [90, 91]. In a study of 95 patients with HCM, 23 HCM
gene carriers, and 69 with hypertension, both native T1 and
ECV were significantly elevated in HCM compared with hy-
pertensive patients, including in subgroup comparisons of
HCM without LGE and hypertensive patients with LV wall
thickness of >15 mm [92].

Typical features of cardiac amyloid will be discussed in the
following specific section dedicated to amyloid. In Fabry dis-
ease, native T1 values are often normal or decreased in pa-
tients with hypertrophy due to the increased fat content in the
myocardium. This characteristic is very helpful in
distinguishing Fabry disease from other hypertrophic diseases
where increased T1 is often present due to fibrosis or extra-
cellular protein deposition.

HCM is the most frequent cause of SCD in young people
[93]. CMR allows for precise phenotypical depiction of the
severity and distribution of hypertrophy and tissue character-
ization and is becoming an effective tool for further risk strat-
ification of patients with HCM [76, 83, 94]. The presence and
extent of LGE on CMR is associated with ventricular tachy-
arrhythmias and SCD [67, 95, 96]. A recent study demonstrat-
ed native T1 and ECV elevation in patients with HCM in the
absence of LGE, and follow-up data showed elevated T1 and
ECV were associated with SCD [97].

Heat failure is another complication of HCM. The majority
of patients with hypertrophic obstructive cardiomyopathy
(HOCM) present as HF with preserved ejection fraction
(HFpEF), while only a minority of patients with HCM devel-
op reduced ejection fraction (HFrEF) at a later stage [98].
Fibrosis progression detected by LGE-CMR was associated
with LV thinning, increased LV end-diastolic volume, re-
duced LVEF, and adverse clinical outcomes [99].
Progression of LGE was higher in patients with worsening
cardiac function [100].

Arrhythmogenic Right Ventricular Cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is
an inherited disease characterized by fibro-fatty replacement
of predominantly the right ventricular (RV) myocardium,
leading to ventricular arrhythmias and RV dysfunction
[101–103]. The diagnosis of ARVC is based on the presence
of major and minor criteria including structural, histological,
electrocardiographical, arrhythmic, and genetic factors [104].
Echocardiography has limitations in assessing the right ven-
tricle [104, 105], and CMR has become an important imaging
modality in the diagnosis and risk stratification of ARVC by
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detecting RV dilation, abnormal global and regional wall mo-
tion, and tissue characterization [102, 104] (Fig. 2h, i).
Genotype-phenotype correlation studies showed the wide
spectrum of ARVC, including RV only, biventricular, and left
dominant manifestations [106], thus the disease is being re-
ferred to with a more comprehensive term as “arrhythmogenic
cardiomyopathy” [106, 107]. LGE can be found in approxi-
mately 60–80% of patients with ARVC; however, the finding
of biventricular LGE has a differential diagnosis including
myocarditis and sarcoidosis which need to be carefully con-
sidered [108–110]. CMR myocardial feature tracking can
quantitatively measure regional abnormalities. In a study an-
alyzing 21 patients with ARVC undergoing electroanatomic
mapping and CMR, strain was lower in segments with dense
scar on electroanatomic mapping compared with the rest of
right ventricle, and regional abnormal wall strain predicted
arrhythmogenic substrate better than LGE [111].

Risk stratification is critical as ARVC is a common cause
of sudden death in young people and athletes [112]. A study
evaluated the prognostic role of CMR in patients with definite
(n = 52), borderline (n = 50), and possible (n = 73) diagnosis
of ARVC, and the results showed that LV involvement (fat
infiltration and/or LGE) was an independent predictor of car-
diac events [113]. A recent study demonstrated that LV global
strains evaluated by CMR feature tracking could detect early
LV dysfunction and predict adverse cardiac events in patients
with ARVC [114].

Cardiac Amyloidosis

Cardiac amyloidosis (CA) is caused by the deposition of
misfolded proteins in the extracellular space [115]. The
two most common types are light-chain (AL) amyloid-
osis and transthyretin (ATTR) amyloidosis. CA should
be considered in patients with HFpEF [116], and early
recognition is of utmost importance as early treatment
may positively impact prognosis.

One of the typical characteristics of CA is ventricular hy-
pertrophy, and the most common LGE pattern is global
transmural or subendocardial enhancement, with high native
T1 and ECV [117–120]. Other common morphological fea-
tures of CA in addition to LV hypertrophy include atrial dila-
tion, thickening of the atrial septum, and pericardial effusion.

Due to its excellent ability to identify tissue characteristics,
CMR has become an important tool in the diagnosis and as-
sessment of amyloidosis [117–119, 121, 122]. Global
transmural or subendocardial LGE is the most common pat-
tern in patients with CA [117, 119] (Fig. 2j–l). LGE improves
cardiac amyloidosis detection, but LGE may not detect CA
patients in the early phase [117]. T1 mapping and ECV have
nicely demonstrated the diagnosis potential in patients with
suspected CA [118, 120, 123, 124]. A recent study demon-
strated that native T1 enabled us to diagnose CA without the

need for gadolinium in suspected amyloidosis [118•].
Williams et al. [125] found the relative apical sparing of lon-
gitudinal strain may be helpful to differentiate CA from other
cardiomyopathies with LV hypertrophy, similar to echo car-
diographic findings. CMR is also used to investigate the dif-
ferent myocardial characteristics between AL and ATTR am-
yloidosis. A study including 46 patients with AL amyloidosis
and 51 patients with ATTR amyloidosis showed that
transmural LGE was more common in ATTR amyloidosis
(90%) compared with patients with AL amyloidosis (37%)
[126]. Another study found that myocardial native T2 was
significantly higher in AL amyloidosis than in ATTR amy-
loidosis, which suggested that T2may be an additional marker
to distinguish AL and ATTR amyloidosis [127].

CMR techniques such as LGE, T1 mapping, and ECV are
also helpful in the assessment of prognosis in CA [117, 120,
123, 124]. Transmural LGE was significantly associated with
adverse prognosis with a 2-year survival of 61% in patients
with transmural LGE, compared with 81% of subendocardial
LGE, and 92% of no LGE [117]. A study including 100 pa-
tients showed that native T1 and ECV could predict mortality
in patients with light-chain amyloidosis [124]. Another study
demonstrated that both native T1 and ECV correlated with
mortality in ATTR amyloidosis, but ECV had a better prog-
nostic value than native T1 [120].

Additional studies evaluated the association of RV involve-
ment and feature tracking strain with prognosis of CA. RV end-
diastolic volume index and RV-LGE were independently asso-
ciated with mortality in AL-related CA [128]. CMR-derived
strain parameters were independent prognostic factors in all-
cause mortality in patients with AL amyloidosis [128, 129].

CMR has shown the potential to monitor treatment prog-
ress in CA. A study including 31 patients with AL amyloid-
osis found that the prevalence of reduction in ECV was higher
in patients with good hematologic response than in patients
with partial/no response [130].

Inflammatory Cardiomyopathies

Myocarditis

Myocarditis is an inflammatory disease of the myocardium
caused by infectious or non-infectious etiologies, and the most
common etiology is a viral infection [131] (Fig. 3a–h). Acute
orthotopic heart transplant rejection and cancer immunotherapy
are examples of non-infectious causes of myocardial inflamma-
tion (Fig. 3i–n). Acute myocarditis can present as new-onset HF,
and some DCM may evolve from chronic sequelae of myocar-
ditis. CMRhas become a preferred imaging tool for the diagnosis
and evaluation of patients withmyocarditis as it not only assesses
the ventricular morphology and function but also evaluates the
tissue characteristics such as edema and/or fibrosis.
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The Lake Louise criteria to diagnose myocarditis was for-
mulated in 2009, defining myocarditis as 2 out of 3 CMR
criteria being positive: edema (increased T2-weighted signal),
hyperemia (early gadolinium enhancement), and necrosis
(LGE) [132]. LGE pattern is commonly subepicardial and/or
mid-wall but can also involve the endocardium, albeit not in a
coronary artery distribution [13]. However, diagnostic accu-
racy of the Lake Louise criteria in patients with suspected
chronic myocarditis is not as good as suspected acute

myocarditis [133]. Studied have shown T1 mapping offered
better diagnosis performance than Lake Louise criteria in the
diagnosis of acute myocarditis [134]; however, T1 mapping is
not specific to discriminate between acute and chronic myo-
carditis [135]. TheMyoRacer-Trial demonstrated that only T2
mapping had acceptable diagnostic accuracy in patients with
chronic symptoms (defining symptom duration >14 days)
[135]. Another study with longitudinal follow-up of 18 pa-
tients with acute myocarditis showed that T2 normalized after

Fig. 3 Inflammatory cardiomyopathy. Acute myocarditis with late
gadolinium enhancement (LGE) imaging, T1 and T2 mapping (top
row), and follow-up in 3 months (second row) in a 27-year-old male.
LGE images showing mid-myocardial to subepicardial LGE in the
basal anterolateral wall on the short axis (a) and 2-chamber view (b)
and in the apex on the 2-chamber view (B) (arrows). T1 mapping (c)
and T2 mapping (d) at the base both showing elevated signal (yellow
areas as compared to green areas which is normal). Three months
later, there was diminished LGE signal in the corresponding short axis
(e) and 2-chamber slices (f). At follow-up, T1 signal remained elevated
(g), but T2 signal had returned to normal (h). Cancer immunotherapy–
induced myocarditis and acute transplant rejection. Cine imaging of a 62-

year-old female with immunotherapy-induced myocarditis (i) and LGE
showing no convincing enhancement (j), but T1 mapping (k) and T2
mapping (l) both demonstrated signal elevation. LGE images (m, n) of
a 34-year-old female with acute cellular rejection of the transplanted heart
showing multifocal mid-myocardial delayed enhancement in the basal
septum and basal inferior wall (m, arrows), and the entire
subepicardium to mid-myocardium in the mid to apical myocardium (n,
arrows). Sarcoidosis. LGE images of a 50-year-old man showing
multifocal left ventricular subepicardial, mid-myocardial, and
subendocardial delayed enhancement, and LGE of the right ventricle (o,
p, arrows)
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6 months although native T1 remained elevated; thus, T2
mapping can differentiate between acute and healed myocar-
ditis [136]. The application of T1 and T2 mapping techniques
allow for the updated Lake Louise criteria which includes at
least one T2-based marker for myocardial edema, and at least
one T1-based marker for myocardial injury [137••] (Fig. 3a–
h). Although EMB is the current gold standard for the
diagnosis of definite myocarditis, CMR is recommended
for the evaluation of myocarditis by different scientific
statements and guidelines due to its ability to provide a
non-invasive approach to detect and exclude myocardial
inflammation [2, 138, 139].

The pandemic of coronavirus disease 2019 (COVID-19)
continues to cause morbidity and mortality worldwide. The
cardiac complications of this disease were associated with
worse outcomes [140]. In a study of 26 recovered patients
with nonspecific cardiac symptoms but without cardiovascu-
lar comorbidities (except two with hypertension), CMR de-
tected cardiac involvement in 58% of patients based on T1,
T2, ECV, and LGE abnormalities 1–2 months after symptom
onset [141]. Puntmann et al. [142] further evaluated the pres-
ence of myocardial findings in 100 unselected patients recov-
ered from COVID-19, and CMR revealed cardiac involve-
ment in 78% of patients and ongoing myocardial inflamma-
tion in 60% of patients 2–3 months after the infection, occur-
ring at a much higher percentage as compared to a
comorbidity-matched cohort. In another study, 22 collegiate
athletes with prior asymptomatic or mild course of ambulatory
COVID-19 underwent CMR [143], LGE was found in 9% of
athletes, and one athlete met criteria for myocarditis, while no
athletes had abnormal troponin I, electrocardiograms, or
LVEF <50% on echocardiography [143]. These studies indi-
cate the need for CMR investigation of the long-term cardio-
vascular involvement of COVID-19.

CMR also has prognostic value in patients with myocardi-
tis [144, 145]. In a study of 222 patients with myocarditis
diagnosed by endomyocardial biopsy, LGE was a strong pre-
dictor of all-cause mortality [144]. The finding was confirmed
by another study of 670 patients with suspected myocarditis in
which the presence of LGE was significantly associated with
major adverse cardiac events (MACEs) [145]. On the other
hand, a study enrolling 405 patients with clinically suspected
myocarditis showed patients with normal CMR had a favor-
able prognosis [146]. Given high false-negative rate of biopsy,
CMR provides potential diagnostic and prognostic values for
patients with myocarditis.

Sarcoidosis

Sarcoidosis is a multisystem granulomatous inflammatory dis-
ease. The clinical manifestations of cardiac sarcoidosis (CS)
include conduction block, ventricular arrhythmias, and heart
failure, although some patients may be asymptomatic [147,

148]. Cardiac symptoms may predominate in patients with
no extra-cardiac manifestations. Cardiac complication was
the second most common cause of death in patients with sar-
coidosis in some studies [149].

CMR has been proved to be useful in the diagnosis of CS.
Both the updated Japanese Ministry of Health and Welfare
(JMHW) criteria and the Heart Rhythm Society (HRS) expert
consensus statement contain LGE on CMR as one of the di-
agnostic criteria for CS [150, 151]. The pattern of LGE in
patients with CS was variable, including subepicardial,
transmural, subendocardial, or mid-wall, often involving more
than one segment, and basal and/or mid-ventricular septum
are the most common locations [152–154] (Fig. 3o, p). RV
involvement occurred in around 70% of LGE-positive pa-
tients [153]. In a larger study of 321 patients with biopsy-
proven sarcoidosis, the prevalence of cardiac sarcoidosis
was nearly 30% using HRS criteria, and CMR was the most
accurate diagnostic test (area under the curve: 0.984)
[155]. Recently, a meta-analysis of pathological images
in patients with sarcoidosis showed the frequent patterns
of heart involvement are LV subepicardial, septal, LV
multifocal, and RV free wall; isolated LV mid-
myocardial or isolated LV subendocardial involvement
was never present [156]. These characteristic features
may be helpful to interpret the CMR study.

CMR is useful to identify patients with sarcoidosis who are
at risk of cardiac adverse outcomes. In a study of 81 patients
with extra-cardiac sarcoidosis, patients with myocardial dam-
age detected by LGE-CMR had a 9-fold higher rate of adverse
events and an 11.5-fold higher rate of cardiac death compared
with patients without LGE [153]. In another study enrolling
155 patients with systemic sarcoidosis who underwent CMR,
the presence of LGE yielded >30-fold increased risk of death,
aborted SCD, or appropriate ICD discharge [157]. LGE was
the independent predictor of MACE in the study of 321 pa-
tients with biopsy-proven sarcoidosis [155]. In addition to LV
LGE, decreased right ventricular ejection fraction (RVEF) and
the presence of RV-LGE evaluated by CMR showed an in-
creased risk of adverse outcomes [158, 159].

Heart Transplantation

Heart transplantation is a well-established treatment for select
patients with end-stage heart failure. The outcomes of heart
transplantation have significantly improved with advances in
immunosuppressive therapy and management of complica-
tions. However, cardiac allograft rejection (CAR) and cardiac
allograft vasculopathy (CAV) remain the significant causes of
mortality in heart transplant recipients [160].

As acute cardiac allograft rejection (ACAR) is a main
source of mortality in the early post-transplant period, timely
and accurate diagnosis of allograft rejection is important in
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order to provide effective treatment. CMR is attractive for
rejection surveillance due to its ability to characterize myocar-
dial tissue. Different studies have shown a positive correlation
between T2 mapping and CAR [161–163]. There is also evi-
dence demonstrating native T1 is higher in patients with clin-
ically significant rejection compared with patients with no or
nonclinically significant rejection [164].With multiparametric
CMR, the combination of T2 and ECV increased the sensitiv-
ity for detection of ACAR [165]. CAV is an important factor
of chronic graft failure [160], and it can be detected by CMR-
based myocardial perfusion reserve [166].

Valvular Heart Disease

Primary valvular heart disease can cause HF, and secondary
valve disease is common in heart failure. Echocardiography is
the first-line imaging modality for the assessment of valve
disease; however, the role of CMR is increasing as it allows
for accurate quantification of regurgitant volumes in addition
to quantification of ventricular volumes and assessment of
myocardial fibrosis.

Aortic Valve

CMR has advantages in the assessment of aortic stenosis (AS)
including the assessment of the anatomy of the valve and the
aortic root and the measurement of stenotic jet velocity [167].
Fibrosis is an important marker of LV remodeling response
during AS progression [168]. Meta-analysis showed LGEwas
an independent predictor of mortality [169, 170]. ECV was
also used to quantify fibrosis in AS patients, and ECV was
associated with mortality after adjusting other factors such as
EF and LGE [171]. CMR is a reliable modality to assess aortic
annulus dimensions in patients with pre-transcatheter aortic
valve replacement, especially for patients who are not suitable
to receive CT contrast [172, 173].

CMR is capable to quantify aortic regurgitation (AR) se-
verity by determining the aortic regurgitant volume and assess
aorta for potential etiology (Fig. 4). Accurate assessment of
AR after TAVR is crucial as post-procedure AR is associated
with worse outcomes [174]. Regurgitant fraction mea-
sured by CMR following TAVR had a greater associa-
tion with mortality and heart failure hospitalization
when compared with echocardiography [175].

Mitral Valve

CMR can provide valuable complementary information to
echocardiography by the quantitative measurement of ventric-
ular and atrial volume and mitral regurgitation (MR) volume
[176]. MR can result in a spectrum of myocardial fibrosis
which has been detected by LGE [177, 178]. The expansion

of ECV detected by CMR in patients with chronic asymptom-
atic moderate or severe primary degenerative MR was associ-
ated with impaired LV function and reduced exercise capacity
[179]. How best to identify suitable patients for early surgical
intervention remains controversial. A prospective multicenter
study showed the discriminatory ability of CMR quantifica-
tion of MR (regurgitant volume >55 mL or regurgitant frac-
tion >40%) for identifying patients who progressed to symp-
toms or other indications for surgery [180]. In another study,
the CMR-derived regurgitant volume showed better discrim-
inative power to predict mortality than other imaging param-
eters [181].

Pericardial Disease

Constrictive pericarditis can cause right-sided heart failure and
is often difficult to diagnose. CMR can image interventricular
dependency using real-time free breathing cine techniques.
Myocardial tagging can qualitatively assess the adherence of
the myocardium and constricted pericardium [182, 183]. LGE
imaging of the pericardium can indicate myocardial inflam-
mation and fibrosis [184]. CMR may recognize patients with
pericarditis at higher risk of adverse events such as recur-
rences and constrictive pericarditis by assessing pericardial
thickening, edema, and/or fibrosis [185].

Pulmonary Artery Hypertension and Right
Ventricular Failure

Right ventricular failure is a complex clinical problem and
usually associated with poor prognosis. RV function can be
affected by pressure overload, volume overload, and contrac-
tility failure (such as infarction, myocarditis, or ARVC) [186].
Pulmonary hypertension (PH) increases afterload of the right
ventricle and leads to abnormal RV structure and function. RV
function is a major prognostic determinant for patients with
PH. CMR provides valuable information on RV morphology,
volumes, function, and mass for patients with PH. A meta-
analysis demonstrated RVEF detected by CMRwas the stron-
gest predictor of mortality in PAH [187]. RV/LV volume ratio
is also a sensitive marker for RV dilation with RV/LV volume
ratio >2.3 associated with increased mortality in patients with
PH [188]. The LGE in PH often occurs in RV insertion sites
and is associated with reduced regional longitudinal contrac-
tility at the base [189, 190]. The significance of LGE in PH
patients has not been fully elucidated. A study demonstrated
patients with RV insertion point LGE had larger right ventric-
ular volume index and lower RVEF; however, multivariate
analysis showed mean pulmonary artery pressure (PAP), ex-
ercise metabolic equivalents, and RVEF were significant pre-
dictors of mortality, not LGE [191].
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Guiding Ablation

Atrial fibrillation (AF) and HF often coexist and in-
crease mortality risk. Studies showed that AF ablation
reduced all-cause mortality and HF hospitalizations
compared with drug therapy [192, 193]. Left atrial
(LA) fibrosis is an important pathological change in
the development of AF. The extent of a trial fibrosis
assessed by LGE-CMR increased the likelihood of re-
current AF [194]. LV fibrosis may be a predictor of AF
recurrence [195, 196]. CMR is a potentially useful tool
to guide repeated PV isolation by localizing conduction
gaps [197].

Ventricular arrhythmias are common in patients with HF.
ICD implantation is an effective way to prevent SCD in
patients with HF. Catheter ablation has proved to be suc-
cessful at preventing recurrent ventricular tachycardia (VT).
Different studies demonstrated that CMR was helpful in
guiding VT ablat ion by localizing VT substrates
[198–200]. Identifying endocardial or epicardial VT origin
is useful to plan the ablation approach in advance [198]. In
the future, MR-guided electrophysiological procedures may
provide the opportunity for real-time assessments of ar-
rhythmia substrate and ablation guidance [201].

Conclusion

CMR has evolved into a major non-invasive imaging tool to
guide the diagnosis, risk stratification, and management for
patients with HF. It can assess cardiac structure and function
accurately and reproducibly. Its ability to characterize
myocardial tissue can help determine the underlying eti-
ology of HF. CMR will play a greater role in the field
of HF as more outcome data accumulate.
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