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Introduction

Coronary artery disease is one of the leading causes of mor-
bidity and mortality in many industrialized countries [1].
Catheter X-ray coronary angiography has been used as the
gold standard for identifying significant luminal narrowing
of the coronary arteries. However, X-ray coronary angiogra-
phy entails small but definable risks [2], and a considerable
number of patients undergoing elective X-ray coronary angi-
ography are found to have no significant coronary artery dis-
ease [3]. Consequently there is a strong need for a noninvasive
test that can reliably delineate narrowing of the coronary
arteries.

During the past two decades, considerable progress has
been made in the field of noninvasive imaging of the coronary
arteries by using magnetic resonance (MR) angiography and
computed tomography (CT). Contrast-enhanced multi-slice
spiral CT has rapidly emerged as a noninvasive method that
can provide visualization of the coronary arteries and detec-
tion of the luminal narrowing. Introduction of 64 slice CT
scanners significantly improved the quality of coronary CT
images in terms of both spatial and temporal resolution [4, 5].
Recent multicenter studies reported that significant coronary
arterial stenosis was detected by using a 64-slice CT scanner
with a sensitivity of 85-95% and a specificity of 83-90%
compared with catheter X-ray coronary angiography [6, 7].
However, multi-slice CT has several disadvantages of requir-
ing rapid injection of iodinated contrast medium and expos-
ing patients to ionizing radiation. Due to recent technical
advancements, estimated effective radiation dose of multi-
slice CT coronary angiography has been dramatically reduced
from 15 to 20 mSv to less than 5 mSv [4, 5, 8]. However, the
radiation dose of the latest coronary CT angiography is not
negligible in children and young adult patients, in addition to
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patients who require serial assessment of their coronary arter-
ies. From a patient’s point of view, coronary MR angiography
is more preferable to coronary CT angiography for the detec-
tion of coronary artery disease, because it does not expose the
patient to radiation or necessitates rapid injection of iodinated
contrast material. In addition, the coronary arterial lumen can
be readily visualized by coronary MR angiography in patients
with heavy calcification of the atherosclerotic coronary
plaques, an additional limitation of CT angiography.

Despite these potential advantages of coronary MR angi-
ography, noninvasive MR imaging of the coronary artery is
technically demanding due to the small size and tortuous
course of the coronary artery and the complex motion caused
by cardiac contraction and respiration. Sufficient contrast
between the coronary arterial lumen and the surrounding tis-
sue is crucial for visualization of the coronary artery. In addi-
tion, high spatial resolution and volume coverage of the
coronary artery tree are required, and time available within
the cardiac cycle for MR image data acquisition is limited to
overcome complex motion of the coronary artery caused by
cardiac contraction and respiration. In this chapter, the tech-
niques currently used for coronary MR angiography are
briefly reviewed. Then the current roles of coronary MR
angiography for the evaluation of the coronary artery disease
and other abnormalities such as anomalous coronary arteries
and Kawasaki disease are explained. Moreover, new meth-
ods to improve visualization of the coronary artery will be
updated in relation to future perspective.

Techniques of Coronary MR Angiography

Two-Dimensional and Three-Dimensional
Acquisitions

Assessment of coronary artery disease with coronary MR

angiography was initiated in the early 1990s by using
breath-hold two-dimensional (2D)-segmented k-space gradi-
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ent-echo techniques [9-11]. Breath-hold 2D approach was
relatively easy to implement and had some success in the
visualization of the proximal coronary arteries. However,
breath-hold 2D coronary MR angiography has several limi-
tations, including slice misregistration due to inconsistent
diaphragm positions between breath-held acquisitions,
patient fatigue from multiple repeated breath-holdings, sub-
optimal signal-to-noise ratio due to 2D acquisition of thin
slice, and high operator dependency to successfully image
tortuous coronary arteries with 2D imaging slices. In order to
overcome these limitations of breath-hold 2D methods,
three-dimensional (3D) gradient-echo coronary MR angiog-
raphy sequences were developed either by employing a
breath-hold method or respiratory-gated method. The advan-
tages of 3D coronary MR angiography are improved signal-
to-noise ratio, volumetric coverage of the coronary arteries,
and no misregistration between slices within each 3D vol-
ume acquisition. These features of 3D coronary MR angiog-
raphy permit 3D post-processing of the coronary artery tree.
In the past decade, volume coverage, acquisition speed, and
arterial contrast of 3D coronary MR angiography were sub-
stantially improved with the use of steady-state free preces-
sion sequences and parallel imaging techniques, allowing for
the acquisition of high-quality 3D MR angiograms encom-
passing the entire coronary arteries within a reasonably short
imaging time.

The most fundamental weakness of 3D coronary MR
angiography as compared with recent multi-slice CT scan-
ners is slow acquisition speed of 3D volume data. For exam-
ple, imaging of 3D data with 300 x 300 x 100 mm volume
coverage and 0.6 x 0.6 x 0.6 mm acquisition resolution
necessitates more than 20,000 phase encoding steps when
parallel imaging factor of 2 and half scan are employed,
which corresponds to approximately 1 min of non-ECG-
gated imaging time with a repetition time of 3 ms. In con-
trast, acquisition of the same 3D volume can be completed in
less than several hundred milliseconds by using area detector
CT or dual-source CT. Due to slow speed constraints of MR,
acquisition of 3D coronary MR angiography remains highly
challenging. Several competing requirements, including
optimal suppression of respiratory motion, high temporal
resolution within the cardiac cycle, high spatial resolution,
large 3D volume coverage, and good arterial contrast-to-
noise, need to be simultaneously satisfied.

Suppression of Respiratory Motion

Breath-Hold 3D Coronary MR Angiography

In order to overcome limitations of 2D coronary MR angiog-
raphy such as slice misregistration between breath-hold
scans and suboptimal signal-to-noise ratio, 3D breath-hold
coronary MR angiography sequences were developed

[12—-15]. Wielopolski et al. [11] proposed a breath-hold 3D
coronary MR angiography with volume-targeted imaging
(VCATS: volume coronary angiography with targeted vol-
umes). Each coronary arterial segment was imaged with
24-mm-thick double-oblique 3D volume by using a single
end-expiratory breath-hold. The entire major coronary arter-
ies were covered in fewer than 13 breath holds. The diagnos-
tic accuracy of the VCATS approach was evaluated in 38
patients by van Geuns et al. [15]. They found that 69% seg-
ments were assessable with this approach, and the sensitivity
and specificity of 3D breath-hold MR coronary angiography
for the detection of >50% luminal stenoses were 92% and
68%. Breath-hold 3D coronary MR angiography has advan-
tages in terms of time efficiency compared with free-breath-
ing 3D coronary MA angiography [16]. Another benefit of
breath-hold 3D coronary MR angiography is that this method
can utilize first-pass contrast enhancement of the coronary
arterial blood following an intravenous injection of extracel-
lular MR contrast medium such as Gd-DTPA [17-20].
Regenfus et al. obtained breath-hold 3D coronary MR angi-
ography in 50 patients with suspected coronary artery dis-
ease, by injecting extracellular MR contrast medium at a
flow rate of 1 ml/s immediately prior to breath-hold 3D
acquisitions [20]. The sensitivity and specificity were 94%
and 57% for detecting patients having significant coronary
artery disease with contrast-enhanced breath-hold 3D coro-
nary MR angiography.

Breath-hold 3D coronary MR angiography has several
limitations. Short imaging time of breath-hold 3D acquisi-
tion is achieved at the expense of spatial resolution and 3D
volume coverage. In addition, many patients with heart dis-
ease or pulmonary disease cannot hold their breath for a long
time. Another important limitation of breath-hold MR acqui-
sition is that breath-holding does not eliminate motion of the
diaphragm. A continued drift of the diaphragm position was
observed during breath-holding which can cause significant
blurring on breath-hold 3D coronary MR angiography [21].

Free-Breathing 3D Coronary MR Angiography

Free-breathing, respiratory-gated 3D coronary MR angiog-
raphy is currently the most commonly used MR approach for
the assessment of coronary arteries in patients with heart dis-
ease. Respiratory bellows belt were initially used to obtain
free-breathing coronary MR angiography [21, 22]. Oshinski
et al. reported that free-breathing 2D coronary MR angiogra-
phy with respiratory belt provides improved resolution,
aligned sections of coronary arteries, and improves patient
tolerance [22]. However, respiratory motion artifacts and
blurring were inevitable with respiratory bellows belt
because it cannot detect drift of the diaphragm position.
Free-breathing coronary MR angiography has been substan-
tially improved with respiratory navigators which measure
the position of the right lung-diaphragm interface by using
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MR signal. The initial implementations of free-breathing 3D
coronary MR angiography were based on retrospective navi-
gator gating [23-26]. With retrospective navigator echo
sequences, image data were over sampled by acquiring each
phase encoding step data several times regardless of the
respiratory motion. During reconstruction, only image data
acquired within a respiratory gating window were used for
generating coronary MR angiography. Retrospective naviga-
tor gating has been replaced by a prospective real-time navi-
gator gating method [27-30]. Current free-breathing 3D
coronary MR angiography sequences utilize radiofrequency
excitation pulse to excite a column of tissue perpendicular to
the right lung-diaphragm interface (Fig. 13.1). In each car-
diac cycle, both navigator echo data for respiratory gating
and image data were acquired. If position of the lung-dia-
phragm interface is within a predefined acceptance window
(typically £2.5 mm) at the end-expiratory level, image data
are accepted and stored for image reconstruction. Otherwise,
image data are rejected and acquisition is repeated in the next
cardiac cycle. Coronary MRA data acquisition is continued
until all necessary data in k-space are collected. In addition
to respiratory gating, navigator echo data is used for adaptive
real-time motion correction of 3D imaging volume [27-31].
If the lung-diaphragm interface is within an acceptance win-
dow, the superior-to-inferior position of 3D acquisition vol-
ume is corrected on a real-time basis by utilizing the

kY ;-‘*J!hweﬁﬂ X

ittt 8 |

SHH

Fig. 13.1 Respiratory-gated acquisition with a prospective real-time
navigator echo method. (a), A selective 2D radiofrequency excitation
pulse to excite a column of tissue perpendicular to the right lung-dia-
phragm interface. If position of the lung-diaphragm interface is within
a previously defined acceptance window at the end-expiratory level,
image data are accepted and stored for image reconstruction. (b),

positional offset information of the lung-diaphragm interface
measured by navigator echo.

There are several advantages in free-breathing 3D coro-
nary MR angiography with prospective navigator gating.
Since there is no constraint of imaging time caused by
breath-holding, 3D coronary MR images can be acquired
with improved spatial resolution, larger 3D volume overage
of the coronary artery tree, and improved signal-to-noise.
The major disadvantage of free-breathing 3D coronary MR
angiography is a long scan time, which typically ranged
from several minutes to 15 min. Another limitation is that
acquisition of free-breathing 3D coronary MR angiography
often fails in patients with irregular breathing pattern and
those showing a drift of diaphragm position over time. To
overcome this problem, several approaches have been pro-
posed. First, the use of 32-channel cardiac coils and a higher
parallel imaging factor has been proposed. In a study by
Nagata et al., the mean imaging time of whole-heart coro-
nary MRA at 1.5 T significantly reduced from 12.3 +4.2 min
with five-channel coils to 6.3 + 2.2 min by using 32-channel
coils [32]. The reduction of imaging time leads to an
improved study success rate (100%) without noticeable
worsening of image quality [32]. Second, the abdominal belt
helps to shorten the imaging time of whole-heart coronary
MRA because it reduces the amplitude of diaphragmatic
position and improves scan efficiency (Fig. 13.2). A recent

Diastolic data acquisition
(low heart rate)

Systolic data acquisition
(high heart rate)

Coronary MR angiography can be acquired either in end-systole or dur-
ing diastole. In patients with a high heart rate, narrow acquisition win-
dow is critically important for reducing motion blurring of the coronary
MRA. Even in patients with low heart rate, narrow acquisition window
of 30-50 ms is helpful to obtain sharp coronary MR angiograms
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Fig.13.2 The 20-cm wide abdominal belt was wrapped tightly around
the patient’s abdomen during end-expiration to suppress diaphragmatic
motion

study by Ishida et al. showed that the application of the
abdominal belt significantly improved scan efficiency and
image quality of navigator-gated whole-heart coronary MRA
both in the UK and Japanese patient population [33].

Suppression of Cardiac Motion

X-ray coronary angiography can provide high-resolution
images of the coronary artery real time without using cardiac
gating or respiratory gating, because acquisition time per
image frame is short enough (<20 ms) to eliminate motion
blurring of the coronary artery. In contrast, electrocardio-
graphic (ECG) gating is required in coronary MR angiography
because MR imaging time is too long to freeze the motion of
the coronary artery by cardiac contraction and diastolic relax-
ation. In most initial studies of coronary MR angiography,
image data were acquired during mid-diastolic phase by using
a fixed delayed time after ECG R-wave trigger. However, the
optimal delay time and width of acquisition window in the
cardiac cycle to minimize coronary arterial motion is different
from patient to patient. Therefore, both trigger delay time and
acquisition window in the cardiac cycle should be optimized
in each patient. Stuber et al. proposed the following equation
to calculate the delay after R-wave trigger to start data acquisi-
tion: Td = [(tRR — 350) x 0.3] + 350, where tRR refers to the
time between two consecutive ECG R-waves [34]. This equa-
tion is based on a principle in cardiac physiology that the sys-
tolic duration in the cardiac cycle remains relatively constant
and the diastolic duration is reduced as the heart rate increases.
The approach using this equation allows for an automated cal-
culation of the acquisition delayed time in the cardiac cycle.
However, the rest period of the coronary artery in the cardiac
cycle is substantially different in each patient depending not

only on patients’ heart rate but also other hemodynamic fac-
tors, which may cause inconsistent image quality of coronary
MR angiography with the standardized ECG trigger delay cal-
culated form heart rate [35]. The use of subject-specific data
acquisition window in the cardiac cycle is recommended to
improve quality of coronary MR angiography and is espe-
cially critical for the visualization of the right coronary artery
[36], since the right coronary artery moves more than twice as
much as the left coronary arteries. There are several approaches
to determine a subject-specific acquisition window in the car-
diac cycle. Wang et al. proposed an ECG-triggered M-mode
navigator echo technique to monitor cardiac motion and iden-
tify the period of minimal cardiac motion in the cardiac cycle
[35]. Recently, high temporal resolution cine MR images
acquisition is more commonly performed in order to deter-
mine the subject-specific data acquisition window in the car-
diac cycle [37]. A trigger delay time and an interval of minimal
motion of the coronary artery are visually determined on cine
MR images for the subsequent coronary MR angiography
acquisition, typically by referring the RCA.

Free-breathing acquisition with the navigator echo tech-
nique allows for the use of narrow acquisition windows in the
cardiac cycle that can effectively reduce motion blurring of
the coronary artery. However, as the acquisition window is
shortened, the overall scan time is prolonged. Higher parallel
imaging factor achieved by 32-channel cardiac coils can
reduce overall data acquisition time of coronary MRA, which
can be utilized not only to reduce total study time but also to
narrow the acquisition window in the cardiac cycle without
extending the scan time. In a study reported by Nagata et al.,
the mean acquisition window in the cardiac cycle by using
32-channel cardiac coils and parallel imaging factor of 4
(84 = 57 ms for diastolic acquisition and 48 + 18 ms for sys-
tolic acquisition) was approximately half of that in a previous
study using 5-channel cardiac coils (152 + 67 ms for diastolic
acquisition and 98 + 26 ms for systolic acquisition), while the
success rate, image quality, and overall scan time were sub-
stantially improved [32, 38]. In patients with a high heart rate,
narrow acquisition window in the cardiac cycle (<50 ms) is
critically important for reducing motion blurring of the coro-
nary artery on whole-heart coronary MRA. It should be noted
that even in patients with low heart rate, narrow acquisition
window of 30-50 ms is helpful to obtain sharp coronary MR
angiograms.

Contrast of the Coronary Artery

Pulse Sequence and Magnetic Field Strength

On 2D gradient-echo coronary MR angiography, high luminal
blood signal is primarily generated by the in-flow effect of
unsaturated blood spins flowing into thin 2D imaging slice.
Although an introduction of 3D gradient-echo coronary MR
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angiography eliminates many of the drawbacks of 2D coro-
nary MR angiography, 3D gradient-echo approach has one
significant downside, that is, reduced in-flow effect. Blood
spins in thick 3D volume is progressively saturated by repeated
radiofrequency excitations, and the arterial blood signal inten-
sity on 3D gradient-echo coronary MR angiography is sub-
stantially attenuated when 3D imaging volume is large.
Therefore, relatively thin 3D volume (2-3 cm total thickness)
targeting one of the major coronary arteries is preferable to 3D
gradient-echo coronary MR angiography [29, 30].

3D coronary MR angiography sequences with steady-
state free precession acquisition (true FISP, fast imaging in
steady-state precession; balanced TFE, balanced turbo field
echo; FIESTA, fast imaging employing steady-state acquisi-
tion) permit acquisition of MRA images with high blood
contrast without administration of MR contrast media.
Because steady-state free precession sequence is sensitive to
magnetic field inhomogeneities, short repetition time, and
volume shimming capability to achieve homogeneous mag-
netic field in the imaging volume are important to obtain
good coronary MR angiograms. With steady-state free pre-
cession sequences, the blood signal intensity on 3D coronary
MR angiography is considerably higher than that of 3D gra-
dient-echo sequence [39, 40]. As a result, 3D coronary MR
angiography with steady-state free precession acquisition is
not dependent on in-flow effect and excellent 3D coronary
MR angiograms with high blood signal can be obtained by
using thick 3D volume coverage. Image quality of 3D steady-
state coronary MR angiography is further improved with an
optimization of k-space sampling strategy. Reduced motion
artifacts and superior vessel sharpness were observed with
the 3D steady-state coronary MR angiographic sequence
with radial k-space sampling when compared with those by
cartesian 3D steady-state coronary MR angiography and 3D
gradient-echo coronary MR angiography [41].

Whole-heart coronary MR angiography using a free-
breathing 3D steady-state free precession has been introduced
as a method that can provide visualization of all three major
coronary arteries with a single 3D acquisition [42] (Figs. 13.3
and 13.4). Steady-state free precession sequences permit
acquisition of thick 3D axial volume that encompasses the
entire heart without losing arterial contrast. By using this
whole-heart approach, one can visualize all three major coro-
nary arteries with a reduced total examination time in com-
parison with targeted double-oblique 3D gradient-echo MR
angiography. In addition, planning of whole-heart coronary
MR angiography is quite simple, which eliminates time-con-
suming 3-point planning that was required for the targeted
double-oblique approach. Although 3D coronary MR angiog-
raphy using targeted double-oblique acquisitions demon-
strated relatively good accuracy for identifying stenoses in
the proximal and middle coronary arterial segments, coverage
of the distal segments was often limited. For example, the
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Fig. 13.3 Free-breathing 3D coronary MR angiography of the right
coronary artery acquired with a steady-state free precession sequence
(balanced TFE) with fat saturation and T2 preparation and a double-
oblique targeted volume approach. Respiratory gating was performed
with a prospective real-time navigator echo technique. Three-point
planning was used to define double-oblique 3D slices parallel to the
right coronary artery. No stenosis in the coronary artery is demonstrated
in this case

proportion of assessable segments was 68% for the middle
left circumflex artery with targeted double-oblique 3D coro-
nary MR angiography [30]. With the whole-heart approach,
long segments of all major coronary arteries can be imaged.
The proportion of distal segments exhibiting good or excel-
lent image quality was over 90% for all major coronary arter-
ies in our study using the whole-heart approach [32, 38, 43].

Steady-state free precession (SSFP) sequences are gener-
ally preferred to gradient-echo sequences at 1.5 T because
the high T2/T1 ratio of the blood acts as an intrinsic contrast
medium for SSFP coronary and helps to increase the blood
signal on non-contrast-enhanced coronary MRA [39, 40]
(Figs. 13.5 and 13.6). Higher magnetic field strength at 3 T is
increasingly used for cardiac MRI, because high-field MR
imaging can provide improved SNR [44, 45]. The difficulties
of 3 T cardiac MRI include increased off-resonance effect
caused by magnetic field inhomogeneity and high specific
adsorption rate (SAR). As the result, coronary MRA using
SSFP acquisition is particularly challenging at higher field
strength, because SSFP sequence is susceptible to inhomo-
geneity of magnetic field and requires higher flip angles to
obtain enough contrast between the blood and the myocar-
dium. Consequently, at 3 T, gradient-echo sequences are
generally preferred to SSFP for coronary MRA acquisition
[46] (Fig. 13.7).
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Fig. 13.4 Free-breathing, navigator echo-gated whole-heart coronary
MR angiography acquired with a steady-state free precession sequence
(balanced TFE) with fat saturation and T2 preparation in a subject with
normal coronary artery. (a), Left anterior oblique whole-heart coronary
MR angiogram reformatted with curved multi-planar reformatting
clearly depicts the right coronary artery (RCA) and left circumflex

Fig. 13.5 Whole-heart coronary MR angiography acquired with a
free-breathing steady-state free precession sequence in a subject with
normal coronary artery. Volume rendering image of whole-heart coro-
nary MR angiography is useful for three-dimensional anatomical rec-
ognition of the right coronary artery, left anterior descending artery, and
its branches

(LCX) arteries. (b), Oblique axial whole-heart coronary MR angiogram
reformatted with curved multi-planar reformatting visualizes the left
main coronary artery, left anterior descending (LAD) artery, proximal
RCA and LCX arteries [43]. (Reprinted with permission from Sakuma
et al. [43], Copyright 2005, with permission from Radiological Society
of North America)

Recently an interesting findings were reported by
Soleomanifard et al., demonstrating that the 3D bSSFP
acquisition, using advances in 3.0 T MR scanner equipped
with recently available technologies such as multi-transmit,
32-channe cardiac coil, and localized BO and B 1+ shimming,
provides high-quality noninvasive imaging of the proximal
to distal segments of the major coronary arteries employing
a single breath-hold volume-targeted coronary MRA [47].

Preparation Pulses for Ensuring Sufficient Image
Contrast

The contrast between luminal blood and surrounding tissue
needs to be maximized for the better delineation of the coro-
nary artery on MR angiography. With “bright blood” coro-
nary MR angiography, the pulse sequences are designed to
enhance the signal from coronary arterial blood and to sup-
press the signal from the surrounding structures such as peri-
cardial fat and myocardium [10]. In contrast to 3D
time-of-flight MRA of the cerebral arteries, in-flow effect of
the arterial blood is less prominent on coronary
MRA. Therefore, suppression of the signal from the sur-
rounding structures such as pericardial fat and myocardium
is important to obtain sufficient arterial contrast on coronary
MRA [10, 48]. Suppression of fat signal can be achieved by
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Fig. 13.6 Whole-heart
coronary MR angiography
acquired with a free-
breathing, steady-state free
precession sequence in a
patient with suspected
coronary artery disease. (a)
Curved multi-planar
reformatted image of
whole-heart coronary MR
angiography clearly reveals
proximal and distal segments
of the left anterior descending
artery. Although no significant
luminal narrowing is
observed, MR image reveals
the presence of atherosclerotic
plaque in the coronary arterial
wall (arrow). (b) X-ray
coronary angiography in the
same subject

P

applying a fat saturation pulse that selectively saturates the
longitudinal magnetization of fat spins prior to image acqui-
sition. Another alternative approach to suppress fat signal is
use of a spectral selective radiofrequency pulse that selec-
tively excites water spins. Currently fat saturation pulses are
more widely used because short repetition time, which is
critical to obtain good coronary MR angiographic images
with steady-state free precession sequences, is more easily
achieved. Recently, highly resolved, dual-echo Dixon
CMRA approaches have been developed to enhance CMRA
image quality by improved fat suppression and to provide
additionally fat-only information [49]. In their study, it has
been shown that Dual-echo Dixon can help to improve
whole-heart CMRA image quality significantly. The addi-
tional whole-heart fat information delivered by this approach
also has a potential to evaluate the diagnostic and the predic-
tive value of intramyocardial and extramyocardial fatty
deposits.

Suppression of myocardial signal is important for the
visualization of distal coronary arteries and branch arteries.
A T2-weighted magnetization preparation pulse is used to
suppress myocardial signal [28]. Another advantage of T2
preparation pulse is a suppression of venous blood signal in

the epicardial veins. T2 relaxation time of deoxygenated
venous blood is substantially shorter than that of oxygenated
arterial blood, resulting in the reduction of venous blood sig-
nal with T2 preparation pulse.

This T2 preparation prepulse is commonly applied with-
out spatial selection to minimize flow sensitivity, but the
nonselective implementation results in a reduced magnetiza-
tion of the in-flowing blood and a related penalty in signal-
to-noise ratio. Soleimanifard et al. have proposed the use of
spatially selective T2 preparation prepulse where the user
could freely adjust angulation and position of the T2Prep
slab to avoid covering the ventricular blood pool and saturat-
ing the in-flowing spins [47]. They demonstrated that the
spatially selective T2Prep increased in vivo human coronary
artery signal-to-noise ratio (42.3 629 vs.31.462.2,n5 22,
P <0.0001) and contrast-to-noise ratio (18.6 6 1.5 vs. 13.96
1.2, P 5 0.009) as compared to those of the nonselective
T2Prep [47].

Contrast Medium

Administration of T1 shortening MR contrast medium is
useful to improve blood contrast on 3D gradient-echo coro-
nary MR angiography. In the presence of T1 shortening MR
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Fig. 13.7 Thin-slab maximum-intensity projection images of whole-
heart coronary MR angiography acquired with a gradient-echo sequence
in a subject with normal coronary artery at 3.0 tesla MR imager for the
left anterior descending artery (LAD) (a), right coronary artery (RCA)

contrast medium, magnetization of blood spins rapidly
recovers after radiofrequency pulse, preventing saturation of
the blood signal. With sufficient blood concentration of MR
contrast medium, the blood signal intensity is primarily
determined by T1 relaxation time of the blood instead of in-
flow effect, and one can utilize high radiofrequency flip
angle to maximize the blood signal. In addition, contrast
enhancement allows for acquiring 3D gradient-echo coro-
nary MR angiograms with large 3D volume coverage. There
are three different types of contrast medium currently avail-
able, as follows: (1) extracellular contrast medium [20], (2)
intravascular contrast medium [50], and (3) slightly albumin-
binding contrast medium [51]. Conventional extracellular
contrast medium exhibits nonspecific distribution in the
extracellular space and rapidly extravasates from intravascu-
lar space to the interstitial space after intravenous adminis-
tration. Sufficient T1 shortening of the blood is only
maintained during the first pass following venous adminis-
tration [17, 18]. In contrast, intravascular MR contrast media
remain in the blood pool longer than the extravascular con-
trast media. These intravascular contrast media, either iron

RCA
Distal

(b), and circumflex artery (LCx) (¢). MRA data was acquired after late
gadolinium contrast-enhance MRI (0.15 mmol/kg) using T1-weighted
gradient-echo sequence with T2 preparation and SPIR. Corresponding
X-ray coronary angiogram was demonstrated (d—f)

particles [52, 53] or gadolinium molecules with [54, 55] and
without albumin-binding [56], are distributed in the blood
pool and exhibited greater T1 shortening effects in compari-
son with conventional extracellular contrast media. Slightly
albumin-binding contrast medium exhibits relatively pro-
longed retention time in the blood and high relaxivities [57]
while maintaining late enhancement abilities [58]. Several
investigators have demonstrated that administration of intra-
vascular or slightly albumin-binding agent is highly useful in
improving arterial contrast on 3D gradient-echo coronary
MR angiography [51-56]. When sufficient shortening of T1
relaxation time of the blood is achieved by administration of
intravascular agent or high-dose slightly albumin-binding
agent, gradient-echo MRA with inversion-recovery prepulse
exhibits high blood contrast as well as good fat saturation.
Recently, Raman et al. performed an intraindividual com-
parison of intravascular contrast agent, gadofosveset
(0.03 mmol/kg), and extracellular agent, Gd-BOPTA
(0.1 mmol/kg), for free-breathing 3D coronary MRA at3.0 T
using a relatively slow injection scheme with 20 mL saline
flush at a flow rate of 0.66 mL/s [59]. They conclude that the



13 Coronary Magnetic Resonance Angiography: Techniques and Clinical Results

213

use of an intravascular contrast agent performed as well as,
or slightly better than, a primarily extravascular extracellular
contrast agent for coronary MRA at 3 T [59].

Recent Improvements in Acquisition Speed
and Resolution

Imaging Acceleration with Parallel Imaging
Techniques

Imaging speed is very important not only for breath-hold 3D
coronary MR angiography but also for free-breathing 3D cor-
onary MR angiography, as reduced scan time leads to improved
study success rate and higher patient throughput. Parallel
imaging techniques in image space such as SENSE (sensitiv-
ity encoding) or in k-space such as generalized autocalibrating
partially parallel acquisition (GRAPPA) and simultaneous
acquisition of spatial harmonics (SMASH) enable substantial
scan time reduction in cardiac MR imaging [60-62] and are
now widely used to reduce scan time of clinical 3D coronary
MR angiography. The major drawback of using fast imaging
techniques such as parallel imaging and half scan is loss of
signal-to-noise ratio. Therefore, it is important to have an
appropriate balance between speed and image quality when
determining imaging parameters of coronary MR angiogra-
phy. Multichannel coils and high-field MR system are two
approaches that can provide substantial improvement in the
signal-to-noise ratio of coronary MR angiography. In a study
by Reeder et al., 32-channel cardiac coils demonstrated sig-
nificantly improved signal-to-noise ratio and geometry factor,
which permits to use parallel imaging acceleration factor of up
to 4 [63], while the acceleration rates using 5—16 element car-
diac-coil arrays is up to twofold.

High-Field Coronary MR Angiography

for Improved Resolution and SNR

There has been an increasing interest in high-field coronary
MR angiography, because signal-to-noise ratio increases
approximately linearly with field strength, and substantial
improvement in signal-to-noise ratio is expected with a mag-
netic field strength of 3.0 T [45, 46]. This gain in signal-to-
noise ratio enables the acquisition of images with higher
spatial resolution or reduced imaging time, both of which are
especially important in coronary MR angiography. In 2002,
Stuber et al. demonstrated the feasibility of human coronary
MR angiography using a 3.0 T MR imager [44]. There are
several important impediments to high-field cardiac imaging,
which include high radiofrequency power deposition quadrat-
ically increased with field strength, susceptibility-related
local magnetic field variations, increased sensitivity to motion
artifacts, impaired ECG R-wave triggering due to augmented
magnetohydrodynamic effects. However, 3.0 T MR imager
has become a platform of choice for high-resolution coronary

MR angiography because whole-heart coronary MR angiog-
raphy at 3.0 T has shown significantly improved image qual-
ity and diagnostic accuracy as compared with those at 1.5 T
with a use of gadolinium contrast administration and gradi-
ent-echo sequence [36, 59]. Recently, excellent volume-tar-
geted coronary MR angiograms with submillimeter spatial
resolution (0.35 x 0.35 x 1.5 mm®) were demonstrated at
3.0 T, allowing for improved detection of stenosis [64].
However, such high-resolution targeted acquisitions require a
9-min scan time per vessel assuming 100% navigator gating
efficiency. Thus, further imaging acceleration technique will
be desirable.

Clinical Applications of Coronary MR
Angiography

Anomalous Coronary Arteries

Anomalous origin of the coronary artery is relatively uncom-
mon but important cause of chest pain and sudden cardiac
death. The incidence of anomalous coronary arteries in sub-
jects without known congenital heart disease was reported to
be 0.3-0.9% [65, 66]. Among various types of anomalous
coronary arteries, the coronary arteries that pass between the
aorta and pulmonary artery have a potential to impair myo-
cardial perfusion and can cause sudden death. The diagnostic
method of choice for detecting coronary artery anomalies has
been catheter X-ray coronary angiography. However, X-ray
coronary angiography provides only a 2D view of a vessel’s
complex 3D path and is associated with several limitations
including invasiveness and radiation exposure. Coronary MR
angiography has been shown to have high sensitivity and
specificity for detecting anomalous coronary arteries and for
delineating proximal courses of the vessels [67—09]
(Fig. 13.8). A recent study demonstrated that anomalous cor-
onary arteries can be accurately assessed by contrast-
enhanced multi-slice CT as well [70]. However, coronary MR
angiography seems to be more preferable to CT, because
many patients with suspected anomalous coronary arteries
are in younger age and MR angiography can provide equiva-
lent diagnostic information for the detection of anomalous
coronary arteries and for the identification of their proximal
courses without exposing the patients to radiation.

Kawasaki Disease

Kawasaki disease is an acute febrile illness with mucosal
inflammation, skin rash, and cervical lymphadenopathy in
young children [71] and produces coronary artery aneurysms
in up to 25% of untreated cases. Size of coronary artery aneu-
rysm often changes over time and is correlated with the risk of
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Fig. 13.8 Whole-heart coronary MR angiography in a patient with
anomalous right coronary artery. Curved multi-planar reformatted MR
angiographic image (a) and volume rendering image (b) demonstrate
that the anomalous right coronary artery arises from the left sinus of

coronary thrombosis and development of coronary artery ste-
noses. Thus, serial assessment of aneurismal size is important
in risk stratification and therapeutic management. Serial evalu-
ation with X-ray angiography in children carries risks associ-
ated with invasive catheterization and exposure to ionizing
radiation. Transthoracic echocardiography is widely used and
is often sufficient for the assessment of coronary artery aneu-
rysm in young children. As children grow, however, visualiza-
tion and characterization of the coronary artery become more
difficult. Coronary MR angiography provides noninvasive
detection and size measurement of coronary artery aneurysms
in patients with Kawasaki disease and can be used as an alter-
native imaging method when image quality of transthoracic
echocardiography is insufficient [72] (Fig. 13.9). Another
recent study demonstrated that MR coronary angiography and
X-ray coronary angiography shows excellent agreement in the
diagnosis of coronary artery aneurysm, and the maximal
diameter and length of the aneurysm by MR angiography and
X-ray coronary angiography were similar [73].

Coronary Artery Disease

Diagnostic Accuracy of Visual Assessment

of Coronary MRA

Detection of coronary arterial stenoses with coronary MR
angiography is challenging, because sufficient spatial res-

Valsalva. The proximal course of the right coronary artery with anoma-
lous origin (arrow) is located between the aortic root (A) and right ven-
tricular outflow tract to proximal pulmonary artery (P)

olution is required to correctly identify luminal narrowing
of the coronary artery. Table 13.1 summarizes the sensitiv-
ity and specificity of coronary MR angiography for the
detection of coronary arterial stenoses in representative
previous studies [10, 15, 20, 26, 30, 32, 74-80]. The sensi-
tivity (50-96%) and specificity (42-97%) of coronary MR
angiography for predicting coronary artery stenoses on
X-ray coronary angiography were considerably variable in
these studies. Because coronary MR angiography
sequences have undergone considerable technical improve-
ments over the past 20 years, the diagnostic accuracy of
coronary MR angiography has significantly improved over
time.

The first multicenter study was reported by Kim and col-
leagues by using free-breathing, navigator-gated 3D gradi-
ent-echo coronary MR angiography [30]. In this study, 109
patients with suspected coronary artery disease were evalu-
ated, and 84% (636/759) of the proximal and middle coro-
nary artery segments were interpretable on MR angiography.
The sensitivity and specificity of coronary MR angiography
for identifying a patient as having significant coronary artery
disease were 93% and 42%. In the subgroup of patients with
the left main coronary artery disease or three-vessel disease,
coronary MR angiography demonstrated the sensitivity of
100% and the specificity of 85%, indicating the value of
free-breathing 3D coronary MRA for excluding severe coro-
nary artery disease.
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Fig. 13.9 Whole-heart coronary MR angiogram in an 8-year-old boy
with Kawasaki disease. (a—c), Thin-slab maximum-intensity projection
images of coronary MRA demonstrates multiple aneurysms in LAD

An introduction of steady-state free precession sequences
has considerably improved contrast of 3D coronary MR angi-
ography, because steady-state sequences can provide inher-
ently high blood signal intensity without using MR contrast
medium. Jahnke et al. compared the diagnostic performances
of breath-hold 3D coronary MR angiography and free-breath-
ing coronary MR angiography by using the steady-state free
precession sequence, double-oblique targeted volume acquisi-

and LCx. It should be noted that partial luminal thrombus is visualized
demonstrated in the aneurysm located on LAD #7, which is confirmed
on invasive X-ray angiography (d)

tion [81]. They found that more coronary artery segments
were assessable with free-breathing coronary MR angiogra-
phy (79%) than breath-hold coronary MR angiography (45%).
In addition, free-breathing coronary MRA angiography was
superior to breath-hold coronary MR angiography both in
terms of image quality and diagnostic accuracy, with overall
sensitivity and specificity of 72% and 92% by free-breathing
approach and 63% and 82% by breath-hold approach.
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Table 13.1 Detection of significant coronary arterial stenoses with coronary MR angiography in representative previous studies [10, 15, 20, 26,

30, 32, 74-80]
Investigator Reference Method Sensitivity (%) Specificity (%)
Manning WJ NEJM 1993;328:828 [10] 2D breath-hold 90 92
Duerinckx AJ Radiology 1994;193:731 [74] 1 63 82
Van Geuns RJ Radiology 2000;217:270 [15] 3D breath-hold 68 97
Regenfus M JACC 2000;36:44 [20] 1 94 57
Woodard PK AJR 1998;170:883 [26] 3D navigator, retrospective 73 N/A
Sandstede JJ AJR 1999;172:135 [75] 1 81 89
Sardanelli F Radiology 2000;214:808 [76] 1 82 89
Kim WY NEJIM 2001;345:1863 [30] 3D navigator, prospective 93 42
Bogaert J Radiology 2003;226:770 [77] 1 50 90
KeferJ JACC 2005:46:92 [78] T 75 77
Kato S JACC 2010;56:983 [79] 1 88 72
Nagata M Radiology 2011;259:384 [32] ) 87 86
Yang Q Circ Cardiovasc Imaging 2012;5:573 [80] 1 96 87

Free-breathing coronary MR angiography with axial 3D
slices covering the whole-heart has become feasible by uti-
lizing a navigator-gated 3D steady-state free precession
sequence. Whole-heart coronary MR angiography can pro-
vide visualization of the entire coronary artery trees in a
single 3D acquisition [38, 42, 43, 82]. An initial study in our
group demonstrated that acquisition of whole-heart coronary
MR angiography was successful in 34 (87.2%) of 39 patients,
with the averaged acquisition duration of 13.8 = 3.8 min
[43]. In addition, long segments of all major coronary arter-
ies including the distal segments can be imaged. The sensi-
tivity and specificity of 1.5 T whole-heart coronary MR
angiography in 20 patients for detecting patients having at
least one coronary arterial stenosis were 83.3% and 75.0% in
this initial study.

For the further improvement of detection of coronary
artery disease, whole-heart coronary MR angiography was
acquired in 131 patients by using an optimized acquisition
window [38]. In contrast to our previous study, a patient-
specific acquisition window was set either during systole or
during diastole, depending on the phase of minimal motion
of the right coronary artery on cine MR images. Coronary
MR angiograms were acquired during diastole in 83 patients
(delay after R-wave trigger, 627 ms * 64) and during systole
in 48 patients (delay after R-wave trigger, 259 ms + 39). The
study success rate of whole-heart coronary MR angiography
(86%) was not improved by using an optimized patient-spe-
cific acquisition window either during systole or diastole.
However, the sensitivity, specificity, positive predictive value
and negative predictive value of whole-heart coronary MR
angiography for detecting patients having significant steno-
sis were 82%, 90%, 88%, 86% [38], being higher than the
results in our previous study using subject-specific acquisi-
tion windows exclusively in the diastolic phase.

A more recent multicenter study showed that non-con-
trast-enhanced whole-heart coronary MRA at 1.5 T with

five-channel cardiac coils and a parallel imaging factor of 2
can detect significant CAD with high sensitivity (88%) and
moderate specificity (72%). In particular, a negative predic-
tive value of 88% indicates that whole-heart coronary MRA
can effectively be used to rule out CAD [79]. Of note, the
negative predictive value reported by this multicenter study
is similar to the negative predictive value of the CORE-64
CTA multicenter study [6].

An introduction of 32-channel cardiac coils and a higher
parallel imaging factor has considerably reduced the lengthy
scan time as well as acquisition window and improved suc-
cess rate of free-breathing whole-heart 3D coronary MR
angiography. In a study by Nagata et al. that employed
32-channel cardiac coils, parallel imaging factor of 4, and
abdominal belt technique, the sensitivity, specificity, positive
predictive value, and negative predictive value of whole-
heart coronary MRA at 1.5 T were 87%, 86%, 89%, and
83%, respectively, which was comparable to the diagnostic
accuracy obtained by whole-heart coronary MRA using
5-channel coils but achieved those results in almost a half
imaging time of whole-heart coronary MRA using 5-channel
coils [32, 38] (Fig. 13.10).

Contrast-enhanced whole-heart coronary MRA at 3 T is
a promising approach for a more accurate assessment of
CAD. In a recent single-center study by Yang et al., 3 T
MRA data were acquired with a gradient-echo sequence
with inversion-recovery preparation during a slow infusion
of double dose slightly albumin-binding contrast medium
(gadopentetate dimeglumine; Multihance, Braco Imaging
S.p.A, Milan, Italy) in consecutive 69 patient with suspected
CAD. The sensitivity and specificity of 3 T whole-heart
coronary MRA was 94% and 82%, respectively, for the
detection of patients with >50% stenoses in the coronary
arteries [80]. The same group recently conducted another
single-center study by acquiring 3 T MRA data with
32-channel cardiac coils during a slow infusion of double
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Fig. 13.10 A 50-year-old male patient with chest pain on effort.
Significant stenosis in the proximal left anterior descending (LAD) thin
SLAB maximum-intensity projection image (black arrow) (a), the vol-
ume-rendered image (white arrow) (b). The X-ray angiogram shows

dose same slightly albumin-binding contrast medium.
Diagnostic quality MRA images were acquired in 101 of
110 (92%) patients with average imaging time of
7.0 £ 1.8 min [51]. The sensitivity, specificity, positive pre-
dictive value, and negative predictive value of 3 T contrast-
enhanced whole-heart coronary MRA were 95.9%, 86.5%,
87.0%, and 95.7%, respectively, on a patient-based analysis,
indicating that the diagnostic performance of 3 T contrast-
enhanced whole-heart coronary MRA approaches to the
diagnostic performance of 64-slice MDCT [6, 51]. Thus,
whole-heart coronary MR angiography can be used as an
alternative to coronary CT in ruling out significant coronary
artery disease in patients with suspected coronary artery
disease.

Diagnostic Accuracy of Quantitative Assessment

of Whole-Heart Coronary MRA

Because of relatively limited spatial resolution of coronary
MRA, accurate detection of the border of the coronary artery
lumen and subsequent quantification of % stenosis is chal-
lenging. However, in contrast to coronary CTA, the signal
intensity of the coronary arteries on MRA is little influenced
by calcification of the coronary artery wall. By utilizing the
insusceptibility to calcification, Yonezawa et al. [83] recently
developed a method for quantitative analysis of stenosis on
coronary MRA on the basis of the signal intensity profile
along the vessel. The signal intensity profile along the vessel
on 1.5 T whole-heart coronary MRA permits quantitative
assessment of the severity of luminal narrowing in the coro-
nary artery, with a sensitivity of 90% and a specificity of
80% in detecting >50% stenosis on X-ray coronary angiog-
raphy. In addition, excellent agreement was observed

significant coronary artery stenosis in the proximal LAD (white arrow)
(¢) [32]. (Reprinted with permission from Nagata et al. [32], Copyright
2011, with permission from Radiological Society of North America)

between % stenoses determined by coronary MRA and
X-ray coronary angiography, with a correlation coefficient of
0.84 (P <0.001).

Additive Value of Whole-Heart Coronary MRA

in a Comprehensive CMR Protocol

First-pass myocardial perfusion MRI with pharmacological
stress allows for accurate assessment of myocardial ischemia
caused by flow-limiting coronary artery disease (CAD) [84].
Since stress perfusion MRI can detect functional alteration
of myocardial perfusion and coronary MRA can reveal mor-
phological narrowing caused by atherosclerotic CAD, com-
bined use of stress perfusion MRI and coronary MRA may
be of important value in improving the diagnostic perfor-
mance of CMR in detecting obstructive CAD. In a previous
study by Klein et al. published in 2008 [85], however, the
combination of coronary MRA and stress perfusion MRI
failed to improve the diagnostic performance of stress perfu-
sion MRI alone for the detection of stenosis >50% on inva-
sive coronary angiography. In another study by Bettencourt
et al. addition of whole-heart coronary MRA did not signifi-
cantly improve the diagnostic accuracy of stress-rest myo-
cardial perfusion and LGE MRI study for the detection of
functionally significant coronary artery disease determined
by invasive fractional flow reserve [86]. The sub-analysis of
the recent multicenter prospective trial, CE-MARC study,
also has concluded that the inclusion of coronary MRA
provided no additional benefit when compared to the combi-
nation of stress perfusion, cine, and LGE CMR [87]. In
CE-MARC study, however, the overall CMR result was
judged positive if any CMR component was positive. This
algorithm trends toward the overestimation of the grade of
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coronary artery disease. Heer et al. applied a more differenti-
ated algorithm, restricting coronary MRA integration to low
confidence results of stress perfusion CMR and showed that
combination of stress perfusion CMR and whole-heart coro-
nary MRA in one comprehensive examination increases in
specificity (from 79.3% to 88.9%) without worsening sensi-
tivity (from 86.7% to 95.7%) [88].

Prognostic Performance of Whole-Heart

Coronary MRA

An increasing number of studies demonstrated the prognos-
tic value of coronary CTA for predicting the future cardio-
vascular events. However, the prognostic value of coronary
MRA has not been investigated. A recent study by Yoon et al.
evaluated the prognosis of 207 patients with suspected CAD
who underwent 1.5 T whole-heart coronary MRA. They
found that the presence of >50% stenosis on coronary MRA
is strongly associated with the future cardiac death and major
adverse cardiac events, indicating the value of whole-heart
coronary MRA in predicting the future risk for cardiac events
in patients with suspected CAD [89]. For example, the event-
free survival for all cardiac events was 6.3% in patients with
stenosis and 0.3% in those without stenosis (P < 0.001), indi-
cating that the absence of significant stenosis on whole-heart
coronary MRA is associated with a very low risk of cardiac
events (Fig. 13.11).

a Severe Cardiac Events

Significant stenosis (-)

Coronary MR Angiography vs. Coronary CT
Angiography

Newer 64-slice CT imagers have a shorter rotation time and
offer shorter scan time, higher spatial resolution (0.4 mm),
and higher temporal resolution (165 ms) compared with pre-
vious generation CT scanners [5]. A recent study directly
compared the diagnostic performances of 64-slice CT and
volume-targeted coronary thin-slab FIESTA MR angiogra-
phy [90]. High-resolution 3D FIESTA coronary MR angiog-
raphy and coronary CT angiography demonstrated a similar
accuracy in detecting proximal coronary stenosis. Compared
to coronary angiography, sensitivity, specificity, and positive
predictive value and negative predictive value for detecting
>50% proximal coronary stenosis were 83.0%, 86.9%,
58.8%, and 96.5% for coronary MRA and 85.1%, 87.2%,
60.0%, and 95.6% for coronary CTA, respectively. For the
24 calcified stenoses, MRA correctly predicted the presence
or absence of stenosis in 16 segments that were overesti-
mated on CTA.

Despite the excellent diagnostic accuracy, coronary CT
angiography has several non-negligible limitations. While
estimated radiation dose during CT coronary has been sub-
stantially reduced over the past 10 years, radiation exposure
to the patients is not negligible particularly in children and
young adults. In addition, the diagnostic performance of
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Fig. 13.11 Kaplan-Meier event-free survival curves for (a) severe car-
diac events and (b) all cardiac events. The frequency of severe cardiac
events as well as all cardiac events were significantly higher in patients
with significant stenosis on whole-heart coronary MR angiography in
comparison with patients without significant stenosis. The absence of

significant stenosis on whole-heart coronary MR angiography can iden-
tify a population with a very low risk for severe cardiac events (0%) and
al cardiac events (0.3%) during a median follow-up period [89].
(Reprinted from Yoon et al. [89], Copyright 2012, with permission from
Elsevier)
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coronary AT angiography is substantially impaired in patients
with heavy coronary calcification. Coronary MR angiogra-
phy and multi-slice coronary CT angiography are comple-
ment one another rather than to compete with one another,
and coronary MR angiography seems to be useful in the fol-
lowing circumstances:

1. Coronary artery anomalies
2. Coronary artery aneurysm in patients with Kawasaki
disease
. Coronary arterial stenoses in patients with renal failure
4. Coronary arterial stenoses in patients with heavy
calcification

|V}

Coronary MR angiography can successfully delineate
anomalous coronary arteries and coronary artery aneurysms

in Kawasaki disease without exposing the patients to radia-
tion. Non-contrast-enhanced coronary MR angiography is
well suited for assessing coronary artery disease in patients
with renal failure. Coronary MR angiography is also useful
in the visualization of coronary arterial lumen in patients
with heavy coronary calcification (Fig. 13.12). Coronary MR
angiography may have a role in screening coronary artery
disease in asymptomatic subjects and those with relatively
low likelihood of coronary artery disease, since coronary
images can be obtained without exposing the subjects to ion-
izing radiation or administrating contrast medium. However,
further study is required to determine the effectiveness of
coronary MR angiography in screening coronary artery dis-
ease in the subjects with low prevalence of the disease,
because false-positive cases may undergo unnecessary coro-
nary CT angiography or invasive coronary angiography.

Fig. 13.12 Coronary CT angiography (64-slice VCT) and whole-heart
coronary MR angiography in a 71-year-old man with anterior chest
pain on effort. (a), Curved multi-planar reformatted image of 64-slice
contrast-enhanced CT angiography demonstrates severely calcified
plaque in the proximal left anterior descending artery. Luminal narrow-

ing of the coronary artery cannot be assessed in this segment due to
heavy coronary calcification. (b), Curved multi-planar reformatted
image of non-contrast-enhanced whole-heart coronary MR angiogra-
phy can clearly identify luminal narrowing in the proximal left anterior
descending artery
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Coronary Artery Wall Imaging
Non-contrast-Enhanced Approach

Several clinical studies demonstrated the ability of coronary
artery wall imaging to assess coronary artery wall thickness
and outward positive remodeling with relative lumen preser-
vation using non-contrast CMR in patients with subclinical
coronary artery disease [91, 92] and in patients with type 1
diabetes mellitus and in a multiethnic population cohort [93].
Additionally, Jansen et al. have demonstrated that non-con-
trast-enhanced T1-weighed (TIW) MRI allows direct throm-
bus visualization in patients with acute myocardial infarction
[94]. Kawasaki et al. have previously shown that the presence
of coronary high-intensity plaques (HIPs) detected by non-

Fig. 13.13 Representative
images of high-intensity
plaques (HIP) on

CMR. Representative
non-contrast T1-weighted
images of high-intensity
plaques (HIPs) (yellow
arrowheads) in the proximal
left anterior descending A
coronary artery (a) and the .
right coronary artery (c), in
which plaque-to-myocardium
signal intensity ratios (PMRs)
were 1.91 and 2.05,
respectively. These high-
intensity signals each
correspond to the left and
right coronary plaques on
computed tomographic
angiography (CTA) (yellow
arrowheads on curved
multi-planar reformation
images, b and d) [96].
(Reprinted with permission
from Noguchi et al. [96], ©
2014, with permission from
Elsevier)

Non-contrast T1WI

contrast TIW MRI is associated with positive coronary artery
remodeling, low density on coronary CTA, and ultrasound
attenuation [95]. Recently, Noguchi evaluated the relation-
ship between HIPs and subsequent coronary events, demon-
strating that HIPs identified by non-contrast-enhanced T1W
MRI are significantly associated with coronary events and
may be a promising predictive factor in patients [96]. In their
study, the plaque-to-myocardium signal intensity ratio (PMR)
was determined in each coronary plaque. Multivariate analy-
sis showed that the presence of plaques with PMRs 1.4 is the
significant independent predictor of coronary events (hazard
ratio: 3.96; 95% confidence interval: 1.92-8.17; p < 0.001)
compared with the presence of CAD (hazard ratio: 3.56; 95%
confidence interval: 1.76-7.20; p < 0.001) and other tradi-
tional risk factors (Fig. 13.13). More recently, the same group

CTA

PMR 2.05

Non-contrast T1WI

CTA
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investigated if intensive statin therapy can reduce the PMR of
high-intensity plaques [97]. Non-contrast-enhanced TI1W
MRI was performed at baseline and after 12 months in 48
patients with coronary artery disease who underwent inten-
sive statin treatment. In 48 control subjects with coronary
artery disease who were not treated with statin, the PMR sig-
nificantly increased (from 1.22 to 1.49, a 19.2% increase;
p < 0.001). In contrast, 12 months of statin therapy signifi-
cantly reduced the PMR (1.38-1.11, an 18.9% reduction;
p <0.001).

Contrast-Enhanced Approach

Coronary arterial wall contrast-enhanced CMR with MR
contrast agent represents an alternative approach for the
characterization of the atherosclerotic coronary arterial wall.
Clinically approved MR contrast agents with extracellular
distribution showed nonspecific uptake in coronary plaques
both in patients with chronic angina [98] and in patients with
acute coronary syndromes [99]. In patients with stable
angina, gadolinium contrast enhancement in the coronary
arterial wall is associated with calcified or mixed plaques on
MSCT, while patients with ACS exhibited transit contrast
uptake. These studies demonstrated that contrast agent
uptake in the coronary artery wall could be associated with
both atherosclerotic plaque composition and inflammation.

Several novel target-specific contrast agents have been
developed and tested in animal models. Currently, two tar-
geted contrast agents are approved for human use: (1) an
albumin-binding contrast agent (gadofosveset trisodium;
Lantheus Medical Imaging, North Billerica, MA) and (2)
iron oxide-based contrast agent (ferumoxytol; Advanced
Magnetics Inc., Cambridge, MA). Albumin-binding con-
trast agent has been developed for MR angiography of the
large and coronary vessels. The accumulation of albumin-
binding contrast agent in the coronary arterial wall is associ-
ated with increased endothelial permeability and/or
increased neovascularization [100, 101]. Furthermore, iron
oxide-based contrast agent (USPIO) also has been shown to
be useful for the imaging of inflammatory cell infiltration
after myocardial infarction [102, 103], and enhancement by
USPIO is associated with increased endothelial permeabil-
ity of the vessel wall.

Future Perspectives

Despite the recent advance of hardware and software of clin-
ical MR system, several limitations still remain for coronary
MRA such as long scan times, limited spatial resolution, and
SNR compared to coronary CTA. To overcome these limita-
tions, direct respiratory motion estimation techniques of the

heart and compressed sensing techniques have been inten-
sively investigated in the recent several years in addition to
the abovementioned variety of the techniques. Although
those recent technical advancements have not yet been
applied to routine clinical practices, these new technologies
may substantially expand the use of MR coronary imaging in
patients with coronary artery disease in the future.

Sophisticated Respiratory Motion
Compensation Technique

Free-breathing coronary MRA with conventional one-
dimensional respiratory navigator uses a simplified model
for respiratory motion correction, typically with a fixed
correction factor of 0.6, which accounts for respiratory-
induced superior-inferior (SI) translational motion of the
heart only [34]. This simple linear model cannot fully com-
pensate the bulk respiratory-induced heart motion. Therefore,
respiratory gating with 1D navigator echoes considerably
reduce motion artifact only when narrow respiratory gating
windows are employed. However, it leads to prolonged scan
time since only a fraction of the acquired data is accepted for
reconstruction. Recently, several approaches have been pro-
posed to overcome some of these problems such as (1) self-
gating technique [104-107], (2) image-based navigation
techniques [108—110], and “respiratory binning” techniques
with 3D affine motion correction [111-114] (Fig. 13.14).

Self-Gating Technique

With self-gating, information about the respiratory displace-
ment of the heart is directly extracted from the very same
data used for imaging. Furthermore, the placement of the
navigator is no longer necessary and no delay between
motion detection and data acquisition has to be account for.
Scan efficiency increases to 100% as all data segments are
used for the final image reconstruction [104, 105]. In this
approach, typically a 1D projection image of the heart is
acquired in superior-inferior (SI) direction. One of these SI
projections is taken as reference. Then, the relative displace-
ment between the position of the heart in each acquired pro-
jection and the references is determined and corrected. One
study reported that the use of end-expiration as a respiratory
reference position is the most promising in terms of image
quality on self-navigation coronary MRA in healthy adult
subjects [106]. However, in case of more irregular respira-
tion and respiratory drift as often occurring in patients, this
may no longer be correct, and alternative strategies may be
needed. Ginami et al. developed an iterative self-navigator
technique that no longer depends on the choice of a specific
respiratory reference position [107].
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Fig. 13.14 Schematic of a general respiratory binning, motion estima-
tion, and correction procedure. The respiratory position is measured
using a navigator (NAV) for each k-space acquisition (ACQ) and allo-
cated to a respiratory bin. Respiratory resolved data from each bin can
be reconstructed separately (ACQg;,3) although undersampled. For
non-Cartesian k-space sampling the undersampled data from each bin
can be used to estimate motion between bins. However, additional fully
sampled navigator data is necessary for Cartesian k-space sampling.

Image-Based Navigation Techniques

Image-based navigation techniques commonly use 2D or 3D
image navigators [108—110]. Most of these image-based
approaches correct respiratory motion in a beat-to-beat fash-
ion. Henningsson et al. developed a 2D navigator to allow for
prospective correction of translational motion of the heart in
two directions [108, 109]. In this method the startup pulse of
SSFP have been used to spatially encode a low-resolution
image immediately before the acquisition of k-space data.
The respiratory-induced heart motion is estimated along the
SIand RL directions using the low-resolution 2D images and
is used to correct the high-resolution data. This implementa-
tion of 2D navigator allows for increased scan efficiency
without comprising image quality and more flexibility to
separately determine the imaging and navigator parameters.
More recently, Moghari et al. proposed 3D heart locator
technique for whole-heart coronary MR angiography, which
is a 3D version of image-based navigation techniques [110].

“Respiratory Binning” Techniques with 3D
Affine Motion Correction

To account for more complex and 3D motion, “respiratory
binning” techniques with 3D affine motion correction have
been recently proposed [111-114]. With this approach the
respiratory signal is divided into several states of the breath-
ing cycle or “bins” and afterward corrected to a reference
position using the motion estimated from low-resolution

Motion correction Corrected Uncorrected

The respiratory motion is typically estimated by registering ACQpg;n»
and ACQyp;,; to the end-expiratory ACQyg;,; to generate the transforma-
tions A, and Aj;. The motion corrected CMRA data can be obtained by
applying these transformations to the CMRA data in the corresponding
bins and summing the results. Note, in this example 3 respiratory bins
are used; however, in practice 4—6 bins are typically employed. (Image
courtesy of Dr. Markus Henningsson, Kings College London, UK)

images [111]. These methods achieve 100% scan efficiency
and therefore reduce the acquisition time. Several investi-
gators have recently applied 3D affine motion correction
scheme to self-gating and image-based navigations [112—
114]. Pang J et al. have developed an improved respiratory
motion correction scheme with 3D self-navigation and
image-based affine motion correction [112], reducing the
imaging time to 7.1 £ 0.5 min from 13.9 = 2.6 min with
conventional navigator gating. Aitken et al. combined
“beat-to-beat” translational motion correction using 2D
navigator with “bin-to-bin” affine motion correction for 3D
whole-heart coronary MR angiography [113]. Those above-
mentioned studies employed radial k-space trajectories.
SENSE has been proven effective for non-Cartesian trajec-
tories and is usually accomplished by inverting the encod-
ing matrix using iterative methods such as
conjugated-gradients (iterative SENSE) [114]. As the self-
navigation utilizes non-Cartesian trajectories, k-space cen-
tral region for the self-navigation is oversampled and can
be used to reconstruct alias-free low-resolution images for
the estimation of sensitivity map without the need for extra
scan. Consequently, Pang et al. combined 3D self-naviga-
tion scheme with self-calibrating iterative SENSE recon-
struction, demonstrating that this combined method
significantly improves the image quality compared with
self-navigation with an image-based 3D-affine motion cor-
rection only [111]. However, the radial k-space trajectories
have intrinsically lower SNR compared to Cartesian trajec-
tories. Henningsson et al. recently proposed the 3D affine
motion correction for Cartesian whole-heart coronary MR
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angiography using a 3D image-based navigator to allow for
data acquisition throughout the whole respiratory cycle and
demonstrated that this technique can be used to acquire
Cartesian whole-heart 3D coronary artery images with
100% scan efficiency with similar image quality as com-
pared with the state-of-the-art-gated and corrected method
with approximately 50% scan efficiency [115].

Compressed Sensing and Iterative K-Space
Reconstruction

Compressed sensing (CS) is a new image reconstruction
method for accelerated acquisitions with incoherently under-
sampled k-space data, which can be achieved by random
undersampling in the ky—kz plane for 3D Cartesian acquisi-
tions by exploiting the sparsity of the image in a transform
domain [116]. Recently, a CS-based reconstruction strategy
for high-resolution CMR, called low-dimensional-structure
self-learning and thresholding (LOST), has been developed,
providing reconstructions with reduced blurring compared to
conventional CS techniques [117]. This CS technique was
successfully utilized in non-contrast- and contrast-enhanced
whole-heart coronary MRI [118]. Then, Akcakaya et al.
employed this CS technique for highly accelerated submilli-
meter whole-heart coronary MRA and performed a head-to-
head comparison of such CS techniques utilizing prospective
random k-space undersampling versus parallel imaging with
prospective uniform undersampling [119]. They demon-
strated that the image quality and SNR of the CS images
were significantly higher than those of coronary MA images
accelerated by parallel imaging [119].

CS can be also utilized for the respiratory motion com-
pensation by estimating the motion-corrupted k-space data
without reacquiring k-space data [120], because the quasipe-
riodic nature of the respiratory pattern yields a randomly
undersampled k-space in CMR. Moghari et al. proposed a
joint prospective-retrospective navigator echo motion com-
pensation algorithm. In this technique, the inner k-space
region is acquired using a prospective navigator, while, for
the outer k-space, a navigator is only used to reject the
motion-corrupted  data  without reacquiring  them.
Subsequently, those unfilled k-space lines are retrospectively
estimated using compressed sensing reconstruction [120].
This approach yields a scan time reduction in coronary MRI,
maintaining subjective and objective image quality of coro-
nary MRA [121].

Forman et al. employed a different approach, which com-
bined weighted iterative reconstruction technique with self-
navigated free-breathing coronary MRA for retrospective
reduction of respiratory motion artifact. They found that total
imaging time was reduced with sufficient suppression of
respiratory motion artifacts [121].

Four-Dimensional Whole-Heart MR Imaging

While prospective acquisition is commonly used for coro-
nary MRA, a retrospective navigator gating is also possible
and useful for improved gating efficiency or completion of
scan in a fixed amount of time. Cardiac cine MR imaging
commonly employs retrospective ECG gating to address car-
diac motion. When data acquisition is performed continu-
ously in a free running mode with retrospective ECG gating
in combination with retrospective respiratory self-gating, 4D
whole-heart imaging can be achieved. Coppo et al. have
developed a free running 4D whole-heart self-navigated cor-
onary MR imaging using golden angle k-space filling,
enabling the assessment of both coronary anatomy and ven-
tricular function simultaneously, with retrospective and flex-
ible acquisition window selection for the best visualization
of each coronary segment [122]. Furthermore, as cardiac
phase information also can be obtained by cardiac self-gat-
ing, compensation of both cardiac and respiratory motion
also enables 4D coronary MR imaging. Pang et al. have
developed a free-breathing and free running 4D coronary
MRA technique with simultaneously cardiac and respiratory
self-gating, golden angle 3D radial k-space sampling, and
feasibility of isotropic whole-heart MR imaging has been
demonstrated [123].
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