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This paper aims to empower and inform cardio-oncologists by providing a practical guide to the clinical application of

cardiac magnetic resonance (CMR) in the rapidly evolving field of cardio-oncology. Specifically, we describe how CMR can

be used to assess the cardiovascular effects of cancer therapy. The CMR literature, relevant societal guidelines,

indication-specific imaging protocols, and methods to overcome some of the challenges encountered in performing and

accessing CMR are reviewed. (J Am Coll Cardiol CardioOnc 2020;2:270–92) © 2020 The Authors. Published by Elsevier

on behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
A dvances in treatment and supportive care
have led to improved survival for patients
with cancer. However, cancer therapy con-

fers cardiovascular risk, and patients with established
cardiovascular disease receiving cancer treatment are
particularly susceptible to cardiovascular complica-
tions (1). Consequently, collaboration between cardi-
ologists and oncologists and the emergence of
dedicated specialists in the emerging field of cardio-
oncology are becoming increasingly important. Car-
diac magnetic resonance (CMR) is a multiparametric
imaging modality that is changing clinical practice,
and has a wide variety of applications and enormous
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potential in cardio-oncology. This article aims to
empower and inform cardio-oncologists by providing
a practical guide to the clinical applications of CMR in
patients during and after cancer therapy. The CMR
literature, relevant guidelines, indication-specific im-
aging protocols, and methods to overcome some of
the limitations and challenges encountered in CMR
are also discussed. We describe each CMR imaging
sequence, its potential application, and guideline-
directed indications for CMR. We also refer the reader
to the recently published appropriate use criteria (2),
the Society for Cardiovascular Magnetic Resonance
guidelines for standardized CMR protocols (3), CMR
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HIGHLIGHTS

� Cancer therapy improves cancer survival
but can result in a variety of cardiovas-
cular toxicities.

� Cardiovascular magnetic resonance is an
extremely versatile and useful tool to
assess cardiovascular toxicities of cancer
therapy.

� Technological improvement, collabora-
tion, research, and education are essen-
tial to the evolving use of cardiovascular
magnetic resonance in cardio-oncology.

AB BR E V I A T I O N S

AND ACRONYM S

CMR = cardiac magnetic

resonance

ECV = extracellular volume

fraction

EGE = early gadolinium

enhancement

ICI = immune checkpoint

inhibitors

LGE = late gadolinium

enhancement

LVEF = left ventricular

ejection fraction

MACE = major adverse cardiac

event

SSFP = balanced steady state

free precession
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image interpretation and post-processing (4), and
principles of CMR reporting (5) for additional useful
references.

CMR IMAGING SEQUENCES AND REFERRAL

CMR uses different imaging sequences to provide
comprehensive information about the cardiovascular
system that is tailored to the clinical question posed.
The CMR protocol is typically chosen based on the
information provided by the referring physician. It is
therefore important that all relevant background in-
formation is included, and the clinical question
clearly formulated in the study request (Central
Illustration). Each sequence provides specific
anatomical, tissue characteristics, functional, flow, or
perfusion data (Table 1). A combination of sequences
is selected to create the CMR protocol (Figure 1).

ANATOMY: DARK BLOOD (T1- AND T2-WEIGHTED)

AND WHITE BLOOD IMAGING. CMR protocols typi-
cally begin with cross-sectional axial and/or coronal
images that describe the anatomy of the thorax and
upper abdomen (Figure 2). Major incidental extrac-
ardiac findings were reported to occur in 12% of
CMR studies that were performed for any indication
in a recent meta-analysis (6). These findings may
prompt additional investigations, and can contribute
to contextualizing the underlying cardiovascu-
lar diagnosis.

Anatomical sequences can provide both direct
anatomical information, for example, pericardial
thickening following radiation (Figure 3A), and indi-
rect information relating to the hemodynamic con-
sequences of underlying disease, for example, pleural
effusions (Figure 3B). Incidental findings, such as
primary or secondary malignancies, may also be
encountered (Figures 3C and 3D). Anatomical se-
quences also help to describe tissue properties; for
example, fluid appears bright on T2-weighted images.
CARDIAC FUNCTION, VENTRICULAR VOLUMES,

AND MASS: STEADY-STATE FREE PRECESSION

CINE SEQUENCES. CMR is the reference stan-
dard for the assessment of ventricular vol-
umes and ejection fraction with high levels of
accuracy and reproducibility, both in health
and disease in the left (7,8) and right ventricle
(9). Steady-state free precession (SSFP) cine
sequences provide high resolution, time-
resolved images that allow excellent
discrimination of the endocardial and
epicardial borders, which are subsequently
contoured to provide 3-dimensional (3D)
estimations of ventricular volumes, function,
and mass. The left ventricle is conventionally
assessed in 3 long-axis planes and a stack of
contiguous short-axis “slices” from the left
ventricular base in the atrioventricular plane

to the apex (Figure 4). The long-axis planes are similar
to those obtained by echocardiography: 4-chamber
(4C), 3-chamber (3C) and 2-chamber (2C) (Figure 4).
The right ventricle can also be evaluated in the same
short-axis stack (Figure 4) or alternatively with an
axial stack with similarly high levels of interobserver
and intraobserver reliability reported for each
method (10).

Endocardial borders are contoured at end-
diastole and end-systole in each of the short-axis
(or axial) slices to provide 3D volumes that do not
rely on the geometric assumptions of 2D methods.
However, volume estimation by CMR relies on
different geometric assumptions, and although the
papillary muscles are part of the myocardium, in
clinical practice, they are often included as part of
the blood pool and thus contribute to ventricular
volume (11). Regional wall motion can be assessed
either subjectively or objectively (using wall-
thickening or myocardial strain) and is convention-
ally reported by dividing the left ventricle into 17
equally weighted segments, as recommended by the
American Heart Association writing group on
myocardial segmentation and registration for car-
diac imaging (12).

Measurement of left ventricular volumes, ejection
fraction, and mass by CMR are highly accurate and
have been shown to be more reproducible (coefficient
of variation for left ventricular ejection fraction
[LVEF] in normal subjects is 2.4%) than left ventric-
ular volumes and mass by echocardiography (coeffi-
cient of variation for LVEF in normal subjects up to
8.6%) or radionuclide ventriculography (7,8). Conse-
quently, CMR has been used in some cardio-oncology
research trials for precise serial evaluation of cardiac
structure and function (13,14).



CENTRAL ILLUSTRATION Typical Cardiovascular Effects of Classes of Cancer Therapy With Suggested
Cardiovascular Magnetic Resonance Imaging Protocols

Harries, I. et al. J Am Coll Cardiol CardioOnc. 2020;2(2):270–92.

The typical cardiovascular effects of various classes of cancer therapy, together with suggested cardiovascular magnetic resonance (CMR) imaging protocols and key

metrics provided by each sequence. “Recommended” and “aspirational” CMR imaging sequences to characterize the respective pathologies are suggested. For specific

data on the timing and incidence of toxicity, please see relevant literature (1,66,72,80,81,91,110-113). *Contrast administration may not necessarily be required for

serial evaluation of left ventricular function. ACS ¼ acute coronary syndrome; CAD ¼ coronary artery disease; ECV ¼ extracellular volume fraction; HER2þ ¼ human

epidermal growth factor receptor; LV ¼ left ventricular; TKI ¼ tyrosine kinase inhibitor; VEGF ¼ vascular endothelial growth factor.
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The left ventricular myocardium is an architectur-
ally complex structure that deforms in longitudinal
(along the long axis, apex to base), circumferential
(along the circular axis) and radial (towards the center
of the ventricle) planes. Methods to quantify
myocardial deformation, or “strain,” rely on the
principle of tracking distinctive features over suc-
cessive images and several CMR sequences have been
developed for this purpose. These include tagging,
displacement encoding with simulated echoes, phase



TABLE 1 Key Features of Common CMR Imaging Sequences and Relevant Uses

Sequence Features Relevant Clinical Uses

Anatomy and localizers Rapidly acquired
Dark blood (Figures 2A to 2D) which can be:
T1-weighted (better anatomic definition)* or
T2-weighted (better tissue characterization)†
White blood (Figures 2E to 2H)

Assessment of extracardiac structures (Figure 3)
Localizers used to plan cardiac imaging planes

Cines Use SSFP (a type of gradient echo pulse sequence) to produce
a short movie or “cine” of the heart moving (Figures 4, 5,
and 10A to 10B)

Assessment of ventricular volumes, systolic function, and dynamic
motion of thrombus (e.g., Figure 6A)

Edema T2-weighted imaging (e.g., T2 STIR)
Must be acquired before contrast administration

Qualitative assessment of myocardial edema, as in ICI-associated
myocarditis or Takotsubo cardiomyopathy

Native T1 mapping Popular methods include MOLLI and SASHA
Quantifies native (noncontrast) T1 relaxation time

Quantitative assessment of myocardial fibrosis (Figure 8)
Quantitative assessment of myocardial edema (both display

prolonged T1 relaxation time)

Native T2 mapping Typically uses SSFP sequence preceded by T2 preparation module.
Quantifies native (noncontrast) T2 relaxation time

Quantitative assessment of myocardial edema (prolonged T2
relaxation time)

Perfusion T1-weighted saturation recovery gradient echo pulse sequence
Gadolinium contrast administered and imaged over >40 heart beats

Assessment of vascularity, e.g., an intracardiac mass

Stress perfusion As above but performed under conditions of pharmacologic stress,
e.g., adenosine or dobutamine

Assessment of coronary artery disease; perfusion defects evident in
ischemic myocardium (Figure 10A)

EGE Inversion recovery gradient echo sequence
Performed 1-3 min after contrast administration

Assessment of intracardiac thrombus, which is avascular and
therefore appears black (Figures 6B and 6D)

LGE Inversion recovery gradient echo sequence
Performed >10 min after contrast administration (delay may

need to be adjusted according to dose, cardiac output)
Normal myocardium is “nulled” to appear black

Assessment of focal fibrosis, e.g., in myocardial infarction, which
appears white (Figures 7A to 7C and 10B)

Post-contrast T1 mapping Popular methods include MOLLI and SASHA
Quantifies post-contrast T1 relaxation time

Allows calculation of ECV using hematocrit, native and post-
contrast T1 relaxation times of myocardium, and blood pool.
ECV is elevated in conditions associated with expansion of the
myocardial interstitium (e.g., amyloid)

Phase contrast Uses bipolar gradients
Typically acquired in a plane perpendicular to blood flow

Assessment of valvular heart disease, including velocity and
direction of blood flow (Figure 11C)

Allows estimation of severity of stenotic and regurgitant lesions.

*T2-weighted relies on transverse relaxation: fluid ¼ high signal intensity (white), muscle ¼ intermediate signal intensity (grey), fat ¼ high signal intensity (white). †T1-weighted relies on longitudinal
relaxation: fluid ¼ low signal intensity (black); muscle ¼ intermediate signal intensity (grey); fat ¼ high signal intensity (white).

CMR ¼ cardiovascular magnetic resonance; ECV ¼ extracellular volume; EGE ¼ early gadolinium enhancement; ICI ¼ immune checkpoint inhibitor; LGE ¼ late gadolinium enhancement; MOLLI ¼ modified
look-locker; SASHA ¼ saturation recovery single shot acquisition; SSFP ¼ steady-state free precession; STIR ¼ short Tau inversion recovery
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velocity mapping, strain-encoded imaging and
latterly, feature tracking. An advantage of the
feature-tracking strain is that it can be calculated
from standard cine sequences (Figure 5), whereas the
other methods require dedicated sequences to be
acquired. There is emerging evidence of a significant
incremental prognostic role for CMR strain when
added to LVEF and late gadolinium enhancement
(LGE) techniques in both ischemic and dilated car-
diomyopathies (15). A systematic review of
echocardiography-derived myocardial deformation
studies confirmed the value of these parameters for
the early detection of myocardial changes and pre-
diction of cardiotoxicity (16). The utility of strain-
guided echocardiography monitoring of patients
receiving cardiotoxic cancer therapy in comparison to
standard care is currently being evaluated by the
SUCCOUR (Strain Surveillance of Chemotherapy for
Improving Cardiovascular Outcomes) randomized
controlled trial (17). Although the CMR-derived strain
literature is in its infancy, initial reports confirm
detectible temporal changes in circumferential
(18-20) and longitudinal (20) strain in patients
receiving cardiotoxic chemotherapy. The sensitivity
of strain in comparison to LVEF-based techniques
suggests that it has the potential to play an important
role in the early detection of cardiotoxicity, although
large-scale confirmatory evidence is currently lacking.
In comparison to speckle-tracking echocardiography,
CMR-based feature tracking shows good agreement
and appears to have comparable levels of reproduc-
ibility (21). However, strain has limitations. The range
of vendors (hardware and software), acquisition
techniques, and post-processing algorithms means
that normal reference ranges are difficult to establish.
Furthermore, interobserver and intraobserver vari-
ability as well as interstudy reproducibility continue
to present barriers to widespread clinical use.

EDEMA/INFLAMMATION: T2-WEIGHTED IMAGING

AND NATIVE T2 MAPPING. CMR is the reference
standard imaging technique to detect myocardial



FIGURE 1 Typical Composition of a CMR Imaging Protocol

CMR protocols are composed of different imaging sequences and tailored to the clinical question posed. Example additional imaging se-

quences are represented in grey. Native (non-contrast) and contrast-enhanced sequences occur before and after gadolinium administration,

respectively. CMR ¼ cardiovascular magnetic resonance; LV ¼ left ventricle; RV ¼ right ventricle.

FIGURE 2 Example

Sequential axial blac
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hyperemia and edema using both T2- and T1-
weighted imaging sequences (22,23). Regions of
edema/inflammation exhibit higher signal intensity/
enhancement on these sequences. The T2-weighted
short-tau inversion recovery (T2 STIR) sequence is
commonly used, although T2 mapping and early
gadolinium enhancement (T1-weighted) are also
used. Some of these sequences are assessed qualita-
tively (e.g., T2 STIR) by adjudicating signal intensity
in different myocardial segments, or by obtaining a
Anatomical CMR Sequences

k blood (A to D) and coronal white blood (E to H) images through the thora
ratio of signal intensity between the myocardium and
skeletal muscle; whereas others are assessed quanti-
tatively by drawing “regions of interest” that provide
a T2 mapping value in milliseconds (e.g., T2 map-
ping). Native myocardial T2 mapping is reported to be
the most reproducible method in the setting of edema
associated with myocardial infarction (24) and the
utility of parametric mapping methods was recog-
nized by the updated Lake Louise criteria for the
evaluation of nonischemic myocardial inflammation
x and upper abdomen. Abbreviation as in Figure 1.



FIGURE 3 Abnormalities Detected on Anatomical Sequences

(A) T1-weighted black blood turbo spin echo showing diffuse pericardial thickening (arrows). (B) White blood T2-weighted axial sequence

showing bilateral pleural effusions (arrows) due to constrictive pericarditis (same patient A). (C) Incidental right lung tumor (arrow).

(D) Incidental right renal tumor (arrow).
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(25). Recent animal (26) and human (27) studies have
reported the potential utility of native myocardial T2
mapping as a biosignature of early cancer therapy–
associated toxicity.

TISSUE PERFUSION: STRESS PERFUSION SEQUENCES.

Perfusion sequences performed in conjunction with
pharmacologic stress are designed to determine if
there is inducible myocardial hypoperfusion due to
epicardial coronary stenosis. Typically, a stack of 3
short-axis slices (base, mid, and apex) are acquired.
Myocardium supplied by a stenotic vessel appears
dark and “hypoperfused” in comparison to well-
perfused myocardium, which appears bright.
DETECTION OF INTRACARDIAC THROMBUS AND

MYOCARDIAL HYPEREMIA/EDEMA: T1-WEIGHTED

EARLY GADOLINIUM ENHANCEMENT IMAGING.

Following the administration of a gadolinium-based
contrast agent, the contrast redistributes from the
blood pool into the myocardium. Between 2 and 5 min
after contrast administration, this results in the blood
pool and myocardium appearing hyperintense in
early gadolinium enhancement (EGE) sequences.
Therefore, these sequences can be useful in dis-
tinguishing between intracardiac thrombus, the most
common cardiac pseudotumor (28), and true cardiac
tumors by virtue of the fact that thrombi are inher-
ently avascular, do not uptake gadolinium, and



FIGURE 4 Steady-State Free Precession “Cine” Images of the Left Ventricle

Example long-axis views: (A) 4-chamber, (B) 2-chamber, and (C) 3-chamber. (D) A stack of short axis “slices” from base to apex.
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therefore appear markedly hypointense (dark)
(Figure 6) on EGE sequences when surrounding
structures appear hyperintense (bright).

The distribution of the contrast in the myocardium
is also a function of the permeability of the tissue. In
the setting of myocardial edema, there is enhanced
vasodilatation and vascular permeability of inflamed
tissue; EGE sequences have been used as a marker of
myocardial injury in patients with myocarditis (23)
and form part of the Lake Louise diagnostic
criteria (25). In a study of 22 patients using EGE se-
quences, an increase in myocardial signal intensity
3 days after the administration of anthracyclines
predicted subsequent declines in LVEF at 28 days
(29).

MYOCARDIAL SCARRING/FIBROSIS: LGE SEQUENCES.

LGE is the cornerstone of CMR tissue characterization
and its presence predicts adverse outcomes in a va-
riety of cardiomyopathies, including coronary artery
disease (30), nonischemic cardiomyopathy (31),



FIGURE 5 Feature Tracking Strain Overlay on Steady-State Free Precession Images of the Left Ventricle

Diastole (A to D) and systole (E to H). A and E show a 2-chamber view. B and F show a 4-chamber view. C and G show a mid-ventricular short axis view. D and H show

a composite 3-dimensional reconstruction. Red line represents endocardial border; green represents epicardial border; and yellow represents tracked myocardial

features.
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hypertrophic cardiomyopathy (32), cardiac sarcoid-
osis (33), myocarditis (34), and cardiac amyloidosis
(35). Gadolinium preferentially accumulates in areas
of interstitial expansion (typically scar and fibrosis)
giving these areas a hyperintense (bright) appearance
on T1-weighted sequences in comparison to sur-
rounding healthy myocardium, which appears of
lower signal intensity (darker) because of the
comparative absence of contrast. The accumulation
pattern of contrast in the myocardium mirrors the
pathophysiology of the underlying disease, defining
ischemic patterns (subendocardial or transmural,
following the ischemic necrotic wave-front phenom-
enon) and nonischemic patterns (mid-wall, epicar-
dial) (Figure 7). Data on the presence and distribution
of LGE in human populations treated with anthracy-
clines are conflicting. Prospective CMR studies have
generally reported the absence of new segments of
LGE (18,36-38), whereas some studies report an inci-
dence of between 23% (39) and 30% (40), with a mid-
myocardial or subepicardial distribution described.
Retrospective studies conducted over a longer period
of follow-up in different populations have reported
that LGE was an infrequent finding (41-43) that was
associated with adverse left ventricular remodeling in
1 study (43). A histopathologic study of 10 explanted
hearts with advanced anthracycline cardiomyopathy
(1 mortality and 9 following cardiac transplant) re-
ported interstitial fibrosis in all cases but with a
spectrum of distributions: 6 with multifocal fibrosis, 3
with diffuse fibrosis, and 1 with focal fibrosis. A
porcine model of anthracycline cardiotoxicity re-
ported that LGE appeared relatively late and in a
patchy distribution that became more apparent as
time progressed (26).

INTRACELLULAR AND INTERSTITIAL MYOCARDIAL

FIBROSIS AND EDEMA/INFLAMMATION: NATIVE T1

MAPPING AND EXTRACELLULAR VOLUME FRACTION

SEQUENCES. Novel tissue characterization sequences
such as native T1 mapping and extracellular volume
(ECV) fraction estimation have shown promise to
detect diffuse fibrosis and inflammation/edema by
quantitatively assessing its presence and extent
(Figure 8). When conducted in accordance with
recognized guidelines (44), these techniques have
shown excellent reproducibility and robust validation
against biopsy-proven collagen volume fraction and
extracellular space reported in explanted hearts (45)



FIGURE 6 Examples of Intracardiac Thrombus on CMR

(A) Axial SSFP showing PICC-associated thrombus prolapsing through the tricuspid valve (arrow). (B) T1-weighted EGE image showing

marked hypointensity of the same thrombus (arrow). (C) RV 2-chamber cine showing 2 separate thrombi (arrows) in the same patient.

(D) T1-weighted RV 2-chamber EGE image of the same patient, with thrombus indicated by an arrow. EGE ¼ early gadolinium enhancement;

PICC ¼ peripherally inserted central catheter; SSFP ¼ steady-state free precession; other abbreviations as in Figure 1.
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and biopsied patients with dilated cardiomyopathy
(46). Using this technique, an increased ECV, used as
a surrogate marker of myocardial fibrosis, was re-
ported in a cohort of patients receiving anthracy-
clines, as compared to age- and sex-matched controls
(47); this has also been shown to occur independently
of underlying cancer or cardiovascular comorbidities
3 years after anthracycline treatment (48). However, a
precise role for these sequences in the setting of
cancer therapy is yet to be established, and the tem-
poral variability of ECV and T1 mapping in healthy
controls was comparable to that seen in patients
receiving cancer therapy, which poses a challenge to
routine clinical application (49).
BLOOD FLOW, VELOCITY, AND VOLUME:

PHASE-CONTRAST SEQUENCES. Phase contrast or
velocity-encoded sequences enable CMR to accu-
rately assess and characterize blood flow, which is
particularly relevant in valvular and congenital heart
disease. Whereas echocardiography is the first-line
imaging modality, CMR can provide complementary
information where initial results are discrepant, of
limited quality or not obtainable, or when an alter-
nate imaging plane or additional information (e.g.,
myocardial viability) is required (50). In addition,
vessel “stiffness” and distensibility can be assessed
by phase-contrast imaging of the aorta. Aortic pulse
wave velocity increases significantly in after



FIGURE 7 Patterns of Myocardial Scarring in Post-Contrast Images (Late Myocardial Enhancement)

T1-weighted post-contrast short-axis mid ventricular images. (A) Ischemic LGE (arrows) due to transmural infarction in the right coronary artery territory.

(B) Mid-myocardial LGE in dilated cardiomyopathy (arrow). (C) Subepicardial LGE (arrows). LGE ¼ late gadolinium enhancement.
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anthracycline (18,51), although the impact on clinical
outcomes in cardio-oncology populations is
not known.

CLINICAL INDICATIONS FOR CMR

Diagnosis of cardiovascular disease during and after
cancer therapy through symptoms alone can pose a
diagnostic challenge to cardio-oncologists. This is
because cardiovascular effects can manifest through a
FIGURE 8 Native Short-Axis Mid-Ventricular T1 Map

(A) Normal native myocardial measurements (1,010 ms) and (B) abnorm
variety of overlapping symptoms (Figure 9) and are
interpreted in the context of an underlying cancer
diagnosis, which may itself express a significant
symptom burden. In this regard, CMR can be a useful
diagnostic tool. Furthermore, knowledge of cardio-
vascular effects according to therapeutic class, inci-
dence, and time of onset can be invaluable. In the
following paragraphs, we describe the relevant clin-
ical indications for CMR in cardio-oncology patients.
Table 2 also summarizes these indications and
al measurements (1,136 ms) in the mid-ventricular septum.



FIGURE 9 Overlapping Symptomatology of Cardiovascular Effects of

Cancer Therapy

Dyspnea
Cancer

Cancer
Therapy

Chest Pain
LV Dysfunction

CAD/ACS
Arterial Hypertension

Valvular Heart Disease Takotsubo
Myocarditis Pericarditis

Restrictive
Cardiomyopathy

PalpitationsSyncope

Cardiovascular effects of cancer therapy can manifest with a variety of

cardiovascular symptoms and occur in the context of cancer and cancer

therapy, which can themselves cause similar symptoms, independent of

cardiovascular disease, highlighting the diagnostic challenges faced by

cardio-oncologists. ACS ¼ acute coronary syndrome; CAD ¼ coronary

artery disease.
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includes the suggested protocol and data provided by
each sequence.

MYOCARDIAL DYSFUNCTION AND HEART FAILURE.

Left ventricular dysfunction that manifests clinically
as heart failure is 1 of the most concerning compli-
cations of cancer therapy, not only because it may
lead to cancer treatment interruption, but also
because it carries an adverse prognosis, particularly
when detected late (52).

In a porcine model of anthracycline toxicity, Galan-
Arriola (26) has shown that T2 relaxation-time pro-
longation (a marker of edema) was the earliest CMR
parameter to change. This occurred at week 6
(2 weeks after the third dose of intracoronary doxo-
rubicin), corresponded with intracardiomyocyte
edema at the tissue level, and importantly, identified
toxicity at a reversible stage. Other parameters such
as T1 mapping, ECV (markers of fibrosis), and left
ventricular wall motion only occurred at a later stage,
when fibrotic histologic changes became irreversible.
These data are yet to be replicated in a human pop-
ulation but highlight the potential utility of T2 map-
ping to inform treatment and monitoring strategies.

Although the noninvasive evaluation of LVEF has
several limitations, it is the most widely accepted
strategy for monitoring cardiac function in cardio-
oncology. With this in mind, it is important to un-
derstand that different mechanisms can drive
changes in LVEF, which is a product of end-diastolic
and end-systolic left ventricular volumes. One study
of 120 adults reported that among patients with de-
clines in LVEF meeting criteria for cardiotoxicity, 19%
were due to an isolated decrease in end-diastolic
volume, thought principally to represent volume
depletion (53). Furthermore, declines in LVEF driven
by an increase in end-systolic volume can be caused
both by extrinsic factors such as increased afterload,
as well as intrinsic myocardial dysfunction (54).
These factors should be considered when interpreting
CMR imaging results in patients receiving cancer
therapy.

The precision of CMR in measuring dynamic
changes in ventricular volumes and ventricular mass
make it an important tool to monitor and identify
early subtle cardiac changes associated with cancer
therapy used by a number of prospective studies
(Table 3) (55). From a clinical standpoint, it is partic-
ularly helpful in determining biventricular function
in challenging cases (e.g., patients who have under-
gone left sided breast surgery or with LVEF results
that are borderline or conflicting) or in determining
the etiology of the cardiomyopathy (1,56).

Chimeric antigen receptor (CAR) T cell therapy is
revolutionizing the treatment of relapsed or re-
fractory hematologic malignancy and is likely to ac-
quire other indications in time. Despite these
advances, a significant complication is cytokine
release syndrome, and the limited data describing
cardiovascular involvement are of particular rele-
vance. Cardiovascular manifestations include tachy-
cardia, hypotension, troponin elevation, left
ventricular dysfunction, pulmonary edema, and, in
severe cases, cardiogenic shock; although for most
patients with adequate physiologic reserve, the
myocardial insult appears to be reversible (57). Data
are currently limited to case reports and early clinical
trials (58) but it is hoped that a prospective observa-
tional study addressing the cardiovascular effects of
CAR T cell therapy will be instructive (NCT04026737).
One pediatric study reported that impaired systolic
and diastolic function before CAR-T were associated
with subsequent hypotension requiring inotropic
support (59). Although the use of CMR in the setting
of CAR T cell therapy is, to the best of our knowledge,
yet to be fully described, its unique ability to non-
invasively assess acute cardiomyopathic processes
mean that CMR is well placed to provide important
insights, and led to its inclusion in a recently pro-
posed screening and monitoring algorithm (60).

CMR is also a valuable tool to evaluate cardiomy-
opathy late after chemotherapy, which is particularly
relevant when managing the increasing population of

https://clinicaltrials.gov/ct2/show/NCT04026737


TABLE 2 Protocols for Assessment of Specific Clinical Cardiotoxicity Indications

Indication
Guideline
Support

Recommended Protocol and Parameters Reported

Anatomy Cine Edema Native T1/T2
Perfusion*
(� Stress) EGE* LGE* PC T1*

Phase
Contrast

Descriptive

LVEDV (ml), LVESV (ml),
LVEF (%), LVM (g),
(FT-Strain [%])

Presence
and Extent

Global/ Regional
Values (ms)

Vascularity
Presence of

Hypoperfusion

Presence
of Edema
Presence

of Thrombus

Presence and
Extent of
Scarring/
Fibrosis ECV (%)

Flow (ml),
Velocity (m/s),

RF (%)

LV dysfunction

Baseline evaluation Yes
(second-line)

U U U (U) � Stress U U (U)

Serial evaluation Yes
(second-line)

U U � (U)

Etiological evaluation Yes
(second-line)

U U U (U) � Stress U U (U)

Myocarditis/TCM Yes U U U (U) U U (U)

restrictive Yes U U � (U) U U (U)

CAD Yes U U (U) U U U (U)

VHD Yes
(second-line)

U U (U) � � (U) U

Arterial hypertension No U U (U) U U (U) U

Pericardium Yes U U � (�) � U U (�) U

*Requires gadolinium contrast administration. U ¼ recommended, (U) ¼ aspirational, � ¼ can be included in appropriate clinical context; (�) ¼ aspirational.

CAD ¼ coronary artery disease; FT ¼ feature tracking; LV ¼ left ventricular; LVEDV ¼ left ventricular end-diastolic volume; LVEF ¼ left ventricular ejection fraction; LVESV ¼ left ventricular end systolic
volume; LVM ¼ left ventricular mass; PC ¼ postcontrast; RF ¼ regurgitant fraction; TCM ¼ Takotsubo cardiomyopathy; VHD ¼ valvular heart disease; other abbreviations as in Table 1.
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pediatric and adult cancer survivors. CMR identified a
higher prevalence (14%) of cardiomyopathy
(LVEF <50%) in 114 asymptomatic childhood cancer
survivors assessed 27.8 years after anthracycline
chemotherapy compared to 2D or 3D echocardiogra-
phy (55). In fact, 11% of the study population was
misclassified as having a normal LVEF by 2D echo-
cardiography in comparison to CMR with the higher
cutoffof 60% improving the detection of cardiomy-
opathy. In another study, 62 asymptomatic childhood
cancer survivors were assessed a median of 7.8 years
after anthracycline treatment; the prevalence of car-
diomyopathy (ejection fraction <55%) in the right and
left ventricles was 81% and 79%, respectively (61). A
subsequent study by the same group using 2D and 3D
echocardiography and CMR reported the prevalence
of cardiomyopathy (LVEF <55%) as 78% in 71 survi-
vors of childhood cancer (62).

In addition to the assessment of heart failure with
reduced ejection fraction, accumulating evidence
identifies a role for CMR in the challenging and het-
erogeneous cohort of patients with heart failure with
preserved ejection fraction (63). A study of contem-
porary radiotherapy for breast cancer reported that
the risk of heart failure with preserved ejection frac-
tion increased with increasing cardiac radiation dose;
the odds ratio per log mean cardiac radiation dose
was 16.9 (95% confidence interval: 3.9 to 73.7)
compared to controls (64). While echocardiography
remains the cornerstone of assessing diastolic func-
tion, the ability of CMR to: 1) determine left atrial and
left ventricular volumes; 2) derive dynamic time-
volume filling curves; 3) assess flow in any plane
(e.g., pulmonary vein and transmitral); 4) yield
myocardial strain data; and 5) characterize the
myocardium means that CMR can potentially add
value to the diagnostic work-up and may also identify
alternative pathologies (63).

Left ventricular mass is another CMR-derived
marker of interest for quantifying cardiotoxicity. An
inverse association between anthracycline dose and
left ventricular mass was reported in a study of 91
patients with cardiomyopathy a median of 88 months
after chemotherapy (41), which is in keeping with the
report of Armstrong et al. (55) which found that 48%
of patients had a left ventricular mass that was 2
standard deviations below normal. Furthermore, in
the former study, left ventricular mass showed a
strong inverse association with major adverse car-
diovascular events (MACE). A recent report (65) pro-
vided additional pathophysiologic insight by
suggesting that this decrease may be due to car-
diomyocyte apoptosis.

MYOCARDITIS. CMR is a key noninvasive test for the
diagnosis of myocarditis, with an approach that
combines imaging sequences (e.g., T1 mapping and
LGE) reported to improve sensitivity and specificity



TABLE 3 Selected Prospective Adult Human Studies of Cardiotoxicity Using CMR

First Author,
Year (Ref. #) N

Mean Age (yrs);
% Female Treatment Follow-Up Imaging

Definition and Incidence of
Cardiotoxicity Findings

Wassmuth et al.,
2001 (29)

22 43; 77% First course: doxorubicin
67 mg/m2 or
epirubicin 76 mg/m2

3 and 28 days after treatment
initiation

LVEF <55% occurred in 27%
(n ¼ 6)

Significant decrease in LVEF 67.8 � 1.4%
to 58.9 � 1.9%; LVEF decreased
significantly at 28 days in patients
with an increase in relative contrast
enhancement of >5 on day 3

Chaosuwannakit
et al., 2010 (51)

40 52; 70% Doxorubicin 215 mg/m2

or daunorubicin
265 mg/m2 or
trastuzumab 920 mg

4 months after treatment
initiation

Not reported Significant decrease in LVEF 58.6 �
6.3% to 53.9 � 6.4%; significant
increase in aortic stiffness
(p < 0.0001)

Fallah-Rad et al.,
2011 (39)

42 47; 100% Epirubicin or adriamycin,
followed by
trastuzumab

12 months after treatment
initiation

LVEF decline of 10% to
<55% occurred in 24%
(n ¼ 10); determined by
echo

Significant decrease in LVEF 66 � 5% to
47 � 4% in 10 with cardiotoxicity, all
of whom exhibited subepicardial LGE

Drafts et al.,
2013 (18)

53 50; 58% 50-375 mg/m2

doxorubicin
equivalent

1, 3, and 6 months after
treatment initiation

Of those with LVEF >50%
at baseline (n ¼ 47),
26% (n ¼ 12) had
LVEF <50% after
6 months

Significant decrease in LVEF 58 � 1% to
53 � 1%; significant decrease in
mean mid wall circumferential strain
(-17.7 � 0.4% to -15.1 � 0.4%;
p ¼ 0.0003)

No new LGE

Jordan et al.,
2014 (37)

65 51; 86% 55% (n ¼ 36) received
median 240 mg/m2

doxorubicin
equivalent, 38%
(n ¼ 25) received a
monoclonal antibody

3 months after treatment
initiation

Not reported Significant decrease in LVEF 57 � 6% to
54 � 7%; significant increase in T1-
weighted signal intensity 14.1 � 5.1
to 15.9 � 6.8

No LGE

Lunning et al.,
2015 (40)

10 59; 40% 300 mg/m2 doxorubicin 3 months after treatment
completion

LVEF decrease by >10%
occurred in 50%

Significant decrease in FT-GCS
(p ¼ 0.018); trend to FT-GLS
decrease (p ¼ 0.073)

30% exhibited 1 new or progressive
segment of LGE

Nakano et al.,
2016 (38)

9 62.3; 100% 67% had epirubicin;
100% had
trastuzumab

3, 6, and 12 months after
treatment initiation

No cardiotoxicity Significant decrease in LVEF (68.4 �
6.6% to 61.7 � 8.7) at 6 and
12 months (62.9 � 7.8%) but not at
3 months (65.4 � 8.7%); significant
decrease in SENC-GLS and SEND-GCS
at 6 months but not at 3 or 12 months

Barthur et al.,
2017 (114)

41 52; 100% 56% received
anthracycline; 100%
received 18 cycles of
trastuzumab

6, 12, and 18 months No cardiotoxicity Significant decrease in LVEF at 6 (60.4 �
4.2% to 58.3 � 5.1%) and 12 (57.9 �
4.8%) months but not at 18 months;
significant decrease in RVEF at 6
(58.3% to 53.9%) and 12 (55%),
which had recovered at 18 months
(56.6%)

Muehlberg et al.,
2018 (36)

23 59; 52% 360-40 mg/m2

doxorubicin
equivalent

48 h after treatment initiation and
on treatment completion

LVEF decrease by >10%
occurred in 39% (n ¼ 9)

Significant decrease in subgroup with
cardiotoxicity (63.5 � 5.8% to 49.9
� 5.0%) but not in those without
cardiotoxicity (59.2 � 10.3% to 58.3
� 7.8%); at 48 h, the subgroup who
developed cardiotoxicity had
significantly lower native T1 times
than those who did not

Ong et al.,
2018 (20)

41 52; 100% 56% (n ¼ 23) received
anthracycline, 100%
received trastuzumab

6, 12, and 18 months after
treatment initiation

2.4% (n ¼ 1) experienced
cardiotoxicity

Significant decrease in LVEF at 6 months
(60.4% to 58.4%) and 12 months
(57.9%) but not at 18 months
(60.2%); significant decrease in FT-
GLS and FT-GCS at 6 and 12 months
but not at 18 months

GCS ¼ global circumferential strain; GLS ¼ global longitudinal strain; RVEF ¼ right ventricular ejection fraction; SENC ¼ strain-encoded imaging; other abbreviations as in Tables 1 and 2.
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(25). Immune checkpoint inhibitors (ICIs) have revo-
lutionized cancer treatment, but their mechanism of
action can lead to immune reactions against normal
tissue, including the myocardium. ICI-associated
myocarditis is a rare but serious side effect with an
estimated incidence of 0.06% to 1.14%, and MACE
rate of 46% in affected individuals (66) that occurs at
a median of 34 days from treatment initiation (66).

In addition to being rare, ICI-associated myocar-
ditis has a notoriously variable clinical presentation
and until recently had no widely accepted definition.
Furthermore, clinical practice guidelines on the



FIGURE 10 CMR and Angiographic Case Example of Ischemic Heart Disease

(A) T1-weighted mid-ventricular short-axis stress perfusion image showing an extensive inducible perfusion defect in the inferior and

inferoseptal walls (arrows). (B) T1-weighted short-axis image showing minimal scar according to small volume of LGE (arrows). (C) Coronary

angiography of the distally occluded (*) dominant right coronary artery. (D) Coronary angiography of the unobstructed left coronary artery.

The left circumflex is recessive and the posterior descending and posterior left ventricular branches of the right coronary artery are missing.

Abbreviations as in Figures 1 and 7.
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management of ICI-associated myocarditis have not
traditionally described a diagnostic role for CMR
(67,68). However, more recently, Bonaca et al. (69)
published a proposed definition of ICI-associated
myocarditis describing CMR as the preferred imag-
ing modality to establish the diagnosis. CMR findings
of ICI-associated myocarditis have been described in
2 case series (66,70). In the first series of 35 cases, 27
(77%) patients exhibited LGE on CMR in a pattern
typical of myocarditis (subepicardial [n ¼ 6], mid-
myocardial [n ¼ 12], and diffuse [n ¼ 9]), although the
majority (51%) of these patients had a normal LVEF
(66). In a large recent series of 103 patients with
ICI-associated myocarditis evaluated with CMR, the
mean LVEF was 50%, but the majority of patients
(61%) had an LVEF >50% overall (70). LGE was pre-
sent in 48% of the cohort overall; 55% in those with
reduced LVEF; and 43% in those with preserved
LVEF. The presence of LGE increased from 21.6%
when CMR was performed within 4 days of admission
to 72% when performed on day 4 or later. Fifty-one
patients (40%) suffered from MACE over a follow-up
of 5 months, although LGE was not predictive of
MACE (70). Therefore, increasing awareness of this
entity and recognition of the unique diagnostic ca-
pabilities of CMR may see its use in this setting
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increase in the coming years. However, a normal CMR
does not exclude ICI-associated myocarditis and
critically ill patients may not be suitable for CMR
scanning (71).

Takotsubo cardiomyopathy (TCM) is a clinical
syndrome presenting with symptoms (chest pain) and
objective evidence (electrocardiogram abnormalities,
including ST-segment elevation, troponin rise, and
segmental myocardial dysfunction) of a myocardial
infarction (MI) but with unobstructed coronary ar-
teries on angiography. It is characteristically precipi-
tated by an emotional or physical stressor that leads
to acute segmental dysfunction of the left ventricular
apex, leading to “apical ballooning” morphology.
Cancer therapies reported to trigger TCM include 5-
flourouracil, capecitabine, rituximab, and ICIs,
although a broad range of onset between 26 h and
3 months from treatment initiation has been reported
(72). Patients with a history of malignancy may have a
greater risk of developing Takotsubo (73), although
the mechanisms underlying this are incompletely
understood (54). In addition to the typical morpho-
logic appearance of the left ventricle, TCM is readily
identifiable on CMR by the presence of myocardial
edema on T2-weighted imaging, elevated T2 mapping
values, and the typical absence of fibrosis (LGE) (74).

CORONARY ARTERY DISEASE. CMR provides a
comprehensive assessment of acute and chronic cor-
onary artery disease presentations, which is recog-
nized by international societal guidelines (75,76).

In the short term, cancer therapies such as fluo-
ropyrimidines and platinum compounds can cause
myocardial ischemia and infarction (1,56). CMR can
readily detect MI and its complications (left ventric-
ular thrombus, pseudoaneurysm, and microvascular
obstruction) (77) and can be particularly helpful to
assess patients with MI and nonobstructed coronary
arteries (who often present a clinical dilemma).

In stable coronary artery disease, CMR can detect
myocardial ischemia (Figure 10) and allows differen-
tiation of viable from nonviable myocardium to
inform coronary revascularization strategies when
there is myocardial dysfunction (76). In a multicenter
study of 918 patients with stable angina and risk
factors for coronary artery disease, stress perfusion
CMR was associated with a lower incidence of revas-
cularization than invasive fractional flow reserve
assessment (35.7% vs. 45.0%; p ¼ 0.005, respectively)
and was noninferior with respect to MACE at 1 year
(3.6% vs. 3.7%, 95% CI: -2.7% to 2.4%) (78). It can also
be used to risk-stratify asymptomatic patients with
poor functional capacity and at least 2 clinical risk
factors (ischemic heart disease, cerebrovascular
disease, heart failure, diabetes mellitus requiring in-
sulin, or renal dysfunction) before cancer surgery
(79). Radiation-related coronary heart disease may
not manifest for 15 to 20 years after treatment, and
younger patients may be more susceptible (80).
Furthermore, the risk of a major coronary events in-
creases linearly with the mean cardiac radiotherapy
dose (7.4% per Gray), starting 5 years after exposure
(81). A higher prevalence of stress test abnormalities
has been reported among women irradiated for left-
sided breast cancer compared to right-sided breast
cancer (82), and in a study of 31 patients assessed 24
years after treatment for Hodgkin’s disease, 68%
exhibited a perfusion defect (83). Stem cell trans-
plantation is associated with accelerated cardiovas-
cular disease in later life, with a 22% incidence of
cerebrovascular disease, coronary artery disease,
and/or peripheral arterial disease at 25 years in a
single-center study of 265 long-term survivors (84).

VALVULAR HEART DISEASE. Chemotherapeutic
agents do not typically affect heart valves (1,56),
although valvular heart disease is clearly encoun-
tered in patients with cancer. Thoracic radiation in-
creases the risk of cardiovascular disease (85), with
valvular heart disease reported to affect 6.2% of
Hodgkin lymphoma patients 22 years after treatment
and an observed-to-expected ratio for valve surgery
of 8.3 in 1 study (86). In a separate CMR study of 31
patients assessed 24 years after radiotherapy (mean
dose, 40 Gray), the prevalence of hemodynamically
significant valvular dysfunction was 42% (83). How-
ever, these risks are somewhat mitigated by modern
radiotherapy dosing and administration tech-
niques (87).

In the assessment of valvular heart disease,
echocardiography is typically the first-line imaging
investigation, but CMR can provide complementary
information and is particularly useful when echo-
cardiographic findings are inconclusive, discrepant,
or not available (1,50). Using a combination of se-
quences, detailed anatomical and functional infor-
mation about valve morphology (e.g., cuspidity and
leaflet thickness) and the presence, location, and
severity of valvular heart disease can be assessed
either by estimating valve area and transvalvular
gradient, or regurgitant volume and regurgitant
fraction for stenotic and regurgitant lesions,
respectively (85). Phase-contrast assessment of
aortic stenosis has shown good agreement with
both Doppler measurements (88) and invasive he-
modynamic data (89). In addition to quantifying
the severity of valve disease, CMR provides a
precise estimation of its hemodynamic
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consequences and relationship with the structure
and function of the heart and great vessels. Stroke
volume data from cine imaging can also be used to
estimate regurgitant fraction and shunt volumes
(50).

ARTERIAL HYPERTENSION. Hypertension is a highly
prevalent, modifiable cardiovascular risk factor
whose presence in combination with other comor-
bidities was identified as an important independent
prognostic factor of survival in a study of 19,268
cancer patients (90). Certain cancer therapies, such as
vascular endothelial growth factor inhibitors and
tyrosine kinase inhibitors, increase the risk of inci-
dent hypertension and destabilization of previously
controlled hypertension (1,56). In a meta-analysis of
sorafenib, the overall incidence of hypertension was
23.4%, with 5.7% experiencing high-grade hyperten-
sion (91).

CMR can play an important role in the assessment
of the cardiovascular consequences (e.g., left ven-
tricular hypertrophy and fibrosis) of hypertension
(92) and also in the exclusion of underlying secondary
causes (renal artery stenosis and adrenal masses),
although dedicated sequences, such as magnetic
resonance angiography in the case of renal artery
stenosis, would be required because they are not part
of a standard CMR protocol but rather part of general
scanning.

PERIPHERAL VASCULAR DISEASE. Cancer therapies
such as tyrosine kinase inhibitors have been associ-
ated with the occurrence of peripheral vascular dis-
ease and adverse vascular events. Although the
reported incidence varies considerably, it may be
particularly high with some of the second- and third-
generation tyrosine kinase inhibitors, such as niloti-
nib and ponatinib (93). Radiation-induced vascular
disease appears histopathologically similar to
atherosclerotic vascular disease including lipid
deposition, inflammation, and thrombosis (94).

Contrast-enhanced angiography is a widely used
and effective technique to evaluate both the central
and peripheral vasculature that permits the anatom-
ical characterization of vascular lesions and assess-
ment of hemodynamic influence by phase-contrast or
velocity-encoded CMR (85). These sequences would
require a specific request because they are not
included in a typical CMR protocol.

PERICARDIAL DISEASE. CMR is 1 of the most versa-
tile modalities to evaluate pericardial disease, which
in the field of cardio-oncology principally relates to
pericardial thickening, pericardial inflammation and
effusion, pericardial masses and in the late stages,
pericardial constriction. Pericarditis has been
reported to occur 2 to 145 months after radiotherapy
with an absolute cumulative incidence of 2% to 5%
(1,56) and occasionally follows an immediate and
severe course, including large effusions and tampo-
nade. Pericarditis is also a recognized side effect of
chemotherapeutic agents such as doxorubicin, cytar-
abine, bleomycin, and cyclophosphamide (95) and
may or may not be accompanied by myocarditis and
pericardial effusion. Furthermore, cardiac graft-
versus-host disease following allogenic stem cell
transplantation may lead to pericardial effusions,
tamponade, and constriction, with significant peri-
cardial effusions identified in 4.4% of 205 patients at
a median of 30 days in 1 study (96).

By combining anatomical information, tissue
characterization, and detailed functional assessment,
a comprehensive assessment of the pericardium and
its hemodynamic consequences on ventricular filling
is provided by CMR (97). This can be particularly
helpful when results from echocardiography are
inconclusive (95). Abnormal pericardial thickening
(>3 mm) can accurately be defined by CMR and the
signal intensity and late enhancement characteristics,
with or without fat saturation, provides additional
diagnostic information, for example, in distinguish-
ing pericardial inflammation from pericardial fat (98).
The presence, extent, and hemodynamic influence of
accompanying pericardial effusion is readily detected
by CMR with effusions as small as 30 ml reported to
be detectible (97), although echocardiography is the
first-line imaging modality to detect pericardial ef-
fusions. Pericardial calcification is best detected by
computerized tomography, although its presence can
also be suggested by very low signal intensity on
CMR.

In the evaluation of pericardial constriction, CMR
is reported to be 88% sensitive and 100% specific (99).
A real-time short-axis mid-ventricular slice that
typically spans 2 respiratory cycles is recommended
with abnormal diastolic septal flattening during
inspiration, giving a D-shaped appearance to the left
ventricle, being indicative of constrictive physiology
(98) (Figure 11).

RESTRICTIVE CARDIOMYOPATHY. Restrictive car-
diomyopathy is a condition characterized by stiffness
of the ventricular walls, which can be caused either
by myocardial infiltration (e.g., amyloid), or in the
case of radiation-induced cardiomyopathy, myocar-
dial replacement fibrosis (100).

The inherent risks of invasive cardiac biopsy tend
to preclude its routine clinical use in the assessment
of restrictive cardiomyopathy, but with tissue char-
acterization sequences (LGE, T1 mapping, and ECV),



FIGURE 11 CMR Case Example of Pericardial Constriction

Real-time short-axis mid-ventricular SSFP cine imaging during deep breathing (A) during expiration, and (B) at onset of inspiration. Note the

D-shaped LV due to septal flattening (arrow). (C) Axial phase-contrast imaging of the inferior vena cava, with a flow pattern (D) showing

rapid and steep y descent with flow reversal in diastole (arrow) reminiscent of the jugular venous waveform encountered in pericardial

constriction. Abbreviations as in Figures 1 and 6.

Harries et al. J A C C : C A R D I O O N C O L O G Y , V O L . 2 , N O . 2 , 2 0 2 0

MRI to Detect Cardiovascular Effects J U N E 2 0 2 0 : 2 7 0 – 9 2

286
CMR can assess the myocardium noninvasively (101).
Amyloid light chain amyloid, in particular, can result
in cardiac involvement leading to a form of restrictive
cardiomyopathy. Cardiac amyloid is readily detectible
by CMR due to the interstitial deposition of amyloid
proteins (elevated native T1 and elevated ECV are
typical) (102,103). Patients with cardiac amyloidosis
also have markedly abnormal gadolinium kinetics
and a characteristic pattern of fibrosis (global sub-
endocardial LGE) (104), which may permit the
discrimination of amyloid from other wall-thickening
disorders. In addition, difficulty in obtaining
myocardial nulling (myocardium appears black),
despite a T1 scout, may suggest underlying amyloid.
However, although these techniques are sensitive,
they are not specific to amyloidosis and do not obviate
the need for a definitive histologic diagnosis (105).

CURRENT INTERNATIONAL GUIDELINE

RECOMMENDATIONS ON THE ROLE OF

CMR IN CARDIO-ONCOLOGY

CMR is becoming increasingly incorporated into so-
cietal cardio-oncology guidelines. The role identified
for CMR in the most recent publications is described
in detail below. In brief, CMR is particularly useful
when LVEF is difficult to obtain by other means (106)
(e.g., poor echocardiographic window due to left-
sided breast surgery); when results obtained by
other means are suboptimal, borderline, or conflicting
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(95); and where discontinuation of chemotherapy is
being contemplated (95). Furthermore, CMR is
particularly useful in the assessment of pericardial
disease (1,95), infiltrative diseases, and cardiac
masses (1,95), as well as in determining the etiology
of left ventricular dysfunction and presence of scar-
ring or fibrosis (1).

EUROPEAN SOCIETY OF CARDIOLOGY POSITION PAPER

ON CANCER TREATMENTS AND CARDIOVASCULAR

TOXICITY. When considering strategies for screening
and detecting cardiotoxicity, the choice of modality
depends on local expertise and availability but the
ESC describes several core principles, all of which are
fulfilled by CMR (1):

� The same imaging modality and/or biomarker
assay should be used for continued screening
throughout the treatment pathway. Switching be-
tween modalities is strongly discouraged.

� Modalities and tests with the best reproducibility
are preferred.

� Imaging modalities that provide additional rele-
vant clinical information are preferred (e.g., right
ventricular function, pulmonary pressures,
valvular function, and pericardial evaluation).

� High-quality radiation-free imaging is preferred, if
available.

In addition:

� CMR is useful to determine the cause of left ven-
tricular dysfunction and to clarify left and right
ventricular function in challenging cases (i.e.,
borderline or contradictory results from other im-
aging modalities).

� CMR also serves to evaluate the pericardium,
especially in patients with chest irradiation.

� LGE may be useful to detect scarring or fibrosis,
which may have prognostic implications in the
context of impaired left ventricular function.

CMR is an excellent test for the comprehensive
evaluation of cardiac masses and infiltrative
conditions.

EXPERT CONSENSUS FOR MULTIMODALITY IMAGING

EVALUATION OF ADULT PATIENTS DURING AND AFTER

CANCER THERAPY: AMERICAN SOCIETY OF ECHOCAR-

DIOGRAPHY AND THE EUROPEAN ASSOCIATION OF

CARDIOVASCULAR IMAGING.

� CMR may be particularly useful in situations
in which discontinuation of chemotherapy
is being entertained and/or when there is
concern regarding echocardiographic or
equilibrium radionuclide angiographic calcula-
tion of LVEF (95).

� If the quality of the echocardiogram is suboptimal,
CMR is recommended.

� CMR should be considered in evaluation of primary
tumors of the heart with or without compromise of
the pericardium or when the diagnosis of
constrictive pericarditis remains uncertain after a
careful echocardiographic evaluation.

� Standard precautions for CMR safety need to be
followed, including consideration of electromag-
netic interference. This may be particularly rele-
vant in patients with breast cancer, who had tissue
expanders placed for breast reconstruction may
represent a hazard.

PREVENTION AND MONITORING OF CARDIAC

DYSFUNCTION IN SURVIVORS OF ADULT CANCERS:

AMERICAN SOCIETY OF CLINICAL ONCOLOGY

CLINICAL PRACTICE GUIDELINE 2017. Imaging mo-
dalities such as CMR or multigated acquisition may be
considered if an echocardiogram is not available or
technically feasible (e.g., poor image quality as a
result of body habitus, chronic lung conditions, or
history of mediastinal surgery), with preference given
to CMR (106).

CHALLENGES AND SAFETY IN CMR

CMR emerged as an important tool to evaluate the
cardiovascular system nearly 2 decades ago, but
significant barriers to its widespread use in routine
clinical practice persist. CMR remains a compara-
tively time-consuming and complex investigation
that is typically performed in academic centers. It
requires a cooperative patient, ideally in sinus
rhythm, who can hold his or her breath to provide
high-quality images. However, the advent of novel
technologies such as compressed sensing real-time
cine CMR, self-gating, and artificial intelligence
have the potential to simplify and reduce
image acquisition time up to 20-fold without
compromising image quality (107). The cost and
general availability of MRI scanners is an additional
problem that may partially be addressed by collab-
orative use of resources and establishment of
referral pathways between smaller and larger in-
stitutions. Furthermore, most MRI scanners installed
in the last 10 years have the capacity to undertake
cardiac imaging. Data indicate that use of CMR has
continued to increase in the United States during
this period (108), with more than 600 centers sub-
mitting claims for CMR services according to 2018



TABLE 4 Safety Concerns in CMR and Possible Solutions

Category Safety Concern Possible Solution

MRI

Metallic foreign bodies (nonclinical) Removal; Intra-orbital metallic foreign bodies are an absolute contraindication to
MRI scanning.

Metallic foreign bodies (clinical) Patients with MRI-conditional devices that pose no hazard in specific conditions can
safely undergo MRI scanning. Consult MRI safety of specific product or device
(e.g. mrisafety.com).

There is increasing evidence that the risks attached to previously MRI-unsafe clinical
devices (e.g., legacy pacemakers, defibrillators, implantable loop recorders, and
tissue expanders) can be mitigated and that patients can safely undergo MRI
scanning (115,116). Consult MRI safety of specific product or device (e.g.,
mrisafety.com) and consult individuals/centers with expertise.

Pregnancy Often avoided during first trimester, although risk is not known.
No known risk during second or third trimester.

Gadolinium contrast

Allergy Gadolinium panel allergy testing.

Anaphylaxis Noncontrast study.

Pregnancy American College of Obstetricians and Gynecologists recommend that use should be
limited to cases where diagnostic performance is significantly improved and is
expected to improve fetal or maternal outcome.

Breast feeding American College of Obstetricians and Gynecologists recommend that breastfeeding
should not be interrupted after gadolinium administration.

Renal impairment Weigh benefit and risk, minimize dose of a low-risk agent, avoid repeat dose for
7 days.

Hemodialysis Noncontrast study; dialyze within 24 h of administration if benefit believed to
outweigh risk.

MRI ¼ cardiac magnetic resonance; other abbreviation as in Table 1.
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billing data furnished by the Centers for Medicare
and Medicaid Services.

There is an increasing number of physicians (car-
diologists and radiologists) who are training and
certifying worldwide, and CMR expertise at both the
clinician and technologist level is increasing. To in-
crease availability of technology and expertise, the
development of technologies that allow remote su-
pervision (109) of CMR scanners may also have an
important role to play in training staff in geographi-
cally remote locations. Shortened, simplified
rengths and Limitations of Cardiovascular Imaging Modalities

CMR Echocardiography
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racterization
diation
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protocols (e.g., 15-min noncontrast cine study for
ventricular dimensions and systolic function)
coupled with increasing automation of acquisition,
processing, and analysis, as well as the potential for
remote collaboration, image analysis, and interpre-
tation will also increase the accessibility of this
important tool to clinicians working in a variety of
health care settings.

Technical challenges in CMR can often be over-
come. For example, CMR may be facilitated in claus-
trophobic patients with a prone position, use of an
Nuclear CT

ducibility
bility
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Scan time
Spatial resolution
Morphological and extra-cardiac information
Low cost
Multiplanar

tion exposure
d morphological and
nctional information

Radiation exposure
Limited functional information
Contrast reactions
Renal impairment due to risk of contrast-

induced nephropathy

http://mrisafety.com
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eye mask, preprocedural sedative or general anes-
thetic (generally pediatric populations), or the
accompaniment of a friend or relative or by using a
large bore scanner. Difficulty breath-holding can be
overcome by reducing the number of slices or phases
and thus the time required for acquisition, by using a
respiratory navigator, or by acquiring images during
free breathing or inspiration, rather than held expi-
ration. Traditionally, CMR exams have lasted
approximately 60 min; however, the adoption of
shortened protocols (3) can reduce this to 20 to 25 min
without compromising image acquisition quality
while maximizing patient comfort and efficiency.
Image quality can be improved in patients with
arrhythmia by using arrhythmia rejection and/or
correction protocols, or by using prospective elec-
trocardiogram gating or real-time acquisition. Table 4
describes safety concerns and proposed solutions
encountered in clinical CMR and Table 5 describes
relative strengths and limitations of each imaging
modality.
CONCLUSIONS

Cardio-oncology is a diverse and rapidly evolving
field. CMR provides comprehensive, accurate, and
reproducible cardiovascular data that can be
applied to a wide variety of clinical scenarios
encountered by the cardio-oncologist. The use of
CMR in this setting is supported by international
societal guidance and an expanding evidence base.
Barriers to the widespread use of CMR persist,
although technological advances and stakeholder
collaboration will improve access to and awareness
of this increasingly indispensable investigation in
modern medicine.

ADDRESS FOR CORRESPONDENCE: Dr. Chiara
Bucciarelli-Ducci, Bristol Heart Institute, University
Hospitals Bristol NHS Foundation Trust, Upper
Maudlin Street, Bristol BS2 8HW, United Kingdom.
E-mail: C.Bucciarelli-Ducci@bristol.ac.uk. Twitter:
@chiarabd, @juancplana.
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