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Abstract

Over the past two decades, cardiac magnetic resonance imaging (CMR) has become an
essential component of cardiovascular clinical care and contributed to imaging-guided
diagnosis and management of coronary artery disease, cardiomyopathy, congenital heart
disease, cardio-oncology, valvular and vascular disease, amongst others. The widespread
availability, safety, and capability of CMR to provide corresponding anatomic, physiologic
and functional data in one imaging session can improve the design and conduct of clinical
trials both through reduction of sample size, and provision of important mechanistic data that
may augment clinical trial findings. Moreover, prospective imaging-guided strategies using
CMR can enhance safety, efficacy, and cost effectiveness of cardiovascular pathways in
clinical practice around the world. As the future of large-scale clinical trial design evolves to
integrate personalized medicine, cost-effectiveness, and mechanistic insights of novel
therapies, the integration of CMR will continue to play a critical role. In this document, the
attributes, limitations, and challenges of CMR’s integration into the future design and
conduct of clinical trials will also be covered and recommendations for trialists will be
explored. Several prominent examples of clinical trials that test the efficacy of CMR-
imaging guided pathways will also be discussed.
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CMR to Address Critical Needs in Healthcare

Cardiovascular disease remains the leading cause of morbidity and mortality worldwide.
Accurate diagnosis is imperative to guide appropriate clinical decision-making that ultimately
translates into improved patient outcomes. Cardiac magnetic resonance (1), a non-invasive
imaging modality with excellent diagnostic and prognostic performance, has become the
reference standard for numerous cardiovascular measurements. Advancements in CMR
image acquisition and post-processing with the advent of parametric mapping provides a
unique "virtual heart biopsy" for the clinician, with detailed myocardial structure, function,
perfusion, and tissue characterization supporting its utility in the era of precision medicine.
CMR may be conducted with or without gadolinium contrast, is highly conducive to serial
imaging, and does not expose patients to ionizing radiation or iodinated contrast. These
aggregate attributes make CMR imaging biomarkers particularly well suited as surrogate
clinical trial endpoints for the evaluation of both novel pharmacologic and invasive
interventions (2,3). In addition, technical CMR innovations have led to scanners becoming
faster (with compression techniques), less expensive, more automated, and easier to use

providing further benefits in the evaluation of cardiovascular disease.

CMR for Stable Coronary Disease Trials

There is extensive clinical evidence that stress CMR accurately diagnose patients with
hemodynamically significant coronary stenosis, and in symptomatic patients, effectively
guides the use of invasive coronary angiography and coronary revascularization (Figure 1).
The MR-INFORM randomized control trial demonstrated that patients with stable angina at
intermediate-high risk for coronary artery disease (CAD) showed non-inferior adverse
outcomes at 1-year despite lower utilization of invasive therapies when guided by stress

perfusion CMR first compared to an invasive fractional flow reserve (4) strategy



(Supplementary Table) (2). CE-MARC 2 was a multicenter, 3-parallel group, randomized
clinical trial involving 1,202 patients with suspected CAD comparing stress perfusion CMR
with nuclear perfusion imaging (MPI) and first-line cardiac computed tomography
angiography (CTA) as per National Institute for Health and Care Excellence (NICE)
guideline (3). CMR resulted in a lower probability of unnecessary invasive coronary
angiography within 12 months than NICE guideline—directed care, with no statistically
significant difference between CMR and MPI. CMR metrics in the MR-INFORM, (2) Stress
CMR Perfusion Imaging in the United States (SPINS) (5) and EURO-CMR registries (6)
have consistently demonstrated the ability of CMR to reduce unnecessary downstream
procedures, minimize costs, while acting as a powerful risk stratification tool for identifying
individuals at increased risk for adverse cardiac events. CMR may be particularly
advantageous in future trials of CAD in women owing to its high specificity, prognostic

utility, ability to characterize microvascular ischemia, and absence of thoracic radiation.

CMR for Acute Myocardial Infarction Trials

Echocardiography offers a rapid assessment of ventricular and valvular structure and function
and it will continue to serve as a first-line tool after an acute myocardial infarction (AMI).
However, CMR is uniquely suited to address the spectrum of myocardial tissue
characteristics as a result of the acute injury (Figure 2) (7). CMR provides assessment of
necrosis (irreversible damage) and surrounding edema (salvage area, reversible damage) in
AMLI, in addition to scaling the severity of ischemic injury using novel quantitative tissue
mapping techniques (8). CMR has high diagnostic and prognostic values in recent AMI
clinical trials, (9) (10) and served as surrogate endpoints of various novel therapeutic
interventions. Infarct size by CMR has demonstrated incremental prognostic performance in

STEMI patients beyond left ventricular systolic function (11). Microvascular obstruction



(MVO) and myocardial salvage index have shown incremental association with both LV
functional recovery and future adverse cardiac events (12). Additional CMR paramaters, such
as LV strain (13) and native T1-mapping have also shown incremental prognostic utility and
the capability to differentiate between reversible and irreversible myocardial damage in acute
STEMI (13). CMR may also play an important role in the diagnostic evaluation of
challenging CAD sub-populations, such as women suffering AMI with non-obstructive
coronary artery disease (MINOCA) as shown in the Heart Attack Research Program (HARP)
(14). Multiparametric mapping and quantitative measures of myocardial blood flow by CMR
are currently undergoing validation with invasive coronary vascular function reference
standard for INOCA in the CORCMR substudy of the CORMICA trial (Supplementary

Table) (15).

CMR for Valvular Heart Disease

Echocardiography provides efficient first-line assessment of severity of valular heart disease
(VHD) and anatomical structures of the heart valves. However, CMR complements by
providing a multifacet interrogation of valvular anatomy, quantitation of peak blood flow
velocity across valves and regurgitant volumes/fractions, the consequential effects of VHD on
ventricular dimensions and geometry, myocardial fibrosis (16), and reversal of left ventricular
(LV) remodeling after valvular intervention. Multicenter trials have evaluated the prognostic
value of CMR-derived parameters in aortic and mitral regurgitation (AR, MR) and aortic
stenosis (AS) with the aim to find thresholds to guide valve surgery (Supplementary Table)
(Figure 3) (17). CMR is especially useful when discordant information exists or poor-quality
echocardiographic windows that compromise evaluation of valve lesion severity or ventricular
volumes/function. A recent multicenter study (18) conducted in asymptomatic patients with

moderate to severe MR reported that CMR-derived regurgitant volume and fraction of >55ml



and >40%, respectively, accurately identified patients with adverse prognosis that required
surgery on follow-up. Quantification of AR severity by echocardiography may be challenging
and CMR plays an important complementary role. Kammerlander et al demonstrated that
quantitation of AR by CMR reclassified patients over echocardiography and provided
incremental prognostic value that better guided time to aortic valve surgery (19). Another
multicenter prospective study (18) of patients with moderate or severe AR observed that a
CMR-derived regurgitant fraction of >33% in combination with a large LVEDV was associated
with a rapid worsening clinical course towards needing valve surgery. Late gadolinium
enhancement had been shown to provide incremental prognostic information complementary

to morphological/functional parameters (20).

CMR methods may offer new direction in designing clinical trials of patients with aortic
stenosis (AS). Echocardiography offers highly accurate quantitation of the severity of AS but
both myocardial scar (21) and extracellular volume fraction (22) by CMR have demonstrated
strong prognostic association with mortality in patients with severe aortic stenosis, thus
potentially playing a role for planning of aortic valve replacement. Stress CMR-derived
myocardial perfusion reserve, as a way characterizing coronary microvascular dysfunction, had
also been shown to have specific prognostic values in patients with AS (23). The ongoing
EVOLVED randomized trial is using CMR-derived LGE imaging to screen for mid-wall
fibrosis in asymptomatic AS patients and is evaluating the benefits of early surgery compared

to watchful waiting (24).

CMR for Chemotherapy Toxicity
Echocardiography has been the mainstay for the surveillance and detection of cardiovascular

toxicity of chemotherapy, but CMR offers important information in the early identification



of structural and pathologic changes in cancer patients at risk and can inform therapeutic
decision making. Compared to echocardiography, higher precision and accuracy by CMR to
detect small, early changes in chamber size, ventricular function, native T1 values and global
strain can inform therapeutic decisions. In addition, CMR is beneficial in scenarios with poor
echocardiographic windows, conflicting results, or concern for ionization radiation. Tissue
characterization techniques with LGE, ECV, T1, and T2 mapping assist in elucidating
mechanisms of myocardial injury, such as edema, inflammation, interstitial or replacement
fibrosis. The versatility of CMR as a single modality allows a comprehensive evaluation for a
large spectrum of cardiovascular toxicities, including concomitant pericardial disease,
underlying non-ischemic or ischemic etiologies for cardiac dysfunction (i.e. high diagnostic
accuracy of stress CMR for coronary artery disease and microvascular dysfunction), and

vascular toxicity (i.e. aortic distensibility) (25).

CMR for Cardiomyopathies

Amongst nonischemic cardiomyopathies, CMR tissue characterization techniques, such as
LGE, T1/T2 mapping, ECV and T2* assessment have been established in diagnosis, risk
stratification, and guidance of management (26) (Figure 4). Since ECV predicts survival and
correlates with the severity of amyloidosis infiltration, it could be used as a surrogate
endpoint in clinical trials of cardiac amyloidosis therapies. Since T1 is decreased before LGE
is apparent in Anderson-Fabry disease, this could be used in clinical trials of early treatment
with enzyme replacement (27). Tissue characterization could also be used in clinical trials
testing the type and the duration of immunosuppression in inflammatory cardiomyopathies,
such as cardiac sarcoidosis and giant cell myocarditis (Supplementary Table). CMR may also
be useful in heart failure with preserved ejection fraction risk stratification, guiding

treatment, and assessing treatment response (28). Overall, the role of CMR in addition to



echocardiography and other alternatives for nonischemic cardiomyopathy is widely
recognized; however, additional clinical trials are needed to address evolving clinical

management strategies.

CMR for Arrhythmia Risk Stratification in Heart Failure

While assessment of LV function and viability with other imaging modalities such as
echocardiography, MPI, and CT can be useful for ventricular arrhythmia risk stratification in
heart failure (29), the importance of CMR for this application is widely recognized. For
example, CMR can identify key structural findings in both ischemic cardiomyopathy and
non-ischemic cardiomyopathy, (30,31) including sarcoidosis (32), to identify the best
candidates for implantable cardioverter defibrillators (Supplementary Table) (33). While
echocardiography has also been studied for cardiac resynchronization therapy (34), CMR is
particularly well-suited to identifying the best pacing strategies in patients with heart failure
undergoing cardiac resynchronization therapy (35). In addition, CMR has been shown to be
useful for identifying optimal targets for catheter ablation procedures in both ventricular
tachycardia (36) and atrial fibrillation (37). In hypertrophic cardiomyopathy (HCM), LGE
has been advocated for implantable cardioverter defibrillator risk stratification (38), and the
ongoing Hypertrophic Cardiomyopathy Registry promises to further define the role of CMR
in HCM (Supplementary Table) (39). In arrhythmogenic right ventricular cardiomyopathy
(ARVC), abnormal CMR findings related to global and regional right ventricular function are
advocated for diagnosis of ARVC (40) in combination with other criteria, and CMR findings
including LGE are used for implantable cardioverter defibrillator risk stratification
(Supplementary Table) (41). In cardiac sarcoidosis, current guidelines include LGE as a
criterion to justify implantable cardioverter implantation (41). In patients with nonischemic

cardiomyopathy, CMR can identify patients at increased risk for sudden cardiac death but not



included in current guidelines for primary prevention implantable cardioverter defibrillators
(41), such as those with midwall LGE and left ventricular ejection fraction >40% (42,43). In
addition, CMR is also used to assess for infiltrative disease in patients with nonischemic

cardiomyopathy.

CMR for Ablation of Ventricular Tachycardia

CMR can produce models of regional electrical conduction velocities to identify the critical
isthmus for ventricular tachycardia ablations (44). In specialized centers, LGE can be used to
create maps that simulate voltage maps generated with invasive electroanatomic method (45).
In patients with atrial fibrillation, left atrial fibrosis can be detected and quantified with LGE-
CMR, although access to proprietory post-processing software remains limited. CMR
characterized left atrial fibrosis prior to a first ablation can predict outcomes, and patients
with more left atrial fibrosis may benefit from more extensive ablation in addition to the
standard pulmonary vein isolation approach used in most patients (37,46). If quality of left
atrial imaging improves, gaps in ablation lines after a catheter ablation procedure could be
assessed in order to inform prognosis and design ablation strategies prior to a second ablation

procedure.

CMR for Cardiac Manifestations of Coronavirus Infections

CMR may also be very useful for patients who have recovered from a coronavirus infection,
particularly COVID-19. A recent CMR study with 100 patients demonstrated cardiac
involvement in 78% and ongoing inflammation in 60% of recovered COVID-19 patients
(47). The effects of COVID-19 on myocardial perfusion are being prospectively evaluated in
the CISCO-19 multicenter study in the United Kingdom (48). CMR may play an important

role in cardiac prognostication amongst patients with active and recovered COVID-19.
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Infrastructure and Support for CMR Clinical Trials

The Society for Cardiovascular Magnetic Resonance (1) is actively providing resources and
guidance to facilitate clinical trials in CMR. The SCMR standardized imaging protocols 2020
update describes current recommendations for field strength, appropriate pulse sequences,
stress/contrast agents, device compatibility and acquisition protocols for common endpoints.
General protocols for ventricular function, perfusion, LGE, flow quantification, and
myocardial mapping (T1, T2 and T2*) are provided that should be followed by all sites in
multi-center trials. Disease specific protocols are also included (Supplementary Table) (49).
A companion statement outlines recommendations for post-processing and analysis (50).
SCMR members can also search a list of members whose facilities conduct research studies
(https://scmr.org/page/ResCtrDirPage). In addition, SCMR Clinical Trials Taskforce is
working to support collaborative clinical trial efforts and recently summarized the evidence

supporting the use of CMR endpoints in clinical trials (1).

The establishment of CMR registries has the potential to facilitate multi-center clinical trials.
The European CMR Registry has demonstrated the impact of CMR on diagnosis and
management (6) The SCMR Registry seeks to foster multi-center research and gather
evidence for the impact of CMR on outcomes (42). Investigator-led CMR trials are beginning
to be co-funded by industry, leveraging resources from the SCMR registry. For example,
with funding support from industry, the SPINS trial (5) evaluated the prognostic value of
stress CMR on 2,349 patients with stable angina and 2 or more risk factors followed for a
median of 5.4 years, showing that patients with ischemia and positive LGE had >4-fold
higher annual event rate within the first year. In contrast, those with no ischemia or LGE had

a negative event rate of 99% over 5 years. The Hypertrophic Cardiomyopathy Registry,
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facilitated by SCMR investigators, prospectively includes 2755 patients and intends to
improve risk prediction in this population and to discover new genotype-phenotype
relationships of patient sub-groups (39,51). The production of multi-center registries may be
particularly important in congenital heart disease, in which data sharing is crucial to enable

sufficient numbers for computational meta-analyses (52).

Components in Planning of a Clinical Trial Using CMR
The general approach to planning a clinical trial using CMR should include evaluation of the
type of clinical study needed to address the clinical question of interest. CMR can be used to
identify appropriate patients for testing an intervention, confirm similar distributions of key
characteristics in treatment arms, develop appropriate surrogate endpoints, and inform the
development of very large studies with hard clinical endpoints based on surrogate endpoints
evaluated in previous CMR studies. The specific components of planning a clinical trial using
CMR include:
1) Specification of the imaging-guided intervention and comparator;
2) Determination of the appropriate patient group for evaluation of these
interventional strategies, and identification of primary and secondary endpoints;
3) Power analysis to identify the number of participants needed to answer the clinical
question;
4) Consideration of whether a single-site or multi-site clinical trial is most appropriate
regarding ability to achieve target enrollment and endpoint assessment;
5) A realistic balance between technical novelty of complex pulse sequence methods
and feasibility and consistency of multicenter data acquisition;

6) Development of an a priori plan for statistical analysis of the study findings;
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7) Specification of a Data Coordinating Center and Clinical Coordinating Center,
governed by separate teams of leadership; and

8) Identification of the target funding source.

Standardization of All Imaging Reporting and Interpretation in a Clinical Trial
Standardization of CMR imaging reporting and interpretation is mandatory. For example,
although CMR has been used in Phase 2a and 2b STEMI clinical trials for the assessment of
infarct size and myocardial salvage (53,54), there is a need for international standardization
of CMR parameters used to characterize edema, inflammation, microvascular obstruction,
and other physiologic findings. Site training and initiation, imaging manuals, assessment of
test cases and continuous quality control by a core laboratory all help to improve precision,

standardization, and consequently the power of the trial.

Primary and Secondary Endpoints in CMR Clinical Trials

The value of various techniques as imaging biomarkers has been described in full detail in a
consensus document, as shown in the summary in Table 1 (1). When using CMR as an
endpoint in larger clinical trials, it may be advisable to use biomarkers with better validation
as primary endpoints. As imaging biomarkers are usually surrogate endpoints in clinical
trials, they ideally would be validated for a predictive association with hard endpoints, such

as death or heart failure.

Health quality or quality of life are well established patient reported outcome measures that
are routinely used in clinical trials and are essential components of health economic
evaluations since costs are frequently measured in costs per quality life years gained.

Training of sites in data acquisition methods is essential. A reasonable starting point for

13



endpoint standardization is the Societal Consensus Statements on data acquisition,
postprocessing, reporting, analytical validation and clinical qualification, which provide a
consensus among experts.

Limitations of CMR for Clinical Trial Endpoints and Cost Effectiveness

While the rapid evolution of CMR has provided a wealth of imaging biomarkers, assessment
of multiple biomarkers in a single session can incrementally increase scan duration (55).
Another consideration is that while surrogate imaging biomarkers may be highly sensitive for
detection of particular cardiovascular disease processes, some imaging biomarkers may lack
adequate specificity to serve as substitute trial endpoints. In accordance, many newer CMR
sequences require adequate cardiac gating, heart rates, and breath-holding, such that site
training and specification of protocols are necessary to obtain high-quality, consistent data in
large, heterogeneous patient populations enrolled across multiple centers. Despite having
similar sequences across CMR vendors, these sequences may have different normative
values, particularly at different field strength. For this reason, standardization of CMR
biomarkers prior to site inclusion/enrollment are critical (56). In the future, these challenges
should be addressed on an international societal level to ensure the integrity and future
evolution of CMR core laboratories to achieve reproducible and comparable CMR-imaging

data for potential enrolling sites around the world.

CMR is not ideally suited for certain patient populations, such as pregnancy, non-compatible
metallic devices, and known hypersensitivity to gadolinium. Recent data has shown
exceedingly rare incidence of nephrogenic systemic fibrosis with administration of group II
gadolinium contrast agents (57) leading to liberalization of MRI guidelines in patients with

chronic kidney disease. In addition, novel sequences such as wideband LGE have
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significantly improved image quality and can accurately localize myocardial scar in many

patients with implantable electronic devices (58).

The current cost of CMR infrastructure serves as a potential limitation in clinical trials,
particularly if less expensive imaging modalities may provide similar surrogate endpoint
measures with non-inferior reproducibility. Fortunately, with the expanding clinical need for
CMR, these issues will become less of a barrier in future as the capacity to conduct CMR
improves worldwide along with commensurate decreases in costs. Moreover, mounting
evidence for the superior cost-effectiveness of CMR over existing standard of care will

further improve clinical adoption and cost-savings for healthcare systems (59,60).

Role of Artificial Intelligence and Machine Learning in CMR Clinical Trials

Artificial intelligence (Al) has the unique ability to aid patient selection, acquisition of
images, post-processing of data and interpretation of sequences. Al can analyze both patient
records and trial inclusion/exclusion criteria enabling physicians to quickly review a list of
potential trials for patients, while supporting the clinical trial office in reaching enrollment
numbers. Novel Al-guided MRI platforms prescribe the standard cardiac views, acquiring
images more quickly, improves patient experience through fewer breath holds and reduces

imaging artifacts from arrhythmia by using real-time imaging (61).

Al and machine learning can unravel the wealth of information contained in CMR images
and potentially enhances patient diagnosis, prognosis and outcome predictions. Machine
learning for automatic ventricular segmentation has been used to measure cardiac mass and
function with high accuracy and reproducibility (62). Using deep neural networks, an

automated method achieved a performance on par with human experts in analyzing CMR
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images and deriving clinically relevant measures (63). Deep convolutional neural networks
have been applied to automatically quantify LV mass and scar volume on LGE in patients
with hypertrophic cardiomyopathy, with strong correlation between the automatic and

manual segmentations (64).

Al is a promising approach for future clinical trials, but there are important potential ethical
and legal ramifications. First, the incorporation of big data raises questions of privacy and
security. Furthermore, risk for biases towards financial gain or worsening health disparities
exist (65). Third, issues related to the “black box” algorithm and what happens when the

human and algorithm disagree also need to be considered.

Conclusions

CMR is suited well to provide complementary information relative to other imaging
modalities in order to help meet critical needs related to diagnosis and treatment of
cardiovascular disease. In addition, CMR is well positioned to play an integral part in clinical
trials with its ability to provide anatomic, physiologic and functional data in a single imaging
session. In the era of personalized medicine, value-based care and mechanistic insights of

novel therapies, the integration of CMR in clinical trials will continue to evolve.
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Figure Legends

Figure 1 —Comprehensive stress perfusion CMR examination in a patient with multi-
vessel coronary artery disease. A: Diastolic still frame image from short-axis cine MRI
(SSFP). B: Corresponding gadolinium first-pass perfusion during adenosine infusion. The
dark subendocardial rim demonstrates hypoperfusion in multiple coronary territories (white
arrows). C: Corresponding LGE image following gadolinium contrast demonstrates a tiny
rim of subendocardial enhancement (arrow) suggesting myocardial infarction in a territory of
myocardium that demonstrates significant myocardial viability.

Figure 2 — CMR in Acute Myocardial Infarction. Apical short-axis image acquisition after
gadolinium contrast demonstrating microvascular obstruction in a patient who presented with
extensive myocardial injury due to anterior ST-elevation myocardial infarction.
Microvascular obstruction is the region of hypoenhancement (dark zone, white arrow)
surrounded by the large territory of enhancement.

Figure 3 — CMR in Valvular Heart Disease. In aortic regurgitation. (AR, left), cine
sequences (A,D) are used to measure ventricular dimensions and systolic function as well as
aortic valve morphology. A phase contrast sequence at the aortic valve level (B) is used to
quantify the regurgitant fraction (C). The ascending aorta is also evaluated either with cine
sequences (E) or with MR contrast angiography. In aortic stenosis (AS, center), cine
sequences (F, I) are used to quantify ventricular dimensions and systolic function, and to
planimeter the aortic valve area (G). Peak velocity at the aortic valve level is measured (H, J).
LGE (K) and T1 mapping (L) sequences are usually included in the protocol to investigate
the presence of focal and diffuse fibrosis. In mitral regurgitation (MR, right), cine sequences
(M, N, Q) are used to quantify ventricular dimensions and systolic function, and to assess
mitral valve morphology (N). Phase contrast sequences allow for the quantification of MR
(P) and LGE sequences (R) are usually included in the protocol if coronary artery disease is
suspected.

Figure 4 — CMR for Tissue Characterization in Cardiomyopathy. The examples
demonstrate findings such as mid-myocardial LGE in a patient with genetic dilated
cardiomyopathy due to a LMNA mutation (A), diffuse transmural LGE with altered
gadolinium kinetics due to amyloid deposition in a patient with cardiac amyloidosis (B),
anterior and lateral subepicardial LGE due to acute myocardial necrosis in a patient with
acute myocarditis (C), multifocal subepicardial LGE due to a combination of acute and
chronic myocardial damage in a patient with cardiac sarcoidosis (D), elevated T (1180 ms)
on pre-contrast T1 mapping in a patient with cardiac amyloidosis (E), elevated extracellular
volume fraction (68%) on post-contrast T1 mapping in a patient with cardiac amyloidosis (F),
anterior and lateral subepicardial elevated T> (59 ms) on T> mapping in a patient with acute
myocarditis (G). and decreased T>* (5.2 ms) on T>* mapping in a patient with iron overload
cardiomyopathy (H).

Figure 5 — CMR for 3D Strain and Scar Visualization for Cardiac Resynchronization
Therapy and Ventricular Tachycardia Ablation. In a patient undergoing cardiac
resynchronization therapy, the area of latest activation based on CMR DENSE relative to the
implanted quadripolar lead is shown in red (A), and an overlay of scar and coronary venous
anatomy on the 3D contour and quadripolar lead is also shown (B). A three dimensional map

from CMR demonstrating key sites for ventricular tachycardia ablation based on scar is also
shown (C).
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Table 1: Key structural and physiologic CMR endpoints

Underlying
pathophysiology

Relation to other
imaging
modalities

Relation to
other
biomarkers

Relation to
hard
endpoints

comments

Volumes

Nonspecific

CMR is more
accurate and
reproducible,
requiring
significantly
fewer patients in
comparison to
echocardiography
or radionuclide
ventriculography
to achieve the
same power

Strong
relationship
if highly
abnormal,
weak
relationship
if mildly
abnormal

Ejection
Fraction

Nonspecific

CMR is more
accurate and
reproducible,
requiring
significantly
fewer patients in
comparison to
echocardiography
or radionuclide
ventriculography
to achieve the
same power

Strain

Nonspecific

Similar to
echocardiographic
speckle tracking.
In comparison to
echocardiography
more influenced
by endocardium,
lower temporal
resolution, better
visualization of
inferior wall and
right ventricular
free wall.

More
sensitive for
abnormalities
than volumes
or ejection
fraction

Regional
function still
difficult.
Global
longitudinal
strain was
most
reproducible.

LGE

Specific for
cardiac damage
and the only
non-invasive
technique to
demonstrate
direct correlation
with

Higher spatial
resolution than
SPECT or PET,
straightforward
combination with
wall motion.
Reference

Long term
marker of
myocardial
damage.
Stronger
marker of
outcome than
volumes,

Strong
relationship
to hard
endpoints.
Any
increase of
LGE
burden

Absolute
quantification
influenced by
timing,
contrast dose,
diffuse
fibrosis, and
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histopathology. | standard for focal | ejection increases method of
Chronic: focal scar. fraction or event rate. | quantification.
replacement strain.
fibrosis. Acute:
focal necrosis
and edema
Perfusion | Specific for Higher spatial Provides Strong
myocardial resolution than direct relationship
ischemia. SPECT or PET, information | to hard
Epicardial and thus, better on endpoints.
microvascular detection of myocardial | Any
damage can be subendocardial flow rather increase of
separated abnormalities. than indirect | ischemia
Quantification via coronary | increases
possible. anatomy or | event rate.
pressure
Mapping | Specific for No other imaging | Provides a Strong Strict locking
myocardial water | modalities direct relationship | of sequence
content (T2), available assessment to hard parameters
strongly of endpoints required for
correlated to myocardial native scans.
diffuse damage. Can
myocardial partially be
fibrosis (T1, obtained
extracellular with
volume fraction) myocardial
and myocardial biopsy.
iron
accumulation
(T2%)
Vascular | Pulse wave No other imaging | Provides an | Mechanistic | Cine and/or
function | velocity / aortic | modalities assessment outcome phase contrast
distensibility of vascular methods
stiffness and
compliance
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Supplementary Table Summarizing Status of Publications in CMR in Areas with Unmet Needs

Study Study Type N Method(s) of | Outcome Findings
Assessment
Coronary Artery
Disease
GadaCAD(1) RCT 764 | Vasodilator stress | Diagnostic accuracy for | CAD prevalence 27.8% determined by QCA
CMR detection of CAD stenosis >70%
Single vessel QCA stenosis >70%: Sensitivity
78.9%, specificity 86.8%, AUC 0.871.
Multivessel CAD detection: Sensitivity 87.4%,
specificity 73%;
Single vessel QCA stenosis >50%: Sensitivity
64.6%, specificity 86.6%
Heitner et al.(2) Observational | 9,151 | Vasodilator stress | Death Vasodilator stress CMR is associated with death
CMR in patients with known or suspected CAD as well
as in multiple subpopulations defined by history of
CAD and LVEF.
SPINS Registry(3) Observational | 2,349 | Vasodilator stress | Cardiac death and non- | Abnormal CMR (ischemia or LGE) corresponds to
CMR fatal  MI;  downstream | 4-fold increased rate of cardiac death or Ml in first
imaging and procedural | year. Normal CMR associated with negative event
costs rates of approximately 99% over 5 years, and low
costs spent on cardiac investigations
STRATEGY(4) Observational | 600 | CTCA vs stress | MACE Stress CMR strategy - lower MACE (5% vs 10%,
CMR p<0.01) and cost effectiveness ratio (119.98 vs
218.12 Euroly; p<0.001) compared to CTCA; Less
downstream non-invasive testing, ICA, and
revascularization procedures.
MR-IMPACT 11 (5) RCT 533 | Vasodilator Diagnostic performance of | Prevalence of CAD 49%; CMR sensitivity 0.67,
Stress CMR vs. | stress CMR vs. SPECT specificity 0.61; SPECT sensitivity 0.59 specificity
SPECT 0.72
EURO-CMR Observational | 3647 | CMR vs ICA | Cardiac death and Non- | Annualized event rate for normal stress CMR
Registry(6) with/without CFR | fatal M 0.38%
Cost analysis Substantial cost reduction in CMR+ICA strategy
(14-34%) vs. ICA+FFR strategy
MR-INFORM(7) RCT 918 | Stress CMR- vs. | Revascularization Fewer downstream revascularizations in CMR-

FFR-based
management
strategy

strategy 35.7% vs. 45.0% FFR-group (p=0.005)

Primary (MACE at 12
months)

3.6 % for CMR-group vs. 3.7% for FFR-group

Angina at 12-months

49.2% CMR-group vs. 43.8% FFR-group angina
free (p=0.21)




CE-MARC(8)

RCT

752

Stress CMR vs.
SPECT vs. ICA

Diagnostic accuracy of
CMR and SPECT to detect
significant CAD  as
determined by ICA

Significant CAD by ICA in 39% of patients

CMR sensitivity 86.5%, specificity 83.4%, positive
predictive value 77.2%, negative predictive value
90.5%

SPECT sensitivity 66.5%, specificity 82.6%,
positive predictive value 71.4%, negative predictive
value 79.1%.

CE-MARC2(9)

RCT

1202

Stress CMR vs.
SPECT vs. NICE
Guidelines

Unnecessary
angiography

coronary

CMR vs. NICE OR 0.21 (p<0.001)

CMR vs. SPECT OR 1.27 (p=-0.32)

MACE

CMR vs NICE OR 1.36 (p=0.52)

CMR vs SPECT OR 0.95 (p=0.88)

Greenwood et al. (10)

Observational

744

Stress CMR,
SPECT, ICA

5-year MACE

16% had at least 1 MACE

Abnormal CMR findings were strong, independent
predictors of MACE (HR 2.77, p<0.001)

CMR remained sole independent predictor of
MACE after adjustment for cardiovascular risk
factors, angiography findings, or pre-test risk
stratification for initial treatment.

Walker et al. (11)

Observational

ETT, SPECT,
CMR, and ICA

Costs; health outcomes in
quality-adjusted life-years
(QALYs)

Most cost effective stretegies at UK NICE accepted
cost-effectiveness thersholds:
1. Strategy 3: ETT, followed CMR if ETT is
positive or equivocal followed by ICA if
CMR is positive or inconclusive
2. Strategy 5: CMR followed by ICA if CMR
is positive or equivocal

Strategy 3 is coest effective at lower end of
threshold range by UK standards (£20 000 per
QALY gained)

Strategy 5 is cost effective at the higher end of
threshold range by UK standards (£30 000 per
QALY gained)

Eitel et al.(12)

Observational

1235

CMR-Feature
Tracking

MACE 12 months after Ml

Global longitudinal strain added incremental
prognostic value for all-cause mortality above
LVEF (C-index increase from 0.65 to 0.73, p=0.04)
and infarct size (c-index increase from 0.6 to 0.78;
p=0.002)

Rijlaarsdam-Hermsen
etal. (13)

Observational

642

Vasodilator stress
CMR -only

Stress-only perfusion CMR
after CAC>0 improved
diagnostic yield of ICA

Obstructive CAD in  12%; Adenosine-CMR
sensitivity was 90.9%;, specificity 98.7%, positive
predictive value 92%, negative predictive value
98.6%




CVLPRIT-CMR(14)

RCT

205

Infarct size,
myocardial

salvage index

Infarct size measured by
CMR; Secondary
measures: MVO,
myocardial salvage index,
and final infarct size 9
months post STEMI

No difference in total infarct size, ischemic burden,
LV volumes between complete revascularization
vs. infarct related artery revascularization
treatment groups at follow-up CMR

PROSPECT(15)

Observational

209

LVEF, myocardial | MACE
salvage  index,
MVO, myocardial

hemorrhage

CMR score (HR 1.86, p<0.001) was independently
associated with MACE. CMR score provides
incremental prognostic stratification as compared
with GRACE score and TTE-EF

OMEGA-
REMODEL(16)

RCT

358

LVEF, LGE

Treatment of AMI with high-dose omega-3 fatty
acids was associated with reduction in LV
remodeling, noninfarct fibrosis and serum
biomarkers of inflammation.

McCartney et al. (17)

RCT

440

LGE MACE

No difference in mean MVO between 20-mg
Alteplace vs. placebo groups (3.5% vs. 2.3%,
p=0.32) nor compared to the 10-mg Alteplace vs.
placebo group (2.6% vs. 2.3%; p=0.74)

MACE: 15 patients (10.1%) in the placebo group,
12 (8.2%) in the 20-mg alteplase group, 18 (12.9%)
in the 10-mg alteplase group

Nazir et al.(18)

RCT

247

LGE Infarct size % LV Mass

High-dose IC adenosine and SNP during primary
PCl in the setting of STEMI (single-vessel disease,
presenting within 6 hours of symptom onset) did
not reduce infarct size (%LV mass) or MVO by
CMR compared to standard PCI.

Infarct size (12.0 vs. 8.3, p=0.031), MACE at 30
days (HR 5.39, p=0.04) and 6 months (HR=6.53,
p=0.01) was higher and ejection fraction reduced
in the adenosine treated group control (42.5 £7.2%
vs. 45.7 + 8%, p=0.027) .

Piccolo et al. (19)

Observational

2470

CMR  myocardial
salvage index

1-year composite death or
reinfarction

Prevalence of diabetes 19% vs. 81% controls;

Primary endpoint was significantly less in diabetic
patients randomized to intracoronary abciximab
compared to IV bolus (9.2% vs. 17.6%, HR 0.49,
p=0.009)

Intracoronary vs. [V abciximab was associated with
significantly lower risk of mortality (5.8% vs. 11.2%,
HR 0.51,p=0.043) and definite/probable stent
thrombosis (1.3% vs. 4.8%; HR 0.27, p=0.046)

Myocardial salvage index by CMR was significantly
increased only in diabetic patients receiving
intracoronary vs. IV abciximab (54.4 vs. 39.0,
p=0.011)

Microvascular
disease (ANOCA)

Thomson et al. (20)

Observational

118

Stress perfusion CMR +
invasive  microvascular
function testing (CFR)

No difference in qualitative analysis of CMR
perfusion studies

Reduced global MPRi in ANOCA compared
to controls (1.79 vs. 2.23, p<0.0001)




MPRi threshold of 1.84 predicted abnormal
invasive CFR (sensitivity 73%; specificity
74%)

Williams et al.(21) Observational | 54 Semiquantitative perfusion Modest correlation of CMR-derived MPRI
CMR, IMR, hMR with hMR (r=0.58, p<0.001) but not IMR (r=-
0.27, p=0.15)

Zorach et al.(22) Observational | 46 Quantitative stress CMR Myocardial ~ perfusion | Stress myocardial perfusion (2.65 vs. 3.17
and myocardial | ml/min/g) and MPR (2.21 vs. 2.93) were lower
perfusion ratio compared to controls

Kotecha et al.(23) Observational | 50 Quantitative stress CMR Quantitative MBF and | FFR positive regions had reduced MBF
MPR with FFR and IMR | (1.47ml/g/min) and MPR (1.75) compared to

FFR negative regions (MBF 2.1 ml/g/min;
MPR 2.41) where there was MVD (IMR-
positive)

Stress MBF < 1.94 ml/g/min was accurate to
detect obstructive CAD in a regional pattern
(AUC 0.9, p<0.001).

Non-ischemic

Cardiomyopathy

MyoRacer-Trial(24) Observational | 129 | T1and T2 mapping AUC Acute symptoms: Native T1 (AUC 0.82), T2

(0.81), ECV (0.75), LLC (0.56)

Chronic symptoms: T2 AUC 0.77

T1 and T2 mapping useful in the diagnosis of

myocarditis and are superior to LLC in acute

setting. Only T2 useful in chronic setting.
Leong et al.(25) Observational | 68 LGE-CMR Change in LVEF over | Extent of CMR-LGE in DCM showed

time independent association with failure of EF

response to medical therapy in newly

diagnosed DCM

Gulati et al.(26) Observational | 472 | LGE All-cause mortality Midwall LGE and LGE extent associated with
Secondary  endpoints: | all-cause mortality, CV mortality, transplant,
CV mortality or cardiac | SCD composite, and HF after adjustment for
transplantation; LVEF
Arrhythmic composite of
SCD or aborted SCD

Puntmann et al.(27) Observational | 637 | T1 mapping and LGE All-cause mortality; | Native T1 and LGE were predictive of all-
Secondary endpoint: HF | cause mortality and HF composite endpoint in
mortality and | non-ischemic dilated cardiomyopathy
hospitalization

Hypertrophic

Cardiomyopathy

Weng et al.(28) Observational | 2993 | LGE SCD, all-cause mortality, | +LGE associated with increased risk for SCD
CV mortality (OR 3.41, p<0.001), all-cause mortality (OR

1.8, p=0.004), and CV mortality (OR 2.93,
p=0.001)

Neubauer et al. (29) | Observational | 2755 | LGE, T1 mapping, ECV Isolated basal septal hypertrophy (46%);

Reverse septal curvature (38%); Apical HCM
(8%); Concentric HCM (1%); Mid-cavity
obstruction+apical aneurysm (3%); Other
(1%)

50% were LGE+; mean LGE mass 3.7 £5.2%
of LV mass; Reverse septal curvature
associated with 79% of cases with >10% LGE

Chan et al.(30) Observational | 1293 | LGE SCD events LGE extent 215% of LV mass associated with

2-fold increase in SCD events (HR 1.46/10%
increase in LGE, p=0.002)




Dass et al.(31) Observational | 58 Native T1 and LGE Natve T1 and LGE | In HCM and DCM, native T1 mapping is

compared to normal abnormal beyond LGE

Hinojar et al.(32) Observational | 164 | Native T1 and ECV Native T1 can discriminate between patients
with HCM and hypertension

Puntmann et al.(33) Observational | 52 Native T1 and ECV Native T1, post-contrast T1, and ECV indices
can be used to accurnately discirminate
between normal and diseased myocardium in
HCM and DCM

Ho et al.(34) Observational | 77 ECV HCM sarcomere mutation carriers have
increased ECV even when LVH is absent.

Mclellan et al.(35) Observational | 100 Post-contrast T1 Post-contrast T1 was associated with non-
sustained VT in HCM

Left Ventricular

Non-compaction

Kawel et al.(36) Observational | 1000 | Trabeculated/Compacted The ratio of trabeculated/compacted

Myocardium ratio >2.3 myocardium > 2.3 was found in 43%
(140/343) of participants without CV disease
or hypertension.
Weir-McCall et al.(37) | Observational | 1480 | LAX, SAX LVNC ratio; | Number of criteria met 14.8% met =1 diagnostic criteria
noncompaction ratio =2 7.9% met 2 criteria
SAX systolic and diastolic 4.3% met 3 criteria
ratio> + quantification of 1.3% met all 4 criteria for LVNC
noncompacted and
compacted  myocardial
mass ratios

Jacquier et al.(38) Observational | 16 LV volumes, ejection Trabeculated LV mass over 20% of global LV
fraction and trabeculated mass predicted LVNC (sensitivity 93.6% and
LV mass specificity of 93.7%)

Andreini et al.(39) Observational | 113 | Noncompacted/compacted | Cardiac events (HF | Degree of LV trabeculation in LVNC did not
ratio >2.3; LVEF; RVEF, | hospitalizations, cardiac | have incremental prognostic value over LV
LGE deaths, VA, | dilation, systolic dysfunction and +LGE.

thromboembolic events)

Muscular

Dystrophies

Hor et al.(40) Observational | 70 CMR tagging Myocardial strain abnormalities are prevalent
in DMD patients <10 years-old and decline
with advanced age; Reduced EF and positive
MDE exhibited the lowest strain measures.

Becker et al.(41) Observational | 63 LGE, LVEF LGE positive MD patients showed more
frequently reduced LVEF and elevated hs-
Trop level

Hor et al.(42) Observational | 314 | LV volumes; LVEF; LGE LGE prevalence is 36% and increases with
age; 84% of LVEF<55% had LGE compared
to 30% with LVEF>55%; 10% of LGE+
patients died on average follow-up of 11
months.

Tandon et al.(43) Observational | 98 LVEF; LGE LVEF declined on average 2.2+0.31%
annually when LGE is present and
0.93+0.09% for each LGE+ segment.

Taylor et al.(44) RCT 25 LGE Intracoronary ~ CAP-1002 in  DMD

demonstrates significant scar size reduction
(LGE) and improvement in inferior systolic
thickening compared to control.




Cardiac
Amyloidosis

Martinez-Naharro et
al. (45)

Observational

134

Native T1, ECV

Mortality

Native T1 (HR 1.225 per 59ms increase) and
ECV (1.155 per 3% increase)in wild-type
ATTR predicted death over a mean follow-up
of 3217 months. Only ECV was
independently predictive after multivariable
adjustment.

Martinez-Naharro et
al.(46)

Observational

31

ECV, LGE

ECV reduction (regression) occurred in 13/31
(42%) with prevalence higher in patients with
complete/very good hematologic response.

Fontana et al.(47)

Observational

257

ECV, total cell volume

ECV measures are higher in mutant (0.6) and
wild-type (0.57) ATTR vs. AL (0.54)
amyloidosis

Kotecha et al.(48)

Observational

286

T2 mapping

T2 is higher in untreated AL amyloid
compared to treated AL and ATTR, and
independent predictor of death even after
adjustment for ECV and nt-pro-BNP (HR
1.32, C1 1.05-1.67)

Banypersad et al.(49)

Observational

100

T1 mapping; ECV

Mortality

ECVi was raised in systemic amyloidosis and
independently predicted mortality (HR 4.41,
Cl 1.35-14.4) after adjusting for E:E’, EF,
diastolic dysfunction grade, and NT-proBNP

Fontana et al.(50)

Observational

270

Native T1 mapping

T1 elevated in ATTR compared with HCM
and normal subjects (p<0.0001) but not as
high as in AL amyloidosis.

Karamitsos et al.(51)

Observational

106

Native T1 mapping; LGE

Native T1 cutoff of 1020ms resulted in 92%
accuracy for identifying cardiac involvement
in AL amyloidosis.

Banypersad et al.(52)

Observational

60

ECV

Mean ECV was significantly elevated in
patients with Al amyloidosis (0.4) compared
to controls (0.25) p<0.001

Fontana et al.(53)

Observational

250

LGE, ECV, T1 mapping

ECV tracked increasing amyloid burden with
subendocardial LGE (ECV 0.4-0.43 in AL;
0.39-0.4 in ATTR) to transmural (0.48-0.55 in
AL; 0.47-0.59 in ATTR); 27% mortality with
transmural LGE (HR 5.4, p<0.0001)
predicting death even after adjustment (HR
4.1, p<0.05).

White et al.(54)

Observational

154

Visual T1
LGE

assessment;

All-cause mortality

LGE was the most important predictor of
death in suspected cardiac amyloidosis (HR
5.5, p<0.0001); Comparing LGE to histology,
sensitivity (93%), specificity (70%), and
accuracy (84%).

Cardiac Siderosis

Kirk et al.(55)

Observational

652

Myocardial T2*

Relative risk of arrhythmia for cardiac
T2*<20ms was 4.6 (Cl 2.66-7.95)




Leonardi et al.(56)

Observational

24

Myocardial T2*

Increased myocardial iron by T2* was
strongly associated with lower LVEF (T2*<9
ms sensitivity of 100%, specificity of 89% for
EF <50%)

Modell et al.(57)

Observational

850

Myocardial T2*

Reduction in rate of death from 7.9 to 2.3
deaths per 1000 patient vyears likely
attributable to T2* CMR diagnosis of siderosis
guiding iron chelation and treatment

Anderson et al.(58)

Observational

106

Myocardial T2*

Inverse correlation between iron
concentration by biopsy and liver T2*
(R=0.93, p<0.001); All ventricular dysfunction
had myocardial T2* of <20ms and was the
most  significant  variable to  predict
requirement for cardiac medication

Anderson et al.(59)

Observational

LVEF, LVEDVI, LVESVI,
LVMass index, myocardial
and liver T2*

After IV desferrioxamine treatment 6/7
siderosis patients ~ showed progressive
improvement in myocardial T2*, LVEF, LV
volumes, and LV mass index.

Anderson et al.(60)

Observational

45

Myocardial T2*, LVEF

Deferiprone group demonstrated significantly
less myocardial iron (34ms vs 11.4ms,
p=0.02) comared to desferrioxamine treated
controls with thalassaemia major.

Tanner et al.(61)

Observational

167

T2*; LVEF

Deferoxamine and deferiprone combination
treatment reduced myocardial iron and
improved EF in thalassemia major patients
with mild-moderate cardiac siderosis

Valvular Heart

Disease

Singh et al. (62)

Observational

174

Adenosine stress CMR
ETT
Echocardiography

Composite: typical AS
symptoms requiring
referral for AVR + CV
death + MACE

27% patients reached primary outcome over
median follow-up 374 days; Mean MPR was
2.06 £ 0.65 in primary outcome group vs.
2.34 £0.7 (p=0.022) reference group

Moderate association between MPR and
primary outcome (AUC 0.61, p=0.02) but not
superior to ETT (AUC 0.59, p=0.027).

Cavalcante et al.(63)

Observational

578

Myocardial infarction size
by LGE (MIS), Ischemic
Mitral Regurgitation (IMR),

Death or cardiac

transplant

Interaction of IMR severity and MIS was a
strong predictor of adverse outcomes
(P=0.008)

Uretsky et al.(64)

Observational

103

MR severity echo vs. CMR

Strong correlation between post-surgical LV
remodeling and MR severity by MRI (r=0.85,
p<0.0001), no correlation with echo-based
MR assessment (r=0.32, p=0.1)

Everett et al. (65)

Observational

440

ECV, T1 mapping, LGE

CV  and
mortality

all-cause

ECV% independently correlated to LGE and
lower LVEF (p<0.05)

Incremental increase in all-cause mortality
seen across ECV% tertiles (17.3, 31.6, 52.7
deaths per 1000 patient-years; p=0.009)

ECV% associated with CV  mortality
(p=0.003) and indepedently associated with
all-cause mortality after adjustment for age,
gender EF, and LGE (HR per % increase in
ECV%: 1.10, p=0.013).




Loudon et al.(66)

Observational

110

LGE

Osteoprotegerin levels in patients with AS
and chronic Ml were higher than those
without fibrosis (p=0.005)

Ahn et al.(67)

Observational

17

Stress CMR in AS

MPRI values significantly lower in severe AS
without obstructive CAD compared to
controls

Biederman et al.(68)

Observational

24

LVMass index (LVMI); EF,
LVEDVi

LVMI, EF, LVEDVi, and LVSV improved post-
AVR by 6 months follow-up

PINOT NOIR(69)

Observational

16

Pulmonic regurgitant
fraction post iNO

iNO administered during CMR appeared to
reduce regurgitant fraction with at least
moderate PI

Dweck et al.(70)

Observational

91

Planimetry; velocity
mapping,  LVMi, LV
volumes, LVmass/volume

Severity of AS was unrelated to the degree
and pattern of hypertrophy in AS

Baron-Rochette et
al.(71)

Observational

154

LGE

Mortality

+LGE predicted increased post-operative
mortality (OR 10.9, p=0.02) and decreased
all-cause survival (73% vs. 88%, p=0.02) and
cardiovascular survival (85% vs. 95%,
p=0.03) post surgical AVR. LGE (HR3.2,
p<0.01) and NYHA Class lll/IV were sole
independent predictors of all-cause mortality
after surgical AVR.

Rajesh et al. (72)

Observational

109

LGE

Mortality

43% of AS had +LGE predicted
hospitalization for heart failure (OR 3.8,
p=0.01) and drop in LVEF (OR 5.8, p=0.005)
but not mortality.

Musa et al. (73)

Observational

674

LGE

Cardiovascular and all-
cause mortality

51% +LGE in AS; Each 1% increase in LGE
associated with 8% increase in
cardiovascular mortality (HR 1.08, p<0.001)
and 11% increase in all-cause mortality
(HR1.11, p<0.001) regardless of surgical vs.
transcatheter AVR.

Chin et al. (74)

Observational

166

LGE, iECV, T1

Mortality

Midwall LGE prevalence in AS was 27;,LGE
and iECV demonstrated a graded increase in
unadjusted all-cause mortality (p=0.009)

Lee et al. (75)

Observational

127

Native T1, LGE

All-cause mortality +
hospitalization for heart
failure

Native T1 values were increased in AS; Over
median 27.9 months, LGE and native T1
measurements were associated with to all-
cause death and hospitalization for heart
failure.

Kang et al.(76)

RCT

302

Planimetered MVA

No significant differences in achieved MVA by
either Inoue and double-balloon techniques

Treibel et al.(77)

Observational

181

ECV, matrix volume (LV
mass x ECV), cell volume
(LV mass x [1-ECV])

Post-AVR, focal fibrosis does not resolve, but
diffuse fibrosis and myocardial cellular
hypertrophy regress which correlate with
structural and functional improvements.




Myerson et al.(78)

Observational

113

AR regurgitant fraction;
EDV

Regurgitant fracton by CMR >33%
progressed to surgery within 3 years (AUC
0.93, p<0.0001)

Myerson et al. (79)

Observational

199

MR regurgitant fraction;
EDV

91% of asymptomatic mitral regurgitation
patients with regurgitant volume < 55ml
survived without surgery for 5 years vs. 21%
with regurgitant volume = 55 ml (p<0.0001)

Optimal cutoff for MR regurgitant fraction was
40% and 100mL/m"2 for LVEDVi

Chaikriangkrai et
al.(80)

Observational

48

LGE

Adverse clinical events

+LGE 40% of chronic MR patients; LGE
independently associated with post-operative
adverse clinical events (HR 4.775, p=0.037)
after MV repair.

Azevedo et al. (81)

Observational

54

LGE

LVEF recovery

LGE demonstrated inverse correlation with
degree of left ventricular functional
improvement after MV surgery; LGE extent
was independently associated with all-cause
mortality.

Heart
Disorders

Rhythm

CAMERA-MRI(82)

RCT

68

LVEF, LGE

LVEF improvement

Absolute LVEF improved by 18% in the
catheter ablation group compared to 4.4% in
medical rate control group

Paetsch et al.(83)

Observational

30

Whole heart, T2-weighted,
early/late gadolinium
enhancement

CMR-guided EP typical right atrial flutter
ablation demonstrates similar safety and
efficacy as fluoroscopy-guided  flutter
ablation.

Bilchick et al.(84)

Observational

100

DENSE Strain

Death, heart
transplantation, LVAD or
appropriate ICD
therapies

47% reached primary clinical endpoint; 18%
had appropriate ICD therapies median f/u 5.3
years

Combined clinical and strain  model
demonstrated improved AUC at 2 years
(0.76) and 4 years (0.75) compared to each
individual model.

Klem et al.(85)

Observational

137

LVEF + LGE

Death or appropriate
ICD discharge  for
sustained VT

Scar size >5% was an independent predictor
of outcome

Halliday et al.(86)

Observational

399

LGE

SCD or aborted SCD

17.8% with +LGE reached
compared to 2.3% -LGE (p<0.0001)

endpoint

Levya et al.(87)

Observational

559

LGE

CV death, or CV death+
HF hospitalization

CMR guided LGE+ patients had the highest
risk of CV death (HR6.34), CV death+HF
hospitalization (HR 5.57) and death from any
cause or hospitalizations for MACE (HR 4.74)
compared to CMR guided LGE- patients
(p<0.0001).

Levya et al. (88)

Observational

258

LGE

CV death; MACE

Midwall LGE independently predicted CV

mortality (HR 18.6, p=0.0008), MACE
mortality or hospitalization (HR 7.57,
p<0.0001), and CV mortality or HF

hospitalizaton (HR 9.56, p=0.0004) in
patients undergoing CRT

DCM + midwall LGE had similar outcome to
ICM

ARVC




Vermes et al.(89)

Observational

294

RV dilation (global or
segmental); RV
microaneurysm; RV
regional hypokinesis vs.
Combined severe regional
abnormalities with global
RV dilation or dysfunction

Application of the revised ARVC taskforce
imaging criteria reduced overall prevalence of
major and minor criteria; Specificity was
preserved (94% 1994 criteria; 96% 2010
criteria) but may have reduced sensitivity

Tandri et al.(90)

Observational

30

LGE

12 (40%) met Task Force criteria for ARVD/C;
8 (67%) demonstrated +LGE in RV
compared with 18 patients without ARVC
(p<0.001)

Prati et al.(91)

Observational

32

LVEF/RVEF,;
tracking

Feature-

Strain analysis by feature-tracking CMR
provides additional value to assess global
and regional RV dysfunction and
dyssynchrony over conventional cine CMR
imaging..

Inflammatory CM

Kazmirczak et al.(92)

Observational

290

LVEF, LGE

Significant  ventricular
arrhythmia or sudden
cardiac death

In known or suspected cardiac sarcoidosis,
CMR helps identify all patients at risk for
events. LGE of >5.7% identifies patients with
LVEF >35% who would bengfit from ICDs.

Velangi et al. (93)

Observational

290

LVEF, LGE

Significant  ventricular
arrhythmia or sudden
cardiac death

RV systolic dysfunction alone in sarcoidosis
was independently associated with all-cause
mortality; RV LGE alone was independently
associated with sudden cardiac death or
significant ventricular arrhythmia

Smedema et al.(94)

Observational

58

LGE

Sensitivity of CMR to detect cardiac
sarcoidosis was 100% (95% CI 78-100%)
and specificity 78% (95% CI 64-89%); Overall
accuracy of 83%

Smedema et al.(95)

Observational

55

LGE

CMR-based (LGE) detection of cardiac
sarcoidosis was associated with overall
duration of disease, function, and ventricular
arrhythmias and may reveal early evidence of
infiltration not detectable by standard
assessment

Patel et al.(96)

Observational

81

LGE

Adverse events; cardiac
death

26% of biopsy proven extracardiac sarcoid
had cardiac involvement by LGE which
translated to a 9 fold higher rate of adverse
events and 11.5 fold higher rate of cardiac
death than LGE negative patients.

Murtagh et al.(97)

Observational

205

LGE

Death/VT

20% patients with extracardiac sarcoid had
+LGE

10/12 (83%) experiencing death/VT were
LGE+

LGE burden best predictor of death/VT (AUC,
0.8); For every 1% increase in LGE burden,
hazard of death/VT increased by 8%

Coleman et al.(98)

Metanalysis

760

LGE

All-cause
Composite
Ventricular
arrhythmogenic events +
all-cause mortality

mortality;
outcome:

In known or suspected cardiac sarcoid: LGE+
had higher odds for all-cause mortality
(OR:3.06;p<0.03) and higher odds of
composite outcome (OR:10.74; p<0.00001) -
Annualized event rate 11.9% vs. 1.1%;
p<0.0001)

Crouser et al.(99)

Observational

50

T2 mapping

Myocardial T2 is quantitatively abnormal in
patients with sarcoidosis and may precede
LGE; T2 elevation combined with LGE better
predicts ECG abnormalities and arrhythmia.

SLE

10




O'Neill et al.(100)

Observational

22

LGE

LGE vs. TTE

CMR detected more abnormalities using LGE
(5/11) and 1/11 in control group than was
detected by TTE (2/6 LGE+ cases)

Varma et al.(101)

Observational

75

Coronary Contrast-

enhancement

Diffuse pattern for SLE and patchy/regional
pattern for CAD detected by coronary
contrast-enhancement

Mavrogeni et al.(102)

Observational

32

LV function; T2 STIR; LGE

Of 32 SLE patients with newly diagnosed HF:
16% had T2 ratio >2 c/w myocarditis; 16%
had LV dysfunction; 34% MI, 28% diffuse
subendocardial LGE; 15% LV dysfunction;
LGE correlated with disease activity/duration
and serum markers of SLE

Seneviratne et
al.(103)

Observational

41

LGE

LGE>15% exhibited a reduced E/A ratio of
0.940.4 relative to the <15% and absent LGE
subgroups

Abdel-Aty et al. (104)

Observational

20

T2-weighted SSFP; LVEF,
early and late T1-weighted
imaging

T2 ratio (myocardial/skeletal muscle)
significantly higher in SLE (2.1£0.2) than
inactive (1.840.2) or control groups (1.7£0.3)

Hinojar et al.(105)

Observational

76

LV mass, longitudinal
strain, native T1 and T2

SLE+ patients had higher inflammatory
markers, LV mass, native T1 and T2 and
decreased longitudinal strain (p<0.01); T1
and T2 values on follow-up CMR exams were
significantly reduced with intensified anti-
inflammatory treatment (p<0.001)

Puntmann et al.(106)

Observational

33

Myocardial perfusion; pre-
and post-contrast T1;
strain; function; LGE

SLE patients had significantly decreased
longitudinal strain; significantly increased
native T1, ECV and + LGE (intramyocardial
and pericardial)

Anderson-Fabry
Disease

Moon et al.(107)

Observational

26

LGE

50% of AFD patients had hyperenhancement
ranging from 3.4-20.6% of total LV mass.

Sado et al.(108)

Observational

280

T1 mapping

Septal T1 was significantly lower and
discriminated completely between AFD and
other diseases without overlap

Thompson et al.(109)

Observational

31

T1 mapping; ECV

AFD patients had significantly lower
myocardial T1 values compared to controls or
patients with concentric hypertrophy despite
similar ECV across all groups

Pica et al.(110)

Observational

63

T1 mapping

Native T1 mapping is reproducible in AFD
patients ; Low native T1 is associated with
abnormal echocardiographic strain measures
prior to LVH onset

Hughes et al.(111)

RCT

15

LV mass; myocardial Gbs

Significant reduction of CMR measured LV
mass was detected 6 months after enzyme
replacement therapy with agalsidase alfa
compared to placebo (p=0.041).

Heart Failure

Kanagala et al. (112)

Observational

140

LGE, T1 mapping for ECV

iECV (HR 1.7, p=0.009) was an independent
predictor of outcome and associated with
LV/LA remodeling and renal dysfunction, RV
EDVi, LV mass/volume, max LA vol indexed
in HFpEF compared to control

Duca et al. (113)

Observational

17

Combined  endpoint:;
Hospitalization for heart
failure and cardiac death

MOLLI-ECV = 28.9% had decreased
unadjusted event-free survival (p=0.028) but
not after adjustment with clinical and invasive
measurements.
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Halliday et al.(114)

RCT

51

LVEF

Reduction in LVEF
>10% and to less than
50%; LVEDV increase
greater than 10% and to
higher than  normal
range

Initial 6 months: 44% in treatment withdrawal
arm relapsed (primary outcome) compared to
none in the continued treatment arm.
(Kaplan-Meier estimated event rate 45.7%,
p=0.0001)

Additional 6 month follow-up: 26 patients in
treatment arm withdrew treatment with 9/26
experiencing relapse (Kaplan-Meier
estimated event rate 36%).

Cancer

Muehlberg et al.(115)

Observational

30

T1 and T2 mapping, ECV,
LGE, LVEF

Anthracycline-induced
cardiomyopathy
(aCMP)= Drop of LVEF
>10%

48 hours after first dose of anthracyclines,
aCMP + patients had significantly lower
myocardial T1 times compared to before
therapy (1002 vs 957 ms, p<0.01) and
decreased LV mass on therapy completion

Mahmood et al.(116)

Observational

35

LGE

MACE

Prevalence of myocarditis 1.14% within a
median time of 34 days; lower steroid doses
were associated with higher MACE

Fallah-Rad et al.(117)

Observational

42

LVEF

LVEDV and LVESV increased at 12-month
follow-up; Decrease in LVEF from 66 to 47%
by CMR; LGE detected early may indicate
trastuzumab-related cardiotoxicity

Drafts et al.(118)

Observational

53

LVEF

Decline in EF

5% decline in LVEF by CMR; LV strain
deteriorated (-17.7 to -15.1, p=0.0003)

Chaosuwannakit et al
(119)

Observational

40

LVEF

Decline in EF

5% decline in LVEF by CMR; Decreased
aortic distensibility post anthracycline therapy

Jolly et al.(120)

Observational

72

CMR-Feature tracking

3-month serial change in
global LV circumferential
strain (GLCS)

GLCS worsened in patients at 3 months (-
17.6 vs. 19%, p<0.0001) after administration
of potentially cardiotoxic chemotherapy.

Grover et al. (121)

Observational

29

Aortic PWV, distensibility

Acute changes (increase in PWV and
reduced distensibility in the asc. aorta) were
noted and partially reverse a year after
chemotherapy

Jordan et al. (122)

Observational

327

LV volumes; contrast-
enhanced T1 and T2
weighted signal intensity
before/after  cardiotoxic
therapy

CMR measures of T1 (14.1 to 15.9, p<0.05)
occur with small but significant decline in
LVEF (57 to 54%, p<0.001) 3 months post
cardiotoxic medication administration.

Neilan et al. (123)

Observational

42

T1and ECV

ECV elevated (0.36 vs 0.28, p<0.001) post-
anthracycline treatmement compared to age-
and gender-matched controls. Positive
association between ECV and LV volume
(r=0.65, p<0.0010; negative association
between ECV and diastolic dysfunction (E'lat
r=--.64, p<0.001)

Barthur et al. (124)

Observational

41

RV volumes; RVEF

Small but significant increase in RVEDV
(p=0.002) and RVESV (p<0.001) at 6 months
but not at 18 months post trastuzumab
therapy.

Heart
Transplantation

Dolan et al.(125)

Observational

58

T2 and ECV

Acute cardiac allograft
rejection

Combined model of age at CMR, global T2,
ECV predictive of cardiac allograft rejection
(AUC 0.84)

Hughes et al. (126)

Observational

152

LVEF, LGE

Death or MACE

Presence and the extent of LGE post-
transplant are independently associated with
the long-term risk of death or MACE. (HR
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2.88, p<0.001). Each 1% increase in LGE
was independently associated with 6%
increase in adjusted hazard for all-cause
mortality or MACE (1.06, p<0.001).

Kazmirczak et al. Observational | 57 Vasodilator stress CMR MACE Vasodilator stress CMR is safe in transplant
(127) recipients and predicts MACE.
Shenoy et al. (128) Observational | 152 | LVEF, LGE Death or MACE CMR-FT GLS was independently associated
with the long-term risk of death or MACE
(adjusted HR was 1.15, p<0.001 for each 1%
decline in GLS)
Marie et al. (129) Observational | 123 | Myocardial T2 (black- | Acute cardiac allograft | Myocardial T2 (black-blood MRI) (>56ms)
blood) rejection allowed accurate detection of moderate acute
rejection evidenced at baseline biopsy
(sensitivity 89%, specificity 70%, p<0.0001)
Bonnemains et al. | Observational | 196 | Myocardial T2 Acute cardiac allograft | T2 values above 60ms were associated with
(130) rejection relative risk of rejection higher than 2.0 and
strongly associated with presence of rejection
on biopsy (p<0.0001)
Coehlo-Filho et al. | Observational | 26 T1 mapping, LVEF, LV OHT recipients had normal LVEF with higher
(131) mass, LGE, ECV, LV mass compared to controls; ECV and
intracellular  lifetime  of intracellular lifetime of water was higher post-
water OHT (0.39 vs 0.28, p<0.001; 1c0.12 vs. 0.08,
p<0.001)
Usman et al. (132) Observational | 53 Quantitative T2 mapping Grade OR 52.5 + 2.2ms
Grade 1R 53.1 £ 3.3ms
Grade 2R 59.2 £ 3.3ms
Hemodynamic rejection 61.1+1.8ms (p<0.05)
without evidence of ventricular dysfunction
Feingold et al. (133) | Observational | 25 ECV, Fibrosis by ECV was moderately correlated with CVF
picrosirius  red  staining (r=0.47, p=0.019), no difference compared to
CVF normal controls (ECV 25.1£3.0 vs 23.7
+2.0%, p=0.09)
Imran et al.(134) Observational | 112 | Native T1 Native T1 cutoff value of 1029ms had
sensitivity (93%), specificity (79%), and NPV
(99%) for detection of cardiac allograft
rejection.
Taylor et al. (135) Observational | 50 LVEF, T2 weighted edema Patients with EMB confirmed rejection had

imaging, EGE, LGE

elevated early relative myocardial contrast
enhancement (4.1 vs. 2.8, p<0.001); CMR
edema had sensitivity 100% and specificity of
73% compared with EMB.

Arai AE, Schulz-Menger J, Berman D et al. Gadobutrol-Enhanced Cardiac
Magnetic Resonance Imaging for Detection of Coronary Artery Disease. Journal

of the American College of Cardiology 2020;76:1536-1547.

Heitner JF, Kim RJ, Kim HW et al. Prognostic Value of Vasodilator Stress Cardiac
Magnetic Resonance Imaging: A Multicenter Study With 48 000 Patient-Years
of Follow-up. JAMA Cardiol 2019;4:256-264.
Kwong RY, Ge Y, Steel K et al. Cardiac Magnetic Resonance Stress Perfusion
Imaging for Evaluation of Patients With&#xa0;Chest&#xa0;Pain. Journal of the
American College of Cardiology 2019;74:1741-1755.
Pontone G, Andreini D, Guaricci Al et al. The STRATEGY Study (Stress Cardiac
Magnetic Resonance Versus Computed Tomography Coronary Angiography for
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the Management of Symptomatic Revascularized Patients). Circulation:
Cardiovascular Imaging 2016;9:e005171.

Schwitter J, Wacker CM, Wilke N et al. MR-IMPACT II: Magnetic Resonance
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