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Cardiac MRI—Update 2020

Background

In recent years, cardiac magnetic reso-
nance imaging (CMR) has become ever
more important in the diagnosis and
risk stratification of patients with car-
diac disease. The CMR modality is the
established gold standard for the nonin-
vasive volumetric and functional assess-
ment of the ventricles, the assessment
of myocardial viability, and tissue char-
acterization. Established diagnostic ap-
proaches have been complemented by
new techniques such as T1, T2 mapping
and strain imaging. Recent large clini-
cal trials have helped to further refine the
role of CMR in the current guidelines for
a variety of cardiac diseases. With inno-
vative strategies and artificial intelligence
in CMR, novel pathways have emerged
for data evaluation, reducing gaps and
weaknesses found in conventional ap-
proaches.

Emerging techniques in CMR

T1 mapping

T1 mapping is a quantitative technique
by which the T1 relaxation times of each
pixel of myocardium can be measured
and a map of T1 values created. These
maps play an important role for patients
with diffuse or subtle changes in the my-
ocardium that cannot be detected by vi-
sual inspection of gray-scale images [7,
35]. Even isotropic sequences are cur-
rently being developed, whichwill enable
three-dimensional (3D) mapping [27].

Pre-contrast T1 mapping can de-
tect early amyloid involvement, before
overt changes in late gadolinium en-
hancement (LGE) sequences, and an
example is shown in . Fig. 1 [1]. Diffuse
cardiac fibrosis and elevated T1 values
are also seen in patients with low-flow
low-gradient aortic stenosis and dilated
cardiomyopathy [23, 30]. Conversely,
accumulation of glycosphingolipids in
Fabry’s disease causes a characteristic
decrease in T1 values [28].

If T1 mapping is performed before
and after contrast agent administration,
it makes it possible to calculate and map
the distribution of the myocardial ex-
tracellular volume fraction [35]. Extra-
cellular volume (ECV) and cardiac fi-
brosis measurements have been shown
to predict clinical outcomes in a vari-
ety of cardiac diseases; however, more
studies with larger sample sizes may be
required to definitely establish ECV as an
independent predictive factor for adverse
prognosis [15, 37]. The lack of standard-
ization and reference values in regional
populations may restrict the use of T1
mapping, and the establishment of in-
house standard values is necessary. Nev-
ertheless, T1 mapping is being adopted
widely in routine CMR examinations.

T2 mapping

T2 mapping, similar to T1 maps, creates
parametric images or maps representing
T2 relaxation times of the myocardium,
thereby providing a potentially more ob-
jective representation of inflammation
and edema than gray-scale T2 images

[20]. There is increasing evidence that
T2 mapping can detect acute inflamma-
tion extending beyond areas identified
on routine T2 sequences [8]. The cur-
rent clinical indication for T2 mapping
includes acute myocarditis, sarcoidosis,
inflammationassociatedwithmyocardial
infarction, toxicity due to chemothera-
peutic drugs, and cardiac transplant re-
jection [5, 12].

T2* mapping

Cardiac failure is a common cause of
death in patients with thalassemia and
iron overload. Conventional imaging
techniques have a limited role in early
detection, as cardiac involvement is ap-
parent only after the onset of ventricular
dysfunction, which is late in the course
of the disease. T2* values allow for the
detection and quantification of iron de-
position in early stages as well as for
monitoring treatment response and effi-
cacy of the chelation. Cardiac iron de-
position in these patients is a predictor
for adverse prognosis and early detec-
tion permits early institution of chela-
tion along with other treatment strate-
gies[38]. Morerecently,T2*mappinghas
beenusedtodetect intramyocardialhem-
orrhage as an adverse prognostic marker
in acute infarction [4].

Strain imaging

Strain imaging by CMR is a promis-
ing technique for cardiac evaluation be-
yond routine functional analysis. It pro-
vides information on myocardial defor-
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Fig. 19 Cardiacmag-
netic resonance imaging
(MRI) in a 54-year-old
man admitted after an
event of ventricular fib-
rillation and successful
cardiopulmonary resus-
citation. Coronary artery
diseasewas excluded
by cardiac catheteriza-
tion. Echocardiography
showed reduced ejection
fraction. CardiacMRIwas
performed 5 days after the
event. T2mapping (a), late
gadolinium enhancement
inshort-axis (b)andvertical
long-axis view (d), and fat-
suppressed T2-weighted
short-axis images (c) are
shown. Findings include
subepicardial late gadolin-
ium enhancement in the
anterior (dotted arrow inb)
and inferiorwall (dotted
arrow ind) with corre-
sponding edema,which
ismore readily appreci-
ated on T2mapping (white
arrows in a) than on con-
ventional fat-suppressed
T2-weighted imaging
(dashed arrows in c). These
findings are consistentwith
acutemyocarditis

mation, helping in the detection of pre-
clinical left ventricular dysfunction be-
fore overt regional wall motion abnor-
mality and reduction in ejection frac-
tion. Strain analysis can be performed
either by acquiring specific targeted se-
quences (CMR tagging) or by applying
post-processing techniques on standard
cineSSFPsequencessuchasfeaturetrack-
ing. CMR tagging is validated and cur-
rently accepted as a standard for strain
imaging [32]. Left ventricular strain af-
ter vasodilator stress has been shown to
be an independent predictor for adverse
cardiac events in a recently concluded
prospective study [29]. Similar studies
have shown the value of strain analysis
for other cardiac chambers in specific
clinical situations such as prediction of
adverse cardiac events with right atrial
strain in patients with pulmonary arte-

rial hypertension [19]. There are ongoing
studies on the reference values and the
comparisonbetweendifferent techniques
of strain analysis.

Update on diagnostic criteria
for myocarditis

Patients with myocarditis present with
symptoms ranging from transient chest
pain to life-threatening ventricular ar-
rhythmias. Often, CMR is used as part
of the diagnosis with initial imaging cri-
teria (known as the “Lake Louise Cri-
teria”) described in 2009. According to
these original criteria, the diagnosis is
made if at least two of three criteria are
present: namely, myocardial edema, hy-
peremia, andnecrosis/scarringasseenon
T2-weighted, early gadolinium and late
gadolinium enhancement sequences [9].

However, qualitative analysis may miss
the presence of edema in patients with
diffuse homogeneous or subtle involve-
ment and early gadoliniumenhancement
has been notoriously difficult to interpret
and reproduce. Consequently, the Lake
Louise Criteria were revised in 2018, in-
cludingthemorerobustquantitativeeval-
uation by parametric T1 andT2mapping
[8]. The new criteria are classified into
main and supportive criteria ofwhich the
main criteria are:
1. Regional or global increase in native

T2 times or T2 signal intensity
2. T1-based markers for nonischemic

myocardial damage with regional or
global increase in T1 times or ECV or
a nonischemic pattern of LGE

The presence of one of each of the main
criteria significantly increases the speci-
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ficity for acute myocarditis, while the
presence of just one of the two criteria
still supports the diagnosis in an appro-
priate clinical context. Supporting crite-
ria include signs of pericarditis such as
pericardial effusionor abnormal signal in
T2, T1, or LGE, and systolic wall motion
abnormality [8]. An example of acute
myocarditis is demonstrated in . Fig. 2.

Update on cardiac sarcoidosis

Considering the low yield and potential
risks of endomyocardial biopsy, imag-
ing plays an increasing role in the diag-
nosis and prognostic assessment of car-
diac sarcoidosis. Magnetic resonance
imaging can be used to evaluate car-
diac function and areas of fibrosis and
F-fluorodeoxyglucose positron emission
tomography (FDG-PET) to visualize dis-
ease activity and monitor treatment re-
sponse. The combination of MRI and
PET allows for the differentiation be-
tween patients with and without active
disease. If abnormal findings are discov-
ered on both PET and MRI studies, this
is a strong predictor for major adverse
cardiac events [6, 33].

Update onMRI safety of cardiac
implants

With increasing life expectancy and
a growing number of patients with
cardiac implantable devices, objective
imaging evaluation becomes essential
for follow-up. Conventionally, CMR has
been contraindicated for these patients
due to reports of serious complications
anddevice heating. While implants, such
as stents or prosthetic valves, are mostly
MRI-safe or at least conditional, implants
such as pacemakers and implantable
cardioverter defibrillators (ICDs) are
more complex and require a dedicated
team trained to perform CMR on these
patients [14]. Nevertheless, cardiac
implants are no longer considered an
absolute contraindication for MRI. The
current generation of pacemakers have
suitable technical specifications, thereby
allowing for a safe CMR examination,
even in patients who are pacemaker-
dependent. Independent of whether
the pacemakers are MRI-conditional or
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Abstract
Purpose. To review emerging techniques in
cardiac magnetic resonance imaging (CMR)
and their clinical applicationswith a special
emphasis on new technologies, recent trials,
and updated guidelines.
Technological innovations. The utility of
CMR has expanded with the development
of new MR sequences, postprocessing
techniques, and artificial intelligence-based
technologies, which have substantially
increased the spectrum, quality, and reliability
of information that can be obtained by CMR.
Established and emerging indications. The
CMR modality has become an irreplaceable
tool for diagnosis, treatment guidance and
follow-up of patients with ischemic heart
disease, myocarditis, and cardiomyopathies.
Its role has been further strengthened by

recent trials and guidelines. Quantitative
mapping techniques are increasingly used
for tissue characterization and detection
of diffuse myocardial changes including
myocardial storage diseases.
Practical recommendations.With state-
of-the-art CMR sequences, postprocessing
techniques and understanding of their
interpretation, CMR makes invaluable
contributions to provide state-of-the-art
diagnostics and care for cardiac patients in
a multidisciplinary team.

Keywords
Magnetic resonance imaging · Myocarditis ·
Ischemic heart disease · Mapping · Artificial
intelligence

Kardiale MRT – Update 2020

Zusammenfassung
Ziel. Überblick über neuere Techniken der
kardialen Magnetresonanztomographie
(MRT) und ihre klinischen Anwendungen
mit besonderem Schwerpunkt auf neuen
Technologien, jüngsten Studien und
aktualisiertenRichtlinien.
Technologische Innovationen.Der Nutzen
der kardialen MRT wurde durch die
Entwicklung neuer MR-Sequenzen, Nachbe-
arbeitungstechniken und Technologien auf
der Basis künstlicher Intelligenz erweitert. Mit
dem technischen Fortschritt haben sich das
Spektrum, die Qualität und die Zuverlässigkeit
von Informationen, die die kardiale MRT
liefert, erheblich verbessert.
Etablierte und aufkommende Indikationen.
Die kardiale MRT hat sich zu einem
unersetzlichen Instrument für Diagnostik,
Behandlungsentscheidungen und Nachsorge
bei Patientenmit ischämischer Herzerkran-

kung, Myokarditis und Kardiomyopathien
entwickelt. Ihre Rolle wurde durch jüngste
Studien und Leitlinien weiter gestärkt.
Quantitative Kartierungstechnikenwerden
zunehmend zur Gewebecharakterisierung
und zum Nachweis diffuser Myokardver-
änderungen einschließlich myokardialer
Speicherkrankheiten eingesetzt.
Praktische Empfehlungen.Mit modernsten
MR-Sequenzen, Nachbearbeitungstechniken
und Verständnis ihrer Interpretation leistet die
kardiale MRT einen unschätzbaren Beitrag zur
zeitgemäßen Diagnostik und Versorgung von
Herzpatienten in einemmultidisziplinären
Team.

Schlüsselwörter
Magnetresonanztomographie · Myokarditis ·
Ischämische Herzerkrankung · Kartierung ·
Künstliche Intelligenz

MRI-safe, prior presentation in cardi-
ology is necessary for reprogramming
into an MRI mode. Under certain cir-
cumstances, MRI examinations can also
be performed on patients with older
models, as studies have shown. For this
purpose, dedicated protocols and safety
measures are necessary [34].

Owing to the close spatial proxim-
ity of the pacemakers to the heart, the
image quality may suffer due to arti-
facts, especially in sequences like phase-
sensitive inversion recovery (PSIR) and
steady-state free precession (SSFP) that
are used for LGE and functional eval-
uation; however, the images are mostly
of diagnostic quality [16]. The sequences
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Fig. 29 Cardiacmagnetic
resonance imaging (MRI)
in an 88-year-oldmale
patientwith a 3-month
history of progressive heart
failurewithdyspnea (NYHA
class III). Echocardiography
had showndiffuse left ven-
tricular (LV) hypertrophy
and reduced systolic and
diastolic function. Cardiac
MRIwas performed for
suspected cardiac storage
disease. Late gadolinium
enhancement image (a),
cine image (b), and T1
mapping (c) in short-
-axis orientation aswell
as quantitative results of
T1mapping in the form
of a polarmap divided
by AHA segments (d) are
shown. Findings include
marked hypertrophy of the
LVmyocardiumwith an
end-diastolic septal thick-
nessof18mm(a–c), diffuse
late gadolinium enhance-
ment (a), and substantially
increased T1 relaxation
times of 1150–1250ms
(approximately 6 standard
deviations above the local
reference value in healthy
individuals, 1027±29ms).
These findings are typical
for cardiac amyloidosis

may bemodified for improvement of im-
age quality, for example, by the use of
wideband IR sequences for LGE evalu-
ation will allow a more accurate assess-
ment [13]. Therefore, the use of CMR
in these patients should be reserved for
clear clinical indications and information
that cannot be obtained by other imag-
ing techniques. During the scan, close
hemodynamic monitoring of the patient
is required by trained personnel.

Major recent trials on CMR

In recent years, several clinical trials have
been published that further strengthen
and refine the role of CMR in man-
agement algorithms, especially regarding
coronary heart disease. A brief summary
of important recent trials is given here.

CE-MARC and CE-MARC 2

The CE-MARC trial, published in 2012,
was a prospective study that recruited
752 patients with suspected angina and
at least one cardiovascular risk factor
to undergo stress adenosine CMR, sin-
gle-photon emission computed tomog-
raphy (SPECT), and coronary angiogra-
phy. It was found that CMRwas superior
to SPECT for the detection of signifi-
cant coronary artery disease with inva-
sive coronary angiography as the refer-
ence standard [10]. The CE-MARC 2
trial was a randomized clinical trial that
investigated whether CMR-guided care
was superior to routine care and could
avoid unnecessary angiographies. Symp-
tomaticpatients (n= 1202)wererandom-
ized into three groups—routine care ac-
cording to the British NICE guidelines,
CMR-guided care, and myocardial per-
fusion scintigraphy-guided care. While
major adverse cardiovascular eventswere

similar in all three groups, fewer patients
in the CMR- and scintigraphy-guided
groups received “unnecessary” coronary
angiographies (7.5% in the CMR group
and 7.1% in the scintigraphy group vs.
28.8% in NICE guidelines group; [11]).

STRATEGY

This prospective observational registry,
published in 2016, compared outcomes
between patients with prior history of
coronary revascularization and recur-
rent chest pain who were examined with
CT coronary angiography versus stress-
CMR. A total of 600 patients were in-
cluded and followedup for ameanperiod
of 2 years. Patients in the stress CMR
group underwent fewer subsequent non-
invasive tests and invasive procedures
(including angiographies and revascu-
larization procedures) and experienced
fewer major adverse cardiac events [26].
This study suggests that stress-CMR
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Fig. 39 Cardiacmagnetic
resonance imaging (MRI)
in a 39-year-oldmanwith
a history ofmyocardial
infarction 4months previ-
ously (with percutaneous
coronary intervention of
the posterolateral branch
of the rightcoronaryartery)
presentingwith recurrent
chest pain. Late gadolin-
ium enhancement (a),
adenosine stress perfu-
sion (b), cine (c) and rest
perfusion (d) images are
shown, all in short-axis ori-
entation. Findings include
a small near-transmural
scar in the basal inferolat-
eral left ventricularwall
(white arrow in a) and
a stress-inducedperfusion
defect in the basal inferior
wall extending beyond the
area of scarring. The perfu-
sion defect is reversible at
rest (d). Findings are con-
sistentwith stress-induced
ischemia adjacent to the
scar andprompted repeat
cardiac catheterization

should be favored over coronary com-
puted tomography angiography (CTA)
as the initial noninvasive test in pa-
tients with prior revascularization and
recurrent symptoms. Figure 3 shows an
example of stress-induced ischemia after
a previous myocardial infarction.

MR-INFORM

Thismulticenter trial compared the clini-
cal effectiveness of CMR with stress per-
fusion and invasive fractional flow re-
serve (FFR) in guiding revascularization
in patients with stable angina and two
or more cardiovascular risk factors or
a positive exercise treadmill test. Patients
(n= 918) were randomly assigned into
two groups: In the MRI-guided group,
revascularization was recommended if
stress-CMR demonstrated relevant my-

ocardial ischemia (≥6% ofmyocardium),
in the FFR group revascularization was
recommended for lesions with an FFR
of ≤0.8. The primary outcome mea-
sures were major adverse cardiac events
or target vessel revascularization. The
trial demonstrated that an MRI-guided
strategy was associated with a lower inci-
dence of coronary revascularization than
an FFR-guided strategy with no differ-
ence in major adverse cardiac events at
the 1-year follow-up [22]. Based on the
results of the MR-INFORM trial, CMR
with stress perfusion should be consid-
ered non-inferior to invasive FFR mea-
surements for making decisions on coro-
nary revascularization.

Updated guidelines

The European Society of Cardiology
(ESC) guidelines for the diagnosis and
management of chronic coronary syn-
dromes had an important update in 2019,
which has receivedmuch attention in the
cardiology and cardiovascular imaging
community [17]. Overall, the updated
guidelines have substantially strength-
ened the role of noninvasive imaging
in the diagnosis of coronary artery dis-
ease (CAD). The ESC has now issued
a strong class I recommendation that
noninvasive functional imaging or coro-
nary CTA should be used as the initial
test for diagnosing chronic CAD disease
in most patients. Invasive angiography
as the initial test is only considered ap-
propriate for patients with a high pretest
likelihood and severe symptoms refrac-
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tory to medical therapy or a high event
risk. In this context, it is important to
mention that the pretest probabilities
for obstructive CAD have been revised
and are substantially lower in the revised
2019 ESC guidelines compared with the
previous version.

ThechoicebetweencoronaryCTAand
functional imaging testing for ischemia
(stress CMR or nuclear perfusion imag-
ing) should be based on the clinical likeli-
hood of CAD, patient characteristics and
preference, availability, and local exper-
tise. Alowerpretest likelihoodofCADfa-
vors coronaryCTAover functional imag-
ing tests, while functional imaging may
be preferable for patients in the higher
range of pretest probabilities.

Importantly, functional testing for
ischemia (with stress CMR or nuclear
perfusion imaging) is now also recom-
mended as the next appropriate step,
if coronary CTA shows CAD of uncer-
tain functional significance or is non-
diagnostic [17].

Inorder to further standardize cardio-
vascular MRI examinations, the Society
for Cardiovascular Magnetic Resonance
has recently (in2020) issuedupdated rec-
ommendations for the acquisition, post-
processing, and reporting of cardiovas-
cular MRI examinations [18, 31].

Applications of artificial
intelligence in CMR

Artificial intelligence (AI) is quickly
changing the practice of imaging, and
CMR has been on the forefront of this
development. Multiple AI-based algo-
rithms are in the pipeline and many have
received FDA approval, ranging from
decision-making, image acquisition, re-
construction, postprocessing, and risk
stratification technologies [25, 36]. Al-
though the benefit of AI in improving
patient outcomes remains to be shown,
the incorporation of machine learning-
based algorithms can substantially fa-
cilitate and accelerate repetitive tasks in
radiological practice. Several challenges
for the development and validation of
accurate and clinically useful AI algo-
rithmsneed tobe kept inmind, including
the availability of representative high-
quality annotated data as a reference

standard, possible biases (which might
be difficult to detect due to the “black
box” nature of neural networks), and the
reproducibility of results. Ethical and
legal aspects as well as data protection
are issues, which need to be considered
when such algorithms are integrated into
routine radiological workflow.

Postprocessing

Artificial intelligence algorithms have
simplified the process of volumetric and
functional analysis of cardiac chamber
and put an end to cumbersome circle
drawing, also reducing interobserver
variability. Several studies have shown
the reproducibility of automated seg-
mentation with results comparable or
superior to human evaluation in less
time [2, 3, 39]. Algorithms for auto-
mated segmentation are currently FDA
licensed and are commercially available
[36]. In addition to the ventricular func-
tional assessment, regions of myocardial
fibrosis and scarring can be segmented
and quantified automatically by using
various algorithms [21].

Diagnosis

Various models have been able to show
the advantages of applyingAI indiagnos-
tics with CMR. A fully automatic deep
learning algorithm has shown the ability
todetectmyocardialscarsusingnon-con-
trast-enhanced cine images [40]. Such
algorithms might reduce scan acquisi-
tion times and be beneficial for patients
with contraindications for gadolinium-
based contrast administration, in whom
myocardial scar estimation (postcontrast
LGE) might not otherwise be possible.
However, these initial results need con-
firmation in larger studies with a more
robust design.

Prognosis

With limitations in individual risk as-
sessment in the current approaches, AI
may improve risk stratification. For in-
stance, AI may predict the response to
cardiac resynchronization therapy based
on a combination of image data and clin-

ical information in patients with heart
failure [24].

Practical conclusion

4 Cardiac magnetic resonance imaging
(MRI) is increasingly used for the di-
agnosis and management of cardiac
pathologies

4 This widespread use has led to a de-
mand for physicians with expertise in
the performance and interpretation
of cardiac MRI is increasing.

4 Knowledge of new technologies,
current guidelines, and major trials
is essential to provide state-of-the-
art care for cardiac patients as part of
a multidisciplinary team.
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