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Cardiac Magnetic
Resonance Imaging for
the Investigation of

Cardiovascular Disorders.
Part 2: Emerging Applications

Cardiac magnetic resonance imaging has emerged as a robust noninvasive technique for
the investigation of cardiovascular disorders. The coming-of-age of cardiac magnetic reso-
nance—and especially its widening span of applications—has generated both excitement
and uncertainty in regard to its potential clinical use and its role vis-a-vis conventional imag-
ing techniques. The purpose of this evidence-based review is to discuss some of these
issues by highlighting the current (Part 1, previously published) and emerging (Part 2)
applications of cardiac magnetic resonance. Familiarity with the versatile uses of cardiac
magnetic resonance will facilitate its wider clinical acceptance for improving the manage-
ment of patients with cardiovascular disorders. (Tex Heart Inst J 2014,41(2):135-43)

ardiac magnetic resonance imaging (CMR) is unique in its ability to provide

comprehensive evaluation of cardiovascular disorders in a single session. Part

1 of this review highlighted the mainstream applications of CMR that are
now routinely used for diagnosis, risk stratification, and case management.' In this
section, we provide an overview of the principles and potential applications of emerg-
ing CMR techniques that seek to characterize the myocardial substrate in both health
and disease. These techniques offer the ability to noninvasively delineate pathophysi-
ologic processes in vivo and, therefore, to expand our understanding of cardiovascular
disorders. We also present a synopsis of innovative applications of validated CMR
techniques that have the potential to expand the usefulness of CMR as a clinically
relevant, cost-effective tool for reliable investigation and accurate case management in
a wide variety of clinical situations.

T1 Mapping and Extracellular Volume Quantification

Detection of regional or replacement myocardial fibrosis on CMR arises from the
visual evaluation of well-delineated areas of late gadolinium enhancement (LGE) on
delayed-enhancement MR (DE-MR) imaging. As discussed in Part 1 of this review;'
high contrast-to-noise ratio in DE-MR imaging is achieved by suppressing the signal
from the normal, unaffected myocardium. However, in patients with diffuse inter-
stitial fibrosis, defining the unaffected myocardium can be difficult, which limits
the usefulness of DE-MR imaging for detecting diffuse myocardial processes and for
quantifying the extent of extracellular matrix (ECM) expansion. Therefore, direct
quantification of longitudinal relaxation time of tissue (T1) has been proposed as a
novel alternative imaging biomarker of myocardial fibrosis.

Depending on the composition of the tissue, T1 relaxation times vary across tissue
types. Deviation from established ranges can therefore be used to quantify the effects
of pathologic processes. The generation of parametric maps that encode T1 value in
each pixel of an image is called T1 mapping (Fig. 1).

Not only does T1 mapping provide quantitative estimation of diffuse myocardial
disease processes and extracellular volume (ECV), but it has the advantage (when
compared with DE-MR imaging) of circumventing the influences of windowing, of
variations in signal enhancement, and of variability of observer input in character-
izing the diseased myocardium.’ Recent robust developments in acquisition and post-
processing techniques have given T1 mapping significant traction. Key acquisition
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sequences include the Modified Lock-Lock Inversion
Recovery (MOLLI)* sequence and its variations, such as
shortened MOLLI (ShMOLLI).? The 2 principal CMR
measurements obtained by using this method are na-
tive T1 and ECV.

Native T1. Native (precontrast or noncontrast) T'1
mapping elicits tissue differences without the use of a
gadolinium-based contrast agent (GBCA). This feature
is particularly appealing for application to patients with
significant renal insufficiency (in whom GBCAs have
been associated with nephrogenic systemic fibrosis®)
and application to pregnant patients (in whom GBCAs
are contraindicated). Native T1 measures the composite
signal from both the interstitium and the myocytes.®
When compared with measurements of ECV and
LGE, measurement of native T1 has the advantage of
detecting the deposition of pathologically important
substances such as iron, fat, and other T1-altering sub-
stances.” Native T1 mapping has shown high accuracy
in detecting myocardial edema and has been proposed

Fig. 1 A) Parametric overlay of a T1 map on a short-axis slice of
left ventricle (yellow ring) in a healthy volunteer. The color scale
of yellow in this image corresponds to a mean T1 value of 563
ms. B) A 43-year-old woman with dilated nonischemic cardio-
myopathy has diffusely abnormal T1 values throughout the left
ventricular myocardium (arrows). The T1 values of the myocar-
dium have a mean value of 174 ms, which corresponds to the
green-blue portion of the parametric color scale (seen on the left
border of the image).
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as a complementary technique to T2-weighted (T2W)
imaging.® This technique is, however, quite sensitive to
the methods of acquisition and postprocessing,

Extracellular Volume. Extracellular volume measures
the space occupied by the ECM, which is a surrogate
measure of ECM itself and uses GBCA as an extra-
cellular space marker. The bright signal generated on
T1-weighted (T1W) images—due to the T1-shortening
effect of GBCAs—points to the ECM. Consequently,
it can be said that ECV attempts to divide the myocar-
dium into its cellular and interstitial components, with
estimates expressed as volume fractions.” Extracellular
volume maps are generated by quantifying the native
and postcontrast T1 values on co-registered images
while adjusting for the hematocrit,” in order to account
for the effects of changes in body composition, renal
function, and hematocrit due to the underlying disease
process.

The ability to noninvasively quantify ECM altera-
tions is an important advance in CMR. Extracellular
volume directly quantifies the relative expansion of
ECM imposed by collagen deposition. However, ECM
expansion can also be caused by myocardial edema or
infilcrative disorders such as amyloidosis. Given the
pathophysiologic significance of myocardial ECM,
ECV measures might be of prognostic significance
equivalent to left ventricular (LV) ejection fraction.”"
Extracellular matrix is a modifiable target in several
disease processes—so T1 mapping might find wide
applicability in disease characterization, monitoring,
outcome prediction, and therapeutics."

Initial clinical results have been promising. Both pre-
contrast and postcontrast T1 values have provided high
diagnostic accuracy in differentiating between normal
and diffusely diseased myocardium in patients with
hypertrophic obstructive cardiomyopathy (HOCM)
and nonischemic cardiomyopathy (NICM), with native
T1 values showing the highest accuracy.” Quantitative
T1 measurement using equilibrium contrast (EQ)-
CMR has also shown strong correlation to histology for
quantification of diffuse myocardial fibrosis in patients
with aortic stenosis or HOCM." Moreover, T1 mapping
has been validated for the evaluation of interstitial fibro-
sis in patients with clinically evident cardiomyopathy,
including those without focal LGE.” These techniques
have also been used to gain additional insights into the
pathophysiologic role of ECM. For instance, a study
using T'1 mapping and other CMR measurements sug-
gested that ECM expansion in remote myocardium
might be linked to adverse remodeling after acute myo-
cardial infarction (MI)." An association between ECV,
short-term death, and other adverse clinical outcomes
also has been recently shown’; this association appears
to be stronger with ECV than with LGE. On the basis
of this association, the use of ECV as a biomarker for
risk stratification has been proposed.
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These promising results notwithstanding, the inte-
gration of these techniques into routine clinical MR
scanning protocols is challenging. All of the factors
that influence the precision of measured native T1 val-
ues have not been completely characterized, and broad
scientific consensus about the protocols for image ac-
quisition, postprocessing, and interpretation has not yet
been achieved. Nonetheless, T1 mapping represents an
innovative addition to other CMR measures of tissue
characterization. Multicenter trials must investigate and
validate the effect of these techniques on the manage-
ment of cardiovascular disorders.

T2 Mapping

Cardiac magnetic resonance is the only noninvasive
imaging technique that can detect myocardial edema.
This has traditionally been performed with water-sen-
sitive T2W imaging, on the principle that prolongation
of T2-relaxation time due to the increased mobility
of water protons in edematous myocardium results in
increased T2 signal intensity. Myocardial edema is be-
lieved to be a fundamental response to ischemia reper-
fusion injury. Therefore, an interesting application of
T2W imaging has been in the demarcation of the area
at risk associated with acute M1 The area at risk dur-
ing an acute coronary event is the salvageable myocar-
dium (hypoperfused but noninfarcted), the salvation of
which can determine the therapeutic efficacy of reper-
fusion therapy.” The clinical significance of detecting
the area at risk cannot be overemphasized. However, the
clinical interpretation of T2W imaging is subjective and
can be ambiguous because of low signal-to-noise ratio
(SNR), variability in signal intensity from the surface
coil, high T2 signal from slow stagnant blood near the
blood pool-endocardial interface, and motion artifacts.
To overcome some of these limitations, quantitative T2

mapping has recently been introduced for the objective
evaluation of myocardial T2 relaxation time (Fig. 2).

Quantitative approaches are less prone to artifacts,
are independent of the heart rate, and have low intra-
observer, interobserver, and interscan variability rates."
The quantification of T2 offers a distinct advantage
in the detection of global changes, in comparison with
T2W imaging, which relies on regional differences in
myocardial signal. There are 2 main types of T2 map-
ping techniques: spin-echo-based and T2-preparation
(T2p) steady-state free-precession (SSFP)-based tech-
niques, with the latter generally preferred. The under-
lying physics of the T2p-based technique is similar to
that of the bright-blood T2-prepared SSFP sequence
(see Part 1 of this review").

Quantitative T2 methods have yielded promising
results for the detection of myocardial involvement in
patients with acute myocarditis and takotsubo cardio-
myopathy. In these disease entities, T2 mapping showed
more extensive myocardial involvement than was sug-
gested by LGE, cine imaging, or T2W short tau inver-
sion recovery (STIR) imaging.” It has been postulated
that T2 mapping will enable accurate monitoring of
the treatment and progression of disease.”” In addition,
T2 mapping techniques have been used to identify iron
overload,”* and quantitative T2 mapping has proved
superior to both T2-STIR* and T2W imaging® for
identification of myocardial edema in acute ischemic
injury. However, these techniques have not been vali-
dated against a reliable histopathologic standard for the
delineation of the area at risk. Moreover, the limited
spatial resolution and the potential for misregistration
between frames acquired with different T2 prepara-
tion times can lead to partial volume artifacts. Finally,
high intersubject variability in myocardial T2 values
has been reported in healthy volunteers,”* which poses

Fig. 2 A) Parametric overlay of a T2 map on a short-axis slice of left ventricle (greenish ring) in a patient without myocardial abnormali-
ties. The color scale of green in this image (arrows) corresponds to a normal mean T2 value of 45 ms. B) A 26-year-old man with myo-
carditis involving the inferolateral wall has normal T2 values throughout the septum and anterior wall but has abnormal T2 values with a
mean of 71 ms in the inferolateral wall (arrows). C) The corresponding delayed-enhancement image shows enhancement in the same
region of the inferolateral wall (arrows) in a pattern that is compatible with myocarditis.
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significant challenges to the clinical application of T2
mapping, because the difference in T2 values between
diseased and normal myocardium tends to be relatively
small.”

Free-Breathing Cine Techniques

Cine SSFP is the current workhorse sequence for ven-
tricular function evaluation because of its superior
blood-to-myocardium contrast and higher intrinsic
SNR. One vital requirement for the SSFP sequence is
uninterrupted radiofrequency (RF) excitation to main-
tain steady-state magnetization during suspended res-
piration. Therefore, a given scan-acquisition window is
limited to the 10 to 20 seconds of breath-hold time.
Similarly, because electrocardiographic (ECG) syn-
chronization is crucial for data acquisition with SSFP
sequences, routine cardiac cine SSFP sequences are ac-
quired over multiple heartbeats—and MR data acqui-
sition is synchronized to, or triggered by, the patients
recorded ECG signal. Volumetric coverage of the heart
with use of SSFP involves the acquisition, over multiple
breath-holds, of multiple individual 2-dimensional (2D)
slices. This often increases the cumulative scan time.
Moreover, this imaging technique might not be feasible
in patients with impaired breath-holding capability, in
sedated or noncooperative patients, or in pediatric pa-
tients. Also frequently encountered are erratic breathing
patterns, irregular heart rates, large beat-to-beat varia-
tions in the R-R interval of the ECG (in patients with
otherwise regular heart rates), and suboptimal ECG
signal detection because of technical factors or patient
factors (for example, distorted chest-wall geometry, peri-
cardial effusion, or obesity). These variables often lead
to motion artifacts, slice registration errors, and sub-
optimal image quality. Therefore, methods of image
acquisition that do not require suspended respiration
or ECG synchronization are highly desirable.

To this end, advances in hardware and postprocess-
ing methods have facilitated the introduction and rou-
tine implementation of several new approaches. One
approach, single-shot acquisition or real-time CMR,
involves acquiring all of the required data for multiple
images in a single heartbeat, without the need for ECG
synchronization. However, this method typically results
in inferior spatial and temporal resolution when com-
pared with the resolution obtained with ECG-gated,
segmented acquisition performed during suspended
respiration. To overcome this limitation, real-time
CMR is often combined with an image-acceleration
technique called parallel imaging. Parallel imaging al-
lows undersampling of MR data points—resulting in a
reduction of SNR, although without a significant loss
of diagnostic information. Parallel imaging can either
accelerate the image-acquisition process to reduce the
breath-hold time or improve the spatial or temporal
resolution within a given imaging time.

138 Emerging Applications of CMR for Cardiovascular Disorders

A recently proposed fully automated image-acquisi-
tion method seeks to remedy the reduction in SNR.7
With this method, the SNR of real-time CMR is retro-
spectively enhanced with respiratory motion-corrected
averaging. This method has yielded image quality com-
parable to that achieved with the conventional method
of image acquisition. In fact, the proposed technique
provided superior image quality in patients with ar-
thythmia. A similar approach has also been validated
for ECG-triggered, free-breathing DE-MR imaging
during a single cardiac phase.””** Another tactic is to
use a respiratory-triggered, segmented SSFP sequence,
which eliminates the breath-hold requirement in cine
SSFP and has been validated in healthy volunteers and
sedated children.®" A recent study in adult patients
showed that the LV functional values obtained with
this respiratory-triggered free-breathing SSFP technique
are in good agreement with the results obtained with a
breath-hold SSFP sequence (Fig. 3).

For triggering or gating purposes, self-gated tech-
niques extract cardiorespiratory motion information
directly from the acquired MR signals.” As a result,
these techniques can be used without depending on
breath-holding and ECG synchronization. Self-gating
can be performed either retrospectively (after all data
have been acquired) or prospectively (at the time of data
acquisition). Retrospective techniques involve oversam-
pling the MR data. These methods are not considered
time efficient, because many data points have to be dis-
carded at the time of data reconstruction.** Prospective
techniques involve the real-time splitting of additionally
acquired MR signal into data that represent cardiac and
respiratory motion. In volunteers, 2D prospective car-
diac—respiratory self-gating (CRSG) resulted in signifi-
cantly decreased acquisition time with well-preserved
image quality, compared with the retrospective tech-
nique.* Free-breathing 3-dimensional (3D) cine cardiac
data are also being explored, because this technique
offers the advantage of thin-slice, contiguous volume
acquisition, which might augment the accuracy of mea-
surements of functional values by eliminating slice mis-
registration errors. In one study, strong correlation was
observed between LV and right ventricular functional
values obtained with 3D prospective CRSG and those
obtained with standard multislice 2D ECG-triggered,
breath-hold imaging.”® These developments are expect-
ed to reduce the complexity of CMR acquisition and to
expand its application to a wider patient population.

Coronary Magnetic Resonance Imaging

Coronary MR imaging, another evolving application
of cardiac MR, is one of the most challenging of these
applications. Some of the difficulties associated with
this technique are inherent to noninvasive imaging of
the coronary arteries. These include the small size, high
tortuosity, and complex 3D anatomy of the coronary ar-
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teries; their near-constant motion in accord with cardiac
and respiratory cycles; and the surrounding signal from
the adjacent epicardial fat and myocardium.* Other
problems relate to the limited spatial and temporal reso-
lution of the MR technology. Despite these challenges,
several approaches for MR imaging of coronary arteries
have been devised, in order to provide both high spatial
resolution and high SNR. In the primary technique,
the MR sequence is synchronized with the cardiac cycle
(ECG-triggered), and data are acquired at the end-ex-
piratory phase of respiration (respiratory-gated). In
addition, preparatory RF pulses are used to suppress
signal from the surrounding tissues, which improves the
contrast-to-noise ratio of the coronary arteries. The 3D
volumetric data set acquired is used to generate high-
resolution and intuitive reconstructions of the coronary
tree. As in computed tomographic coronary angiogra-
phy, the image quality of coronary MR angiography
(MRA) can be improved through pharmacologic con-
trol of the heart rate with B-blockers and dilation of
the coronary arteries with nitroglycerin.’** Technical
advances such as higher-field-strength (3T) magnets,
phased-array coils, parallel imaging techniques, and
alternative methods of data acquisition such as spiral
and radial MR imaging also enable faster acquisition,
improved image quality, or both. Previously described
free-breathing respiratory self-gated techniques are par-
ticularly useful for improving the efficiency and image
quality of coronary MR imaging.*?

One of the strengths of coronary MR imaging lies
in its high accuracy in the detection of congenital
anomalies of the origin and the proximal course of the
coronary arteries (Fig. 4).** Coronary MR imaging is
superior to invasive coronary angiography for delineat-
ing the course of anomalous vessels.””** Anecdotal re-
ports suggest that coronary MR can be used as part of
a multisequence MR protocol to evaluate the functional
and clinical significance of coronary artery anoma-
lies.*% Coronary MR imaging has also shown high
accuracy in the identification and characterization of
ectatic coronary vessels” and coronary artery aneurysms
in children with Kawasaki disease.”*** However, the role
of coronary MR imaging in coronary artery disease
(CAD) is more limited. At present, coronary MR im-
aging can be used to identify CAD in the proximal
half of the major coronary arteries, but it does not have
the spatial resolution required to quantify and identify
stenosis in the distal coronary arterial tree or in the side
branches. Therefore, coronary MR imaging is currently
used primarily to exclude a diagnosis of CAD in pa-
tients with suspected left main coronary artery or mul-
tivessel disease. Normal results on a coronary MR scan
in this patient population have a high negative predic-
tive value.* This technique can also be used in patients
with a low likelihood of CAD, such as younger patients
undergoing valvular surgery, and in patients with aor-
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tic dissection or renal insufficiency for whom cardiac
catheterization would be a high-risk procedure. In pa-
tients who present with LV systolic dysfunction in the
absence of a history of MI, coronary MR imaging can
be used to identify underlying multivessel CAD and
to differentiate this condition from NICM.* Hence,
coronary MR imaging remains a technically challeng-
ing application with narrow clinical usefulness that is
currently being performed only at centers with consider-
able experience in cardiac MR.

Fig. 3 Short-axis cine steady-state free-precession dataset
obtained A) with standard breath-hold technique and B) dur-
ing free breathing in the same patient. Given the comparable
contrast and the spatiotemporal resolution of the free-breathing
technique, free breathing might be a viable alternative for the
evaluation of left ventricular function in patients with impaired
breath-holding capacity.

Supplemental motion images are available for Figures 3A and
3B.
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Heart Failure and Heart Transplantation

In a patient with newly diagnosed heart failure, CMR
offers a clinically reliable toolbox for phenotypic char-
acterization, identification of cause, and risk stratifica-
tion for therapeutic management. Axial black-blood
and SSFP images can characterize morphologic changes
in the cardiac chambers, valves, and pericardium, and
segmented cine SSFP images can help to evaluate the
functional consequences of these morphologic changes.
The combination of cine sequences and phase contrast
(PC)-MR imaging provides a comprehensive overview
of primary and secondary valvular dysfunctions that
often coexist in patients with heart failure. The pattern
of LGE on DE-MR imaging can then help to identify
the origin of heart failure (Figs. 5 and 6). In fact, CMR
has shown diagnostic accuracy superior or comparable

Fig. 4 A 22-year-old man with a history of repaired tetralogy
of Fallot underwent cardiac magnetic resonance imaging for
evaluation and quantification of pulmonary insufficiency. Axial
reformatted images from a navigator-gated, electrocardiogram-
triggered, free-breathing, 3-dimensional steady-state free-pre-
cession volumetric dataset optimally show ostial and proximal
courses of A) the left anterior descending coronary artery
(double arrows), the left circumflex coronary artery

(single arrow), and B) the right coronary artery (arrow).

140  Emerging Applications of CMR for Cardiovascular Disorders

Fig. 5 A 24-year-old woman with a history of epidermolysis bul-
losa and recent stroke underwent cardiac magnetic resonance
imaging for evaluation of newly diagnosed systolic dysfunction
on echocardiography. A) Short-axis and B) 4-chamber delayed-
enhancement images show mild dilation of the left ventricle,
moderate (predominantly mid-myocardial) enhancement in

the septum, and predominantly epicardial enhancement in the
anterior, lateral, and inferior walls (arrows). The noncoronary
distribution and nonischemic pattern of delayed enhancement
were consistent with myocarditis as the underlying cause of the
patient’s systolic dysfunction.

to that of endomyocardial biopsy (EMB) for the causal
characterization of patients with heart failure.”* Delayed
enhancement-MR imaging is also superior to echocar-
diography in identifying such complications of heart
failure as LV thrombus.” Perfusion imaging with use
of dynamic contrast-enhanced (DCE)-MR can identify
modifiable substrate, such as myocardial ischemia. Re-
cently, CMR sequences such as myocardial tagging and
PC-MRI have been used to identify and quantify me-
chanical dyssynchrony in patients with heart failure.***
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Fig. 6 A 59-year-old woman with a history of left atrial myxoma resection presented with worsening heart failure shortly after that
surgery. Right- and left-sided heart catheterization results were normal. Cine steady-state free-precession images (not shown) showed
hypokinesia of the inferior wall. A) Short-axis and B) vertical long-axis delayed-enhancement images show subendocardial enhance-
ment extending variably into the mid-myocardium (arrows) in the inferior wall in a coronary distribution (right coronary artery territory).
The most likely cause of the patient’s heart failure was an embolic phenomenon in the right coronary artery during the perioperative

period, which resulted in ischemic insult.

Together with cardiac-function values and the pattern
of LGE, these newer CMR acquisition and analysis
techniques might better define the population of pa-
tients with heart failure who are most likely to benefit
from cardiac resynchronization therapy (CRT). The ex-
tent of LGE on DE-MR imaging has also shown excel-
lent accuracy for predicting clinical response to CRT.”
As experience with MR-compatible implantation devic-
es increases, CMR might come to play an increasingly
important role in evaluating CRT benefits.

Cardiac MR is also being investigated as a potentially
safer, noninvasive alternative to EMB for detecting acute
cardiac allograft rejection (ACAR) in heart-transplant
recipients. In a single-center study, T2 relaxation time
(measured with a black-blood sequence) was found to
be a sensitive marker of moderate ACAR. In that same
study,” T2 relaxation time predicted the subsequent oc-
currence of such rejections in this patient population.
Recently, quantitative T2 mapping was again shown to
be a potential noninvasive tool for characterizing rejec-
tion in cardiac allografts.” A multisequence CMR pro-
tocol incorporating myocardial function, edema, and
early and late postgadolinium enhancement has also
shown high sensitivity and specificity for the detection
of ACAR, compared with EMB.** Cardiac MR offers
multiple potential advantages over EMB: it is nonin-
vasive, is safe, and enables simultaneous myocardial tis-
sue characterization and the evaluation of myocardial
dysfunction resulting from allograft rejection. Given
these attributes, CMR might provide guidance on the
optimal timing and site of EMB in heart-transplant re-
cipients. The usefulness of CMR in measuring response
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to immunosuppressive therapy, conducting long-term
follow-up of allografts, and detecting the sequelae of
transplantation also merit further investigation.

Conclusion

Cardiac MR is a versatile imaging technique that en-
ables comprehensive noninvasive evaluation of cardio-
vascular physiology and disease. It has evolved from a
focused research technique to a multifaceted clinical
tool with wide and evolving applications. Although
technically complex, CMR is highly accurate and cost-
effective for the investigation, risk stratification, and
evaluation of therapeutic response and prognosis in pa-
tients with cardiovascular diseases.

In this 2-part article, we have endeavored to distill the
complex concepts of CMR to facilitate wider familiarity
with and use of this robust technique. In addition, we
have highlighted recent innovations and ongoing devel-
opments in CMR. Particular emphasis has been placed
on those applications that appear to have the greatest
potential for clinical integration in the near future. It is
hoped that the information presented in these articles
will enable referring physicians to better understand
and integrate the power of CMR for improving patient
outcomes and advancing the understanding of cardio-
vascular disorders.
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