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Abstract

Coronary artery disease remains the leading cause of death in the United States, despite
significant efforts in prevention and treatment. Coronary artery magnetic resonance imag-
ing is a non-invasive diagnosis technique among patients with suspected anomalous coro-
nary artery disease and coronary artery aneurysms. In this chapter, we will review the
imaging strategies for magnetic resonance imaging of coronary arteries and veins. We
review techniques for compensating the near-constant motion of the coronaries during both
the respiratory and the cardiac cycles, for improving signal-to-noise ratio and contrast-to-
noise ratio, advanced methods for accelerated imaging and high-field imaging, and coro-
nary vein imaging.
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Introduction

Coronary artery disease (CAD) remains the leading cause of
death in the United States, accounting for one of every six
deaths, despite significant efforts in prevention and treat-
ment [1]. Each year approximately 635,000 Americans are
estimated to have a new myocardial infarction, and nearly
280,000 to have a recurrent infarction. Furthermore, an
additional estimated 150,000 will have their first silent myo-
cardial infarction [1]. The current clinical “gold standard”
for the diagnosis of significant (=50 % diameter stenosis)
CAD is catheter-based invasive x-ray angiography. More
than a million catheter based x-ray coronary angiograms are
performed annually in the United States [1], with a higher
volume in Europe. However, a recent study of nearly
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400,000 patients referred for x-ray coronary angiography
showed that only less than 40 % had obstructive CAD, a
relatively low yield for an invasive test [2]. Many of these
patients without significant CAD were exposed to the poten-
tial risks and complications of an invasive test that includes
ionizing radiation and iodinated contrast [3, 4]. Furthermore,
selected high risk populations such as those patients with
aortic valve stenosis, the incidence of subclinical stroke
associated with retrograde catheter crossing of the stenotic
valve may exceed 20 % [5]. In order to relieve symptoms,
percutaneous coronary intervention in single vessel disease
is commonly performed, but the greatest impact on mortal-
ity occurs with mechanical intervention among patients
with left main (LM) and multivessel CAD. Thus, alternative
non-invasive imaging modalities, which allow direct visual-
ization of the proximal/mid native coronary vessels for the
accurate identification/exclusion of LM/multivessel CAD,
are desirable.

Coronary artery magnetic resonance imaging (MRI)
has evolved as a non-invasive diagnosis alternative to
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catheter based x-ray angiography among patients with
suspected anomalous coronary artery disease and coro-
nary artery aneurysms. Over the past two decades, it has
reached sufficient maturity to obviate the need for cathe-
ter based x-ray angiography in the discrimination of
patients with multivessel disease. Though, coronary
multi-detector computed tomography (MDCT) offers
superior isotropic spatial resolution and more rapid imag-
ing, coronary MRI, is advantageous to MDCT in several
respects, including the absence of ionizing radiation or
iodinated contrast, which facilitates follow-up scanning,
as well as smaller artifacts related to epicardial calcium.
Due to the advantages of coronary MRI and its diagnostic
accuracy, it is recommended and deemed appropriate in
patients suspected of anomalous coronary artery disease
by both the American College of Cardiology and American
Heart Association [6, 7]. In this chapter, we will review
the imaging strategies for magnetic resonance imaging of
coronary arteries and veins.

Coronary Artery MRI
Imaging Sequences

The early approaches to coronary MRI have been based on
2D breath-hold electrocardiogram (ECG) triggered seg-
mented sequences, described nearly two decades ago [8, 9].
Over the past two decades, 3D free-breathing approaches
have replaced these sequences, since they enable greater
anatomical coverage and higher signal level. Either targeted
or whole-heart coverage of the coronary anatomy is possible
in 3D coronary MRI. In the targeted technique [10], a
double-oblique 3D volume aligned along the major axis of
the left or right coronary artery is acquired [11-13]. For the
visualization of the left main (LM), left anterior descending
(LAD) and left circumflex (LCX) coronary arteries, a 3D
volume is interactively prescribed in the axial plane cen-
tered about the LM coronary artery, typically with a 30-mm
slab with 20 overlapping using a segmented acquisition
(Fig. 17.1) [13, 14]. For imaging of the RCA, the imaging
plane passing through the proximal, mid and distal coordi-
nates of the RCA is identified and the targeted 3D coronary
sequence is repeated in this orientation. In whole-heart cor-
onary MRI [15-29], in a manner analogous to coronary
MDCT, an axial (or coronal) 3D volume encompassing the
entire heart is sampled in a single acquisition. This facili-
tates imaging slab prescription and provides more complete
anatomical coverage, positioned ~1 cm above the LM and
extending to the inferior cardiac border. However, based on
single-center trials up to date, it has not been shown to be
superior to the targeted approach for CAD assessment
(Table 17.1).
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Fig. 17.1 Reformatted coronary MRI of the left coronary system
acquired using a targeted free breathing acquisition with real time navi-
gator gating and tracking in a healthy adult subject. The transverse
acquisition displays the left main (LM), left anterior descending (LAD)
and the left circumflex (LCX) coronary arteries. The in-plane spatial
resolution is 0.7 x 1.0 mm?

Both gradient echo (GRE) and steady state free preces-
sion (SSFP) sequences [38] have been used for targeted thin-
slab 3D acquisitions. Thin-slab 3D targeted acquisition with
a GRE sequence results in more homogenous blood pool
signal, but is heavily dependent on the inflow of unsaturated
protons [39]. If coronary flow is slow or stagnant, saturation
effects will cause a local signal loss that is often relatively
exaggerated as compared with the lumen stenosis. Compared
to GRE sequences, SSFP provides intrinsically higher signal
due to its balanced gradients and improved blood-
myocardium contrast due to its T;/T, weighting [40] with
reduced sensitivity to inflow effects. Both GRE and SSFP
have been used for targeted 3D coronary MRI, where both
have shown similar diagnostic accuracy for CAD [40, 41].
For whole-heart non-contrast coronary MRI at 1.5 T, SSFP
appears to be the sequence of choice due to its higher blood-
myocardium contrast and superior inflow properties [39].

Even with these technical advances, clinical acceptance
of coronary MRI remains challenging due to coronary
artery motion, long scan times, limited spatial resolution,
suboptimal signal-to-noise-ratio (SNR) and blood-myocar-
dium contrast-to-noise-ratio (CNR). The technical chal-
lenges in coronary artery MRI is different than other
cardiovascular magnetic resonance (CMR) acquisitions
due to unique issues including: (1) small caliber of coro-
nary arteries (3—6 mm diameter), (2) high level of tortuos-
ity, (3) near-constant motion during both the respiratory
and the cardiac cycles, and (4) surrounding signal from
adjacent epicardial fat and myocardium.
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Table 17.1 Diagnostic accuracy of ECG-triggered, free-breathing, targeted 3D and whole-heart coronary MRI with and without contrast agents

Study Single-center/multi-center # patients Sensitivity (%) Specificity (%)
Non-contrast 3D targeted coronary MRI

Kim et al. [10] Multi-center 109 88-98 32-52
Bunce et al. [30] Single-center 46 50-89 72-100
Sommer et al. [31] Single-center 107 74-88 63-91
Bogaert et al. [32] Single-center 21 85-92 50-83
Non-contrast 3D whole-heart coronary MRI

Jahnke et al. [33] Single-center 21 79 91
Sakuma et al. [27] Single-center 39 82 91
Sakuma et al. [26] Single-center 131 82 90
Pouleur et al. [34] Single-center 77 100 72
Kato et al. [35] Multi-center 138 88 72
Contrast enhanced 3D whole-heart coronary MRI

Yang et al. [36] Single-center 62 94 82
Yang et al. [37] Multi-center 272 91 80

Fig.17.2 Graph depicting the 20 -
in-plane motion of the right
coronary artery (RCA) and the 18

left anterior descending (LAD)
coronary artery during the
cardiac cycle. The x-axis displays
time as a percentage of the R-R
interval. Note the image quality
of the RCA cross section
improves when the acquisition is
performed during mid-diastole as
compared to early diastole
(Reproduced from [47], with
permission of Wiley)
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Cardiac Motion

Bulk epicardial motion is a major impediment to coronary
artery and vein MRI and can be separated into motion related
to direct cardiac contraction/relaxation during the cardiac
cycle and that due to superimposed diaphragmatic and chest
wall motion from respiration. The magnitude of motion from
each component may greatly exceed the coronary artery
diameter, thereby leading to blurring artifacts in the absence
of motion-suppressive methods.

To compensate for bulk cardiac motion, accurate electro-
cardiographic (ECG) synchronization with QRS detection is
required, and vector ECG approaches are preferred [42].
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Coronary motion has been characterized using both catheter
based x-ray angiography [43, 44] and CMR [45-47] meth-
ods during the cardiac cycle. Both the proximal/mid right
coronary artery (RCA) and the left anterior descending
(LAD) coronary artery display a triphasic pattern (Fig. 17.2),
with the magnitude of in-plane motion nearly twice as great
for the RCA. Coronary motion is minimal during isovolumic
relaxation, approximately 350400 ms after the R wave, and
again at mid-diastole (immediately prior to atrial systole).
The LAD diastasis is longer than the RCA, and begins earlier
in the cardiac cycle [12]. The duration of the mid-diastolic
diastasis period is inversely related to the heart rate and dic-
tates the coronary data acquisition interval.
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For coronary artery MRI, the acquisition interval is
adapted to the heart rate/diastasis interval using a patient-
specific diastasis period. This can be readily identified by the
acquisition of high temporal resolution cine dataset
orthogonal to the long axis of the proximal/mid RCA and of
the LAD. Semi-automated tools to identify the optimal data
acquisition window have also been proposed [48, 49]. For
patients with a heart rate of 60—70/min, a coronary artery
MRI acquisition duration of ~80 ms during each cardiac
cycle results in improved image quality [14]. The duration
must be further abbreviated (e.g., <50 ms) at higher heart
rates, while with bradycardia, the acquisition interval can be
expanded to 120 ms or longer. The use of patient-specific
acquisition windows serves to reduce overall scan time [50,
51]. Image degradation can be caused by sinus arrhythmia,
leading to heart rate variability, which is common especially
in younger adults [52]. An adaptive real-time arrhythmia
rejection algorithm can correct for heart rate variability, and
improves coronary artery MRI quality [49].

Respiratory Motion

The second major challenge for coronary artery MRI is com-
pensation for respiratory motion. With inspiration, the dia-
phragm may descend up to 30 mm and the chest wall
expands — resulting in an inferior displacement and anterior
rotation of the heart [53]. Several approaches have been pro-
posed to minimize respiratory motion artifacts, including sus-
tained end-expiratory breath-holding, chest wall bellows,
respiratory navigators, fat navigators and self-gating methods.
Prolonged (15-20 s) end-expiratory breath holds were uti-
lized to suppress respiratory motion in initial 2D coronary
artery MRI methods [54]. Breath holding offers the advan-
tage of relative ease of implementation in compliant subjects,
but it limits the temporal acquisition window, image spatial
resolution and anatomic coverage. Additionally, many
patients are unable to adequately sustain a breath-hold.
Furthermore, slice registration errors (due to variability in
end-expiratory diaphragmatic position) are very common as
is diaphragmatic drift during the breath hold [54-57] and may
occur in up to half of patients [12]. Supplemental oxygen and
hyperventilation (separately or in combination) can be uti-
lized to prolong the breath-hold duration [56, 57], but these
methods may not be appropriate for all patients, and both dia-
phragmatic drift and slice registration errors persist [57].
Diaphragmatic respiratory navigators, first proposed by
Ehman [58] for abdominal MR imaging, enable free-breathing
acquisitions without the stringent time constraints and patient
cooperation requirements imposed by multiple breath holds,
and thus offer superior spatial resolution opportunities.
Although the specifics of navigator implementation varies
among CMR vendors, in the ideal implementation, the naviga-
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tor can be positioned at any interface that accurately reflects
respiratory motion, including the dome of the right hemidia-
phragm (Fig. 17.3) [59, 60], the left hemidiaphragm, the ante-
rior chest wall, the anterior free wall of the left ventricle [60,
61], or even through the coronary artery of interest. The navi-
gator should not cause an image artifact and should be tempo-
rally located immediately preceding the imaging portion of the
sequence with data accepted (used for image reconstruction)
only when the navigator indicates that the “interface” (e.g.,
diaphragm position) falls within a user-defined window. The
dome of the right hemidiaphragm has become the preferred
location [27, 38—40] due to the simplicity and ease in set-up,
where the motion of the right hemidiaphgragm in the superior-
inferior direction can be tracked. From CMR studies of car-
diac border position during the respiratory cycle, Wang
observed that at end-expiration, the ratio between cardiac and
diaphragmatic displacement is ~0.6 for the RCA and ~0.7 for
the left coronary artery [53] though there is variability among
subjects [20, 42, 43] and position (e.g., supine vs. prone imag-
ing) [23]. This rule-of-thumb offers the opportunity for pro-
spective navigator gating with real-time tracking [60, 62], in
which the position of the interface (diaphragm) is determined,
and the slice position coordinates can then be shifted in real-
time (before the data collection) to appropriately adjust spatial
coordinates [63]. This technique allows for the use of wider
gating windows and increased navigator efficiency, leading to
shorter scan times. Real-time tracking implementation with a
5-mm diaphragmatic gating window is often used resulting in
a navigator efficiency approaching 50 % [62]. Coronary artery
MRI with real-time navigator tracking has been shown to min-
imize registration errors (as compared with breath holding)
while maintaining or improving the image quality [12, 62]. It
should also be noted that the quality of coronary artery MRI is
improved by using consistent ECG timing as well as respira-
tory suppression methodology for both the coronary localiz-
ing/motion scout images and for the coronary artery MRI
acquisitions [51].

A number of refinements to the navigator method have
been proposed. While a “fixed” superior-inferior correction
factor of 0.6 (with no left-right or anterior-posterior correc-
tion) [44, 45] is commonly used, significant individual vari-
ability has been observed [55]. A subject-specific tracking
factor has been advocated and shown to improve the quality of
coronary images when the subject-specific tracking factor dif-
fers from 0.6 [64]. The use of multiple navigator locations, use
of leading and trailing navigators, and navigators that provide
guidance for affine transformations, i.e. 3D translations and
rotations, of the slice prescription for each heart-beat have
been proposed [23, 65-67]. The affine transformation permits
use of larger navigator windows, and hence higher navigator
efficiency. It has also been proposed that the heart itself be
tracked [20, 68-70]. For instance, methods that track the
epicardial fat to detect the heart position have been proposed
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Fig. 17.3 Positioning and utility of the respiratory navigator. Coronal
(a) and axial (b) thoracic images for placing the navigator at the dome
of the right hemidiaphragm (RHD NAV). (¢) Respiratory motion of the
lung-diaphragm interface is recorded using a 2-D selective navigator
with the lung (superior) and liver (inferior) interface. In this example,
the maximum excursion between end-inspiration and end-expiration is

[71-74]. In addition to navigator gating, respiratory self-gat-
ing techniques have been investigated, a method that derive
the respiratory position of the heart from the imaging data
itself [19, 20, 28, 68, 69, 75, 76], thus avoiding certain issues
with navigators such as subject-dependent tracking factor [77]
and hysteresis effects [78]. Navigator with fixed scan effi-
ciency has also been recently introduced which results in
imaging at a fixed scan time [79]. Novel k-space trajectories
and various image reconstruction based method such as cross-
correlation of low resolution images have also been proposed
for respiratory motion compensation [28, 80-82].

SNR and CNR

The coronary arteries are surrounded by epicardial fat and
the myocardium. Thus contrast-to-noise ratio (CNR) can be
improved by suppressing the fat and myocardium signal sur-
rounding the coronary arteries. Frequency (spectrally) selec-
tive pre-pulses are applied to saturate signal from fat tissue,
thereby allowing visualization of the underlying coronary
arteries [54, 83]. To differentiate myocardium and the coro-
nary lumen, endogenous contrast preparation techniques are
commonly utilized [14, 83-86]. Two methods that can
enhance the contrast between the coronary lumen and under-
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osition of interface during
each R-R interval

Lung

~11 mm. The position of the lung-liver interface at each R-R interval is
indicated by the broken line in the middle of (c). Data are only accepted
if the lung-liver interface is within the acceptance window of 5 mm.
Data acquired with the navigator outside of the window are rejected.
Accepted data is indicated by the broken green line at the bottom of (c¢)

lying myocardium are T, preparation pre-pulses [14, 84, 85,
87] and magnetization transfer contrast [83, 86]. The former
is often used for coronary artery MRI as it also suppresses
deoxygenated venous blood, while the latter is used for coro-
nary vein MRI [57].

The limited signal-to-noise ratio (SNR) in coronary artery
MRI, along with constraints on acquisition duration, restricts
the spatial resolution in the acquisition. Spatial resolution
requirements for clinical coronary artery MRI depend on
whether the goal is to identify the origin and proximal course
of the coronary artery (e.g., issues of anomalous coronary
disease), or whether the goal is to identify focal stenoses in
the proximal and middle segments.

The SNR of coronary MRI can be enhanced by higher B,
field strength [88], larger 3D spatial coverage [29], vasodila-
tor administration, and contrast agents based on gadolinium
chelates. The intrinsically higher SNR associated with higher
magnetic field strengths may be advantageous for non-
contrast coronary MRI. However, additional considerations,
such as higher B, and B, inhomogeneity and higher specific
absorption rate, affect certain aspects of coronary MRI, such
as the diminished utility of SSFP sequences at 3 T due to
increased field inhomogeneity and high specific absorption
rate. Hence, GRE sequences, which are less sensitive to field
inhomogeneity, as well as localized shimming [89] and
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contrast preparation techniques that deal with B, inhomoge-
neities [87, 90] have been advocated.

The increased coverage of whole-heart coronary MRI can
potentially improve the SNR but this also increases the scan
time. Thus, the SNR gain is often counteracted by the need for
accelerated imaging to reduce scan time, which carries an SNR
penalty. Despite this penalty, excellent image quality of whole-
heart coronary MRI has been shown in several studies [26, 29],
and an example from a single-center study [26] is depicted in
Fig. 17.4. Furthermore, whole-heart imaging suffers from satu-
ration effects of the inflowing blood magnetization [39]. Another
technique to improve SNR in coronary MRI is the administra-
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tion of vasodilators, since the increased coronary blood flow
secondary to vasodilatation reduces the inflow saturation effects
[91, 92]. Figure 17.5 demonstrates impact of sublingual isosor-
bide dinitrate administration on 3D targeted coronary MRI up to
30 min after drug administration in terms of subjective image
quality and objective SNR and vessel sharpness.

The administration of exogenous gadolinium contrast
agents (both extracellular [16, 93, 94] and intravascular [95—
100]) that shorten the T, relaxation time provides an alterna-
tive flow-independent approach to improve SNR and
CNR. Since conventional extracellular contrast agents, e.g.
gadopentetate dimeglumine (Gd-DTPA), diffuse rapidly into

Fig.17.4 Whole-heart coronary MRI. (a) A stenosis in LAD is visual-
ized using a curved multiplanar reconstruction (white arrow). (b) A
three-dimensional view of LAD with stenosis is depicted in the volume-

Subject C (2.5mg)

Subject D (5mg)

Fig. 17.5 Reformatted images from a targeted 3D coronary MRI of
the RCA acquired before and after sublingual isosorbide dinitrate
administration on two healthy subjects using a 3D free-breathing SSFP
with 2.5 mg (top row) and 5 mg doses (bottom row) as a function of

rendered image. (¢) X-ray coronary angiography confirms proximal
LAD stenosis (arrowhead) (Adapted from Ref. [26], with permission of
Elsevier)

time. Improved RCA vasodilation and signal enhancement can be
observed in all images post-isosorbide dinitrate (arrows in top and bot-
tom row). The enhanced SNR with isosorbide dinitrate also allows for
improved visualization of the distal segments
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the interstitial space, early contrast-enhanced coronary MRI
studies focused on breath-hold technique to take advantage
of the first-passage of these agents [94]. However, both the
breath-hold and first-pass aspects of such approaches limit
the spatial resolution and is unsuitable for whole-heart coro-
nary acquisitions [29]. Following the availability of a high
relaxivity extracellular contrast agent, gadobenate dimeglu-
mine (Gd-BOPTA; MultiHance; Bracco Imaging SpA,
Milan, Italy), improved whole-heart coronary MRI at 3 T
was shown to be feasible using a T;-weighted inversion
recovery (IR) GRE sequence with a slow infusion of this
Gd-BOPTA [16]. An example of contrast-enhanced whole-
heart coronary MR image from a CAD patient and the cor-
responding x-ray angiogram are shown in Fig. 17.6,
demonstrating agreement between two modalities in detect-
ing significant stenosis. In a single center trial, 3 T whole-
heart coronary MRA with slow infusion of Gd-BOPTA had
93 % sensitivity, 89 % specificity and 90 % accuracy for
detecting >50 % diameter stenosis on a per-vessel basis (and
94 %, 82 % and 89 % on a per-patient basis) when compared
with x-ray angiography [36]. A bolus infusion of Gd-BOPTA
for coronary MRI has also been reported [101], and an exam-
ple depicted in Fig. 17.7 shows a clear visualization of the
three major coronary vessels in the reformatted and 3D vol-
ume rendered images. Furthermore, the bolus contrast injec-
tion method is advantageous in multiple ways, since it
simplifies the initiation time of coronary MRI acquisition
compared to slow infusion, and it is compatible with late
gadolinium enhancement imaging, which enables the assess-
ment of coronary artery stenosis and myocardium viability
using a single bolus contrast injection.

Coronary MRI: Advanced Methods

The sensitivity and specificity of coronary MRI for detection of
CAD remain moderate based on single-center [26, 27, 30-34,
36] (Table 17.1) and multi-center [10, 35, 37] studies, despite
the tremendous technical improvements in the last two decades.
Coronary motion, SNR and CNR remain as major impedi-
ments to coronary MRI, and these issues need to be addressed
before clinical prime time for coronary MRI. To overcome
some of these hurdles, several CMR centers continue with the
development and implementation of novel approaches, includ-
ing non-Cartesian acquisitions, accelerated imaging tech-
niques, coronary vein MRI and higher field imaging.
Non-Cartesian acquisitions provide efficient k-space tra-
versals that lead to incoherent or less visually significant arti-
facts. Thus, alternative non-Cartesian k-space acquisitions,
including spiral and radial coronary MRI have received
attention. The use of spiral coronary artery MRI was first
reported by Meyer and colleagues [102]. Spiral acquisitions
are advantageous to Cartesian acquisitions in several
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respects, including a more efficient filling of k-space,
enhanced SNR [40, 103], and favorable flow properties.
However, there are also drawbacks associated with spiral tra-
jectories, such as increased sensitivity to magnetic field
inhomogeneity and longer image reconstruction. Interleaved
spiral imaging is typically used due to reduced artifacts
[102—-105], though a single-shot k-space trajectory can also
be employed. Both breath-hold (2D) and free-breathing/
navigator-gated acquisitions can be performed with spiral
coronary imaging [40, 95, 103, 105]. Compared to conven-
tional Cartesian approaches, single spiral acquisitions (per
R-R interval) afford a near threefold improvement in SNR
[40, 103]. Hence, acquiring two spirals during each R-R
interval will halve the acquisition time, while maintaining
superior SNR (vs. Cartesian acquisition) and CNR. Variable
density spirals have also shown benefit [82].

Radial trajectories also enable more rapid acquisitions,
while decreasing sensitivity to motion. Data in healthy sub-
jects appear promising [40, 106-108] and may be particu-
larly beneficial for coronary wall imaging [70, 109, 110].

Parallel imaging techniques such as generalized autocali-
brating partially parallel acquisition (GRAPPA) [111] or sen-
sitivity encoding (SENSE) [112] are the most commonly used
clinical acceleration technique for coronary MRI [16, 36, 100,
101]. Resultant acceleration rates of up to twofold while using
5-16 element cardiac-coil arrays, and up-to fourfold accelera-
tion rate using 32-channel coils have been achieved [24, 113].
Currently, parallel imaging is considered the state-of-the-art
accelerated imaging technique for whole-heart coronary MRI,
and is commonly utilized for clinical imaging.

In addition to the non-Cartesian trajectories [114]
described previously, compressed sensing (CS) has emerged
as an alternative acceleration technique that exploits the
sparsity of the image in a transform domain [115, 116]. CS
also requires an incoherent undersampling pattern, which
can be achieved by random undersampling of k-space data in
the k,-k, plane for three-dimensional (3D) Cartesian acquisi-
tions. In high-resolution coronary MRI, an advanced
CS-based reconstruction strategy was shown to provide
reconstructions with reduced blurring compared to conven-
tional CS techniques [117], and was successfully utilized in
contrast-enhanced whole-heart coronary MRI [118]. More
recently, for highly-accelerated sub-millimeter resolution
whole-heart coronary MRI, CS was shown to outperform
parallel imaging at sixfold accelerated imaging in a head-to-
head comparison [119], with example images depicted in
Fig. 17.8. CS can also be used in conjunction with non-
Cartesian imaging, such as with spiral acquisitions to enable
whole heart acquisitions in a single prolonged breath-hold
[81] or with 3D radial trajectories [108].

Coronary MRI at high fields has been an active area of
research, due to potential benefits in SNR and CNR. SNR is
directly related to field strength (B,), and thus 3 T imaging
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Fig. 17.6 Contrast-enhanced whole-heart 3D coronary MRI with a
slow infusion of Gd-BOPTA contrast agent in a patient with atypical
chest pain. (a, b) Contrast-enhanced whole-heart maximum intensity
projection images show a significant stenosis in the proximal LCX and
a non-significant stenosis in the middle RCA (arrows), respectively.

would offer the opportunity to double SNR compared to 1.5 T
systems [120]. While the vast majority of coronary artery MRI
investigations have been performed on 1.5 T systems, clinical
3 T systems are increasingly available and becoming the plat-
form of choice for testing of many advances.

(c, d) The volume-rendered images have the same findings in LCX and
RCA (arrows). These were consistent with the findings (arrows) of con-
ventional coronary angiography (e, f). AO aorta, OM obtuse marginal
artery (Adapted from Ref. [36], with permission of Elsevier)

Technical challenges associated with 3 T coronary MRI
include increased susceptibility artifacts, field inhomogene-
ities [87], reduced T,* [121, 122], increased specific
absorption rate (SAR), T, prolongation and the amplified
magnetohydrodynamic effect [42]. At 3 T, free breathing
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Fig.17.6 (continued)

Fig. 17.7 Whole heart SSFP coronary MRI acquired with a bolus  major coronary arteries and distal branches are clearly depicted. RCA
injection of Gd-BOPTA. (a) 3D volume rendering of the acquisition right coronary artery, LAD left anterior descending, LCX left
volume. (b) Corresponding reformatted whole-heart image. All three  circumflex
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Fig. 17.8 Example images from two separate highly-accelerated sub-
millimeter resolution whole-heart coronary MRI. An example coronal
slice (top) containing a cross-section of the left main (LM) shows that
SENSE images, acquired with sixfold uniform undersampling (right),
suffers from noise amplification. In contrast, the LM is clearly

navigator and breath-hold 3D coronary artery MRI studies in
healthy volunteers have demonstrated >50 % improvement
in SNR with impressive image quality using segmented
k-space gradient echo or SSFP [123], as well as spiral and
contrast enhanced methods [88, 124, 125]. Coronary MRI at
3 T using SSFP sequences is challenging due to increased
field inhomogeneity and high SAR, thus GRE sequences
have become widely used for coronary MRI at 3 T. To reduce
the impact of B, inhomogeneity at the high field strengths,
improved preparation sequences such as adiabatic T,
magnetization preparation [87, 90] and adiabatic fat satura-
tion have also been utilized. Figure 17.9 shows an example

visualized using an advanced CS-based technique (LOST), acquired
using sixfold random undersampling (left). In the reformatted coronal
images (bottom), the proximal LCX cannot be tracked due to the high
noise level in the SENSE reconstruction, but RCA and LCX branches
are visualized with the LOST technique

of coronary MR images acquired at 3 T using improved T,
magnetization preparation, which suppresses the banding
artifact resulting from conventional T, magnetization prepa-
ration. Despite these technical improvements, there are cur-
rently no multi-center data on a head-to-head comparison
between 3 and 1.5 T coronary MRI for diagnosing
CAD. Coronary MRI at even higher field strengths, such as
7 T [126], is even more challenging. Figure 17.10 shows an
example coronary MRI from a healthy subject acquired at
7 T. Several technical issues, including coil design, motion
compensation and B, and B, field inhomogeneity, need to be
addressed before clinical evaluation is possible.
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Fig. 17.9 Reformatted 3D coronary MRI of the right coronary artery
at 3T (a) acquired with no T,-Prep; (b) with T,-Prep; (c¢) with adiabatic
T,-Prep. Arrows in (b) point to the artifacts resulting from T,-Prep

sequence. The banding artifacts are suppressed in (c¢), where the homo-
geneity of the signal is also improved

Fig.17.10 7T coronary MRI of the right coronary artery acquired using a gradient echo imaging sequence. Proximal (a, ¢) and more distal (b)
segments of the RCA are visualized (arrows) (Adapted from Ref. [126], with permission of Wiley)

Coronary Vein MRI

For several interventional cardiac procedures, including epi-
cardial radiofrequency ablation [127, 128], retrograde perfu-
sion therapy in high-risk or complicated coronary angioplasty
[129], arrhythmia assessment [130, 131], stem cell delivery
[132], coronary artery bypass surgery [133] and cardiac resyn-
chronization therapy (CRT) [134, 135], there has been
increased interest in imaging the coronary vein anatomy. In
CRT, simultaneous pacing of the right ventricle and left ven-
tricle (LV), or pacing the LV alone, results in hemodynamic
improvement and restoration of a more physiological contrac-
tion pattern [136]. One of the technical difficulties of CRTs is
achieving effective, safe and permanent pacing of the
LV. Transvenous coronary sinus pacing is the most common
technique as it has the least procedural risk, but it is associated
with long procedure times, extensive radiation exposure from

fluoroscopy, implantation failure and LV lead dislodgment.
Two of the major difficulties of the transvenous approach are
the small number of coronary vein branches adjacent to an
appropriate LV wall and the great variability in coronary vein
anatomy [135]. Ideally, coronary venous morphology should
be assessed noninvasively prior to CRT procedure, to deter-
mine whether epicardial or transvenous lead placement would
be more appropriate.

The technical challenges of coronary vein MRI are simi-
lar to coronary artery MRI, and techniques developed for
coronary artery MRI are widely applicable. Notable differ-
ences in coronary vein MRI include the magnetization prep-
aration methods and optimal time window for imaging
within the cardiac cycle, as well as more modest spatial
resolution requirements since information regarding vein
anatomy and vessel size are desired, but not focal stenoses.
Magnetization transfer preparation has been utilized in coro-
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Fig.17.11 Example coronary vein MRI acquired using magnetization
transfer GRE during the systolic rest period, depicting the variations in
the coronary venous anatomy in four healthy adult subjects (a-d). Clear
variations in the branching point, angle, and diameter of different tribu-

nary vein imaging, which is different than the T, magnetiza-
tion preparation commonly used in coronary artery MRI, for
both targeted [137] and whole-heart [138] approaches.
Figure 17.11 shows example coronary vein MRI using a tar-
geted approach with a magnetization transfer preparation
sequence. Contrast in coronary vein MRI can be improved
by other means, such as the use of intravascular contrast

taries of coronary sinus are observed, highlighting the potential for non-
invasive assessment of the coronary venous anatomy in cardiac
resynchronization therapy. For example, subject (a) has no visible lat-
eral vein (LatV)

agents such as gadocoletic acid trisodium salt [139] or the
use of high relaxivity extracellular contrast agents such as
Gd-BOPTA [101]. For the optimal window of imaging,
while coronary artery MRI is commonly performed during
mid-diastolic quiescent period, coronary vein MRI is
acquired in the end-systolic quiescent period as it coincides
with the maximum size of the coronary veins [137].
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Conclusion

The current clinical applications of coronary artery MRI
are limited to evaluation of coronary anomalies and coro-
nary artery aneurysms. For the evaluation of coronary
artery stenosis, coronary MRI is able to assess left main
and proximal portions of the epicardial coronary arteries.
However, due to technical limitations in spatial resolution
the evaluation of distal coronary arteries and small side
branches is not adequate for routine clinical use. Ongoing
technical advances in image acquisition and post-process-
ing have the potential to improve clinical applications of
coronary MRI.
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