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Imaging of coronary arteries with magnetic resonance has undergone undeniable progress
during the past two decades. Although coronary computed tomography angiography de-
tects coronary artery disease (CAD) with excellent diagnostic accuracy, the inevitable expo-
sure to ionizing radiation and iodinated contrast administration make it less appealing in
certain patient populations. Coronary magnetic resonance angiography (MRA) is now per-
formed mostly as a whole heart, free breathing, three-dimensional study. Several factors in-
fluence quality and speed of the scan, including use of the appropriate pulse sequence ac-
cording to the strength of the magnetic field, cardiac and respiratory gating, preparation
pulses, multi-channel cardiac coils, parallel imaging, and contrast material injection. The use
of coronary MRA is well established in coronary artery anomalies and aneurysms. While di-
agnostic performance has also improved markedly for the detection of CAD, coronary MRA
is not yet a routine clinical study. However, coronary MRA is expected to be play a major role
in the near future due to continuous research and technical achievements.
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INTRODUCTION

Coronary MRA; Achilles heel of cardiac MRI?
Although cardiac magnetic resonance (CMR) imaging is
now regarded as the gold standard for assessment of cardiac
function, morphology, myocardial viability, and tissue charac-
terization, its role in coronary arteries assessment has been con-
sidered premature and vulnerable. In contrast, coronary com-
puted tomography angiography (CCTA) has taken the lead in
the field of non-invasive imaging of coronary arteries and has
become a trustworthy gate-keeper for invasive catheterization
[1]. CCTA, however, is not flawless. The technique entails inevi-
table exposure to ionizing radiation that—despite new technolo-
gies that allow for ultra—low radiation doses-still cannot be ig-
nored in children, young adult patients, and those who are in
need for serial CT examinations. In addition, CCTA is not suit-
able for patients whose renal problems preclude the administra-
tion of iodinated contrast material. Coronary magnetic reso-
nance angiography (MRA), on the other hand, is a non-ionizing
radiation modality that can be performed even without contrast
injection and is of particular benefit in patients with heavily cal-
cified coronary arteries (Fig. 1). A coronary MRA study is tech-
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nically challenged by the small size, tortuous courses and com-
plex motion of coronary arteries during cardiac and respiratory
cycles, as well as the need for whole coronary tree coverage with
high spatial resolution. Some of these challenges have been re-
solved by technical advances that have significantly improved
image quality and overall diagnostic performance of coronary
MRA in patients with coronary artery disease (CAD); however,
challenges remain. In this review, we will try to summarize vari-
ous coronary MRA imaging strategies and describe the current
status of coronary MRA in clinical practice.

CORONARY MRA TECHNIQUES:
PAST, PRESENT, AND FUTURE

The past

The earliest attempts at coronary imaging with MRI used a
breath-hold, two-dimensional (2D), coronary segmented k-
space gradient-echo technique [2-4]. Despite being relatively
easy to implement, breath-hold 2D coronary MRA was limited
by suboptimal signal-to-noise ratio (SNR), slice misregistration
due to inconsistent diaphragm positions between breath-holds,
high operator dependency, and patient fatigue from repeated
breath-holds. The 2D imaging technique later evolved into a
three-dimensional (3D) gradient echo coronary MRA that im-
proved SNR and slice registration, but still used the breath-hold
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Fig. 1. (A) Reformatted coronary CT angiography showing a heavily calcified proximal LAD plaque that prevented assessment of that seg-
ment (arrow). Coronary MRA of the same subject revealed significant stenosis in the region of the heavy calcification (B, arrow) that was
confirmed on X-ray coronary angiography (not shown). LAD: left anterior descending, MRA: magnetic resonance angiography.

method. Wielopolski et al. [5,6] used a breath-hold, 3D coro-
nary MRA with double oblique volume-targeted technique in
which each coronary segment was imaged during a single end-
expiratory breath-hold with a total of about 13 breath holds for
coverage of all major coronary arteries. van Geuns et al. [7] as-
sessed the diagnostic accuracy of this approach and reported
that 69% of segments were assessable, with sensitivity and spec-
ificity of 92% and 68%, respectively, for the detection of >50%
luminal stenosis. One advantage of the breath-hold technique is
that it allows for imaging of coronary arteries during the first
pass of extracellular MR contrast media (e.g., Gd-DTPA),
which rapidly diffuses from the intravascular space to the inter-
stitial space after intravenous administration [8-11]. Regenfus
etal. [11] obtained breath-hold 3D coronary MRA immediately
after injecting extracellular MR contrast agent at a flow rate of 1
ml/s and reported 94% sensitivity and 57% specificity for de-
tecting significant CAD. However, the short imaging time of
the breath-hold technique is a tradeoff with reduced spatial res-
olution and 3D volume coverage. Also, breath-holding does not
eliminate motion of the diaphragm as it continues to drift dur-
ing breath-holding, which causes significant blurring on breath-
hold 3D coronary MRA [12]. In addition, the impaired cardio-
pulmonary reserve in many of the patients referred for the
procedure is yet another limitation.

The present

Free-breathing 3D MRA is currently the most widely used
MRI technique for coronary imaging. 3D imaging allows for
better SNR slice registration and greater volume coverage com-
pared to 2D imaging. Free breathing was also implemented to
avoid the drawbacks of breath holding. The superior image
quality of free-breathing 3D coronary MRA can be achieved by
applying several strategies including respiratory motion correc-

50 CVvIA2017;1(1):49-59

tion, cardiac gating, acquisition and preparation pulse sequenc-
es, parallel imaging, as well as contrast administration and
magnetic field strength.

Respiratory gating

Initial trials for free breathing coronary MRA used respirato-
ry monitoring belts that, despite improved resolution and coro-
nary alignment, could not eliminate respiratory motion artifacts
and blurring [13]. The introduction of respiratory navigators
(MR signals that measure the position of the right lung-dia-
phragm interface) markedly improved image quality of free-
breathing MRA. Respiratory navigator gating was initially per-
formed in a retrospective fashion in which only images within a
gating window were used to reconstruct coronary MRA [14-
17]. This was replaced with real-time prospective navigation,
where both navigator and coronary imaging data are acquired
at the same time during the cardiac cycle [18,19]. The lung-dia-
phragm interface must lie within a predefined acceptance win-
dow (typically=2.5 mm) at end-expiration for the image data to
be accepted, or it is rejected and acquisition is repeated in next
cardiac cycles until collection of all necessary data in k-space.

Obviously, this technique is disadvantageous in terms of in-
creased acquisition time and inappropriateness in patients with
irregular breathing patterns and persistent diaphragmatic posi-
tion drift. The use of multi-channel cardiac coils with higher
parallel imaging factor can be a partial solution for this issue, as
the short scanning time can reduce undesirable breathing irreg-
ularities. By applying this strategy, Nagata et al. [20] significantly
reduced the coronary MRA scanning time from 12.3£4.2 min
with 5-channel coils to 6.3£2.2 min using 32-channel coils.
Consequently, the reduced imaging time increased the MRA
acquisition success rate (100%) and maintained image quality.
Another strategy is to use abdominal belts that restrict dia-



phragmatic position drifting. Ishida et al. [21] reported that this
technique significantly improved scan efficiency and image
quality in both UK and Japanese patients. When used in com-
bination with 32-channel coils, Nagata et al. [20] reported 86%
sensitivity and 93% specificity of 1.5 T whole heart coronary
MRA for detecting significant CAD on a vessel-based analysis.

Cardiac gating

Unlike X-ray coronary angiography, in which time per image
frame is less than 20 milliseconds, electrocardiographic (ECG)
gating is indispensable in coronary MRA in order to enable im-
aging of coronary arteries while they are most static during the
cardiac cycle. The acquisition window and the optimal delay af-
ter the R wave, however, are not fixed for all patients and are af-
fected not only by the heart rate, but also by patient hemody-
namics. Consequently, a subject-specific acquisition window
needs to be determined. For this purpose, Wang et al. [22] pro-
posed an ECG-triggered M-mode navigator-echo technique to
define the optimal period of minimal cardiac motion in the
cardiac cycle. However, the currently most commonly used
technique is to acquire high-temporal resolution cine MR im-
ages prior to coronary imaging and to visually track the right
coronary artery (RCA) to determine the optimal trigger delay
and acquisition window [23].

Another reason why free-breathing MRA prolongs scanning
time is that it uses a narrow acquisition window to minimize
cardiac motion artifacts. Again, a higher parallel imaging factor
with the use of 32-channels coil could actually narrow the ac-
quisition window of the MRA study in addition to its previously
mentioned value in reducing the whole scan time. In the study
by Nagata et al., [20] the use of 32-channel cardiac coils with a
parallel imaging factor of 4 achieved a mean acquisition win-
dow of 84157 ms for diastolic acquisition and 48+18 ms for
systolic acquisition compared to 15267 ms and 98+26 ms in a
previous study using 5-channel cardiac coils. The success rate,
image quality, and overall scan time were all substantially im-
proved [24]. An even narrower acquisition window of less than
50 ms is essential in patients with a high heart rate in order to
reduce motion artifacts on coronary MRA. As a rule of thumb,
a narrow acquisition window of 30-50 ms is recommended to
obtain sharp coronary MRA, even in patients with low heart
rate.

Acquisition pulse sequence and magnetic field strength
Steady state free precession (SSFP) pulse sequences are cur-
rently used for 3D coronary MRA acquisition on 1.5 Tesla (1.5
T) MRI scanners after having replaced gradient echo sequences
previously used in 2D and 3D MRA. SSFP provides higher
blood signal intensity, reduced motion artifacts, and superior
vessel sharpness that are further enhanced when used with an
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optimized k-space sampling strategy such as radial sampling
[25]. More importantly, the SSFP sequence is not dependent on
in-flow effects and allows for whole heart coronary MRA ac-
quisition. This allows visualization of the coronary tree with a
single 3D scan, saves time, and is simple to plan. Moreover, the
whole heart SSFP sequence allows for visualization of the distal
coronary artery segments that were not easily assessed using the
previous targeted double oblique technique. Using this method,
we have demonstrated that more than 90% of distal coronary
segments exhibited good to excellent image quality [20,24,26].

At higher magnetic field strength [i.e., 3 Tesla (3 T)], gradient
echo sequences are generally preferred to SSFP for coronary
MRA acquisition (Fig. 2). It is true that a stronger magnetic
tield means higher SNR, but this comes at the expense of in-
creased magnetic field inhomogeneity and specific adsorption
rate, ultimately causing increased off-resonance. This is disad-
vantageous for coronary MRA using SSFP acquisition because
of its higher susceptibility to inhomogeneity of magnetic field
and the need for higher flip angles to achieve sufficient blood
contrast. Coronary MRA acquisition using 3 T was shown to be
feasible in humans by Stuber et al. [27]. A combination of gra-
dient echo whole heart coronary MRA and gadolinium contrast
administration at 3 T produces high-resolution coronary MRA
with significantly improved image quality and diagnostic accu-
racy compared with those at 1.5 T [28,29].

Recently, Gharib et al. [30] demonstrated the feasibility of 350
um spatial resolution coronary MRA at 3 T in humans. This
high resolution of volume-targeted MRA is similar to that of
multi-detector CT. Despite having lower SNR, the improved
sharpness of the images resulted in better quality and better
qualitative assessment. One disadvantage of the technique is
that it requires at least 9 minutes of scan time per vessel, which
can be intolerable to some patients.

Preparation pulses for ensuring sufficient image contrast

Preparation pulse sequences are used to suppress signals
from structures surrounding coronary arteries, namely epicar-
dial fat and myocardium, to ensure that maximal coronary arte-
rial blood contrast is achieved during imaging. For pericardial
fat suppression, the spectral presaturation with inversion recov-
ery pulse sequence is widely preferred because of its selective fat
suppression and high SNR. The short tau inversion recovery se-
quence is also used, particularly in contrast-enhanced studies.
Recently, researchers have developed a highly resolved, T1-
weighted (TTW), dual-echo Dixon approach and reported sig-
nificantly improved image quality (p<0.000001) compared to
conventional fat-suppression techniques [31]. This approach
permits additional assessment of intra- and extra-myocardial
fat deposits that gained interest in a number of new clinical
studies.
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Fig. 2. Free breathing, whole heart, coronary MRA study acquired with the steady-state free-precession technique at 1.5 T (A) and with a
gradient-echo sequence at 3 T (B) in the same subject with non-contrast, 32-channel coils, T2 and spectral fat-saturation inversion recovery
pre-pulses. Slightly but not significantly better image quality can be noted in the 3 T gradient-echo image. MRA: magnetic resonance angi-

ography.

As for the myocardium, a T2-weighted magnetization prepa-
ration pulse is used to suppress the myocardial signal [18]. The
T2 preparation pulse additionally suppresses venous blood sig-
nal in the epicardial veins, taking advantage of the substantially
shorter T2 relaxation time of deoxygenated venous blood com-
pared to that of oxygenated arterial blood. Recently, Soleimani-
fard et al. [32] introduced a spatially selective T2 preparation
pulse where the position of the T2Prep slab can be freely ad-
justed to avoid covering the ventricular blood-pool and hence
enable acquisition of better SNR.

Parallel imaging techniques

The aim of parallel imaging is to increase scanning speed,
which means higher study success rate and better patient toler-
ance. sensitivity encoding, a parallel imaging technique in im-
age space, along with generalized autocalibrating partially par-
allel acquisition and simultaneous acquisition of spatial
harmonics, which provide parallel imaging in k-space, are now
widely used to reduce the scan time of 3D coronary MRA in
clinical settings [33-35]. However, parallel imaging comes at the
cost of reduced SNR. That said, the “need for speed” during
coronary imaging needs to be appropriately weighted against
image quality. Availability of 3 T MRI units and multi-channel
cardiac coils has made it possible to use parallel imaging tech-
niques while maintaining good SNR.

Contrast medium

Contrast material administration is another strategy for en-
hancing coronary artery visualization through its T1 shortening
effect. This means that blood signal intensity is determined by
its T1 relaxation time rather than its in-flow effect, which en-
ables acquisition of 3D gradient echo coronary MRA with large
3D volume coverage. Contrast media that can be used are ex-
tracellular, intravascular, or slightly albumin-binding. Unlike
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the more widely used extracellular contrast material whose T1
shortening of the coronary arterial blood is only maintained
during the first pass following administration, intravascular
contrast material remains in the blood pool for a longer time
and exhibits greater T1 shortening effects [8,9]. Raman et al.
[29] compared gadofoveset (0.03 mmol/kg), an intravascular
contrast agent, to Gd-BOPTA (0.1 mmol/kg), an extracellular
agent, for free-breathing 3D coronary MRA and reported that
use of the intravascular contrast agent performed as well as, or
slightly better than, the extracellular contrast agent at 3 T.
Slightly albumin-binding contrast medium combines the bene-
fits of both extracellular and intravascular agents as it remains
in the blood for a relatively prolonged time with greater T1
shortening effect while maintaining late enhancement abilities
[36,37]. Several studies have agreed on the ability of intravascu-
lar or slightly albumin-binding agents to improve arterial con-
trast on 3D gradient echo coronary MRA, particularly when
used with an inversion-recovery pre-pulse [38-42].

Future perspectives in coronary MRA techniques

As previously explained, the currently used respiratory navi-
gation technique is one reason for prolonged coronary MRA
scanning time. In recent years, there has been extensive work
toward developing sophisticated respiratory motion correction
techniques that can reduce examination time by acquiring data
throughout most or all of the respiratory cycle. One of these
techniques is self-gating navigation MRA that allows for up to
100% scan efficiency increase as all data segments are used for
the final image reconstruction [43]. The technique was further
developed to iterative self-navigation that does not require the
choice of a respiratory reference position [44]. The image-based
navigator technique is another method that uses a spatially en-
coded, low-resolution, 2D image acquired just before the acqui-
sition of k-space data to correct the high-resolution data [45,46].



The method was reported to increase scan efficiency without
compromising image quality. A 3D version of the technique
was also described [47].

Recently, respiratory binning techniques with 3D affine mo-
tion correction were described to adapt to the more complex
3D motion. In respiratory binning, the respiratory signal is dis-
tributed throughout the breathing cycle like “bins” and then
corrected to a reference position using the low-resolution imag-
es [48]. In a more sophisticated approach, respiratory binning
was superimposed on self-gating and image-based navigations
and proved to be a useful strategy to significantly reduce scan
time and improve motion correction [49-51].

Compressed sensing is a new image reconstruction technique
that uses incoherently undersampled k-space data for accelerat-
ed acquisitions [52]. Akgakaya et al. [53] performed a head-to-
head comparison of highly accelerated, submillimeter, whole-
heart coronary MRA and parallel imaging techniques. The im-
age quality and SNR of the compressed sensing images were
significantly higher than those of parallel imaging.

Recent advances have also lead to the development of four-
dimensional (4D) whole-heart coronary MRA. Free running
mode with retrospective cardiac gating and retrospective respi-
ratory self-gating are used to produce 4D whole heart imaging,
enabling simultaneous assessment of both coronary anatomy
and ventricular function [54].

CLINICAL APPLICATIONS OF
CORONARY MRA

The clinical indications of coronary MRA are currently limit-
ed to the detection and follow up of coronary artery anomalies,
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ectasia, or aneurysms. In CAD, however, coronary MRA is not
yet performed on a wide scale in the clinical setting.

Anomalous coronary arteries

Detection of coronary artery anomalies is important, particu-
larly in vessels that have a so called “malignant course” where
sudden death can be the result.

X-ray coronary angiography-other than being an invasive
procedure involving ionizing radiation-lacks important data on
the 3D path of the coronary artery. As is the case with CCTA,
coronary MRA has been shown to have high sensitivity and
specificity for detecting anomalous coronary arteries and for
delineating their proximal courses [55-57] (Fig. 3). With the in-
creasing availability of low-dose CT technology, lack of radia-
tion exposure does not always justify the use of coronary MRA
instead of CCTA. The choice between CCTA and coronary
MRA should be made in each institution after considering the
pros and cons of each modality (e.g., effective radiation dose by
the CT machine employed, quality of coronary MRA images,
patient tolerance and preferences).

Kawasaki disease

The prevalence of Kawasaki disease (KD) is highest among
children of East Asian countries. Of these, Japan has the great-
est prevalence; recently published statistics indicate that there
are about 27000 patients with KD in Japan [58]. Incidence rates
are increasing on an annual basis; (approximately 215 per
100000 per year in 2008 for children aged 0—4 years, 243 in
2011, and 308 in 2014, which is the highest recorded incidence
so far). Coronary artery aneurysms are detected in 25% of un-
treated KD patients [59]. Serial assessment of aneurismal size is

Fig. 3. Maximum-intensity projection images of whole-heart coronary MRA acquired with a gradient-echo sequence at 3 T (A) and reformat-
ted CT coronary angiography (B) in a young adult showing anomalous left anterior descending artery (arrows) that arises from the proximal
segment of the right coronary artery (RCA) and runs in an inter-arterial course between the aorta (Ao) and main pulmonary artery (PA). Suf-
ficient diagnostic data were obtained from the MRA study. MRA: magnetic resonance angiography.
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important as it changes over time and is correlated with the risk
of coronary artery thrombosis and stenosis. As is the case with
coronary artery anomalies, X-ray coronary angiography and
CCTA are not recommended for the young patient population.
Assessment of coronary aneurysms in young children is classi-
cally performed using transthoracic echocardiography. Howev-
er, as children grow, evaluation of coronary arteries becomes
more difficult. Thanks to recent technical advances, coronary
MRA can be used as an alternative to transthoracic echocar-
diography when image quality is insufficient [60] (Fig. 4). In
one study, coronary MRA was reported to have excellent agree-
ment with X-ray angiography for the diagnosis and quantitative
analysis of coronary aneurysms [61].

Coronary artery disease

The diagnostic accuracy of coronary MRA for detecting
CAD is chronologically linked to technical developments,
which account for the considerable variation among coronary
MRA studies. For example, the first multicenter study to assess
free-breathing, navigator-gated, 3D gradient echo coronary

MRA reported a sensitivity of 93% but poor specificity of only
42% for detecting significant CAD [62]. The introduction of
SSFP and free breathing approaches markedly improved diag-
nostic performance. Jahnke et al. [63] compared breath-hold to
free-breathing 3D coronary MRA, both using SSFP and double
oblique targeted volume acquisition techniques. Free-breathing
was superior to breath-hold coronary MRA in terms of image
quality, coronary artery segment assessment (79% vs. 45%),
sensitivity, and specificity (72% and 92% by free-breathing ap-
proach vs. 63% and 82% by breath-hold approach). With intro-
duction of the whole heart approach, the use of dedicated
phased-array cardiac coils and the introduction of the concept
of parallel imaging, even more promising results were obtained
(Fig. 5). In our study of 131 patients, free breathing, SSFP, whole
heart 3D coronary MRA was performed using a patient-specific
acquisition window set either during systole or diastole, de-
pending on the phase of minimal motion of the RCA on cine
MR images. The success rate of MRA acquisition was 86% with
82% sensitivity, 90% specificity, 88% positive predictive value,
and 86% negative predictive value for detecting significant

Fig. 4. A now 6-year-old child with right coronary artery (RCA) aneurysms secondary to Kawasaki disease. (A) Thin-slab maximum-intensity
projection images of the initial whole-heart coronary MRA showed 3 RCA aneurysms. (B) On follow up MRA, all aneurysms showed signifi-
cant reduction in size and change of morphology. (C and D) Corresponding X-ray coronary angiography shows the same changes. MRA:

magnetic resonance angiography.
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CAD [24]. A multicenter study showed that using 5-channel
cardiac coils and a parallel imaging factor of 2 allowed detection
of significant CAD with a sensitivity of 88%, specificity of 72%,
and a negative predictive value of 88% [64]. This negative pre-
dictive value is similar to that of the CORE-64 CTA multicenter
study [6], indicating that whole heart coronary MRA can effec-
tively be used to rule out CAD. In the study by Nagata et al., [20]
the combined use of 32-channel cardiac coils, parallel imaging
factor of 4, and abdominal belt technique achieved 86% sensi-
tivity, 93% specificity, 86% positive predictive value, 93% nega-
tive predictive value and 91% diagnostic accuracy in almost half
of the imaging time of whole heart coronary MRA using 5-chan-
nel coils [24]. Higher magnetic field strength at 3 T MRI and
contrast material administration achieve higher SNR of coro-
nary MRA when a gradient echo technique is used. Yang et al.
[42] acquired 3 T MRA with a gradient echo sequence and in-
version recovery preparation during slow infusion of slightly al-
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bumin-binding contrast medium. They reported 94% sensitivi-
ty and 82% specificity for detecting patients with >50%
coronary stenosis. The same group conducted a second similar
study but added 32-channels cardiac coils to their scanning
protocol. They obtained diagnostic quality MRA images in 92%
of patients with an average imaging time of 7.0+1.8 minutes
[42]. Moreover, the sensitivity, specificity, positive predictive
value, and negative predictive value were 95.9, 86.5, 87.0, and
95.7%, respectively, indicating that the diagnostic performance
of 3 T contrast-enhanced whole-heart coronary MRA ap-
proaches that of 64-slice CCTA [65].

Quantitative assessment of coronary MRA also proved to be
diagnostically accurate. Yonezawa et al. [66] used the signal in-
tensity profile along the vessel to develop a method for quanti-
tative analysis of stenosis on coronary MRA. Using this method,
coronary MRA had a sensitivity of 90% and a specificity of 80%
for detecting >50% stenosis with excellent agreement with X-

Fig. 5. Maximum-intensity projection images of whole-heart coronary MRA in an 88-year-old female with significant mid-RCA stenosis (ar-
rowed) (A) that was confirmed on X-ray coronary angiography (B). MRA: magnetic resonance angiography, RCA: right coronary artery.

Fig. 6. (A) Coronary MRA in a 67-year-old man with chest pain revealed significant LAD stenosis just proximal to the origin of the first diag-
onal artery (arrow). (B) Stress perfusion MRI, however, did not detect stress-induced ischemia. (C) On X-ray angiography, significant (75%)
stenosis was detected (arrow). MRA: magnetic resonance angiography, LAD: left anterior descending.
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ray coronary angiography [correlation coefficient of 0.84
(p<0.001)]. More recently, Kim et al. [67] investigated the rela-
tionship between signal intensity of coronary arteries with
chronic total occlusion on coronary MRA and success rate of
PCIL. Areas of low or interrupted high signal showed a success
rate of 72%, whereas areas of continuous high signal intensity
were associated with 95% success rate, signifying its role as an in-
dependent predictor of PCI success (odds ratio, 8.20; p=0.042).

In a comprehensive CMR protocol, combined use of stress
perfusion MRI and coronary MRA should-at least theoretical-
ly-improve detection of obstructive CAD (Fig. 6). However, re-
ports on the additive value of coronary MRA oppose this theo-
ry [68,69]. Sub-analysis of the recent multicenter prospective
study (CE-MARC study) also found no significant additive val-
ue of coronary MRA [70]. On the other hand, Heer et al. [71]
found different results when they adopted a more differentiated
approach. In their algorithm, MRA was added only to low con-
fidence results of stress perfusion CMR. The result was a signifi-
cant increase in specificity (from 79.3% to 88.9%, p=0.008)
without worsening sensitivity (from 86.7% to 95.7%).

Data on prognostic performance of coronary MRA are scarce.
In their study on 207 patients with suspected CAD, Yoon et al.
[72] found that the presence of significant (>50%) stenosis on
coronary MRA was strongly associated with future cardiac
death and major adverse cardiac events. Cox regression analysis
showed that presence of significant stenosis on MRA was asso-
ciated with >20-fold hazard increase of all cardiac events.

Coronary artery wall imaging

The ability of non-contrast CMR to assess coronary wall
thickness and positive remodeling has been investigated in pa-
tients with subclinical CAD, patients with type I diabetes, and
in a multiethnic population cohort [73-75]. In addition, non-
contrast, TTIW CMR was able to directly visualize thrombus in
acute myocardial infarction and to detect the presence of coro-
nary high-intensity plaques (HIPs), which correspond to posi-
tive remodeling and low-density plaques on CT [76,77]. Nogu-
chi et al. [78] took a further step by demonstrating that HIPs
identified by non-contrast TITW MRI were significantly associ-
ated with coronary events. The authors calculated the plaque-
to-myocardium signal intensity ratio (PMR) for each coronary
plaque. Interestingly, the presence of plaques with PMR of 1.4
was a significant independent predictor of coronary events
[hazard ratio (HR): 3.96; 95% confidence interval (CI): 1.92 to
8.17; p<0.001] compared with the presence of CAD (HR: 3.56;
95% CI: 1.76 to 7.20; p<0.001) and other traditional risk factors.
In another study by the same group, the ability of PMR to mon-
itor therapy with statins was evaluated. In control subjects with
CAD who were not treated with statin, PMR significantly in-
creased after 12 months from baseline (from 1.22 to 1.49, a
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19.2% increase; p<0.001) but was significantly reduced in pa-
tients treated with statin (1.38 to 1.11, an 18.9% reduction;
p<0.001) [79]. A contrast-enhanced approach can also be used
for plaque characterization with CMR. Studies using clinically
approved extracellular contrast agents showed that uptake in
the coronary artery wall is non-specific and could be associated
with both atherosclerotic plaque composition and inflamma-
tion in patients with stable CAD or acute coronary syndrome
[80,81]. Enhancement with newly developed albumin binding
and iron oxide-based contrast agents is associated with in-
creased endothelial permeability and thus can be used for coro-
nary wall imaging [82-85].

CONCLUSION

Coronary MRA allows for non-invasive imaging of coronary
arteries with no risk of exposure to ionizing radiation. Current-
ly, the most popular technique for coronary MRA is free breath-
ing, whole heart, 3D MRA with cardiac gating and respiratory
navigation. SSFP pulse sequences are used in 1.5T MRI systems,
while gradient echo sequences are used for 3 T MRA. Prepara-
tion pulses are needed for fat saturation and myocardial signal
suppression. Contrast-enhanced MRA allows for more signal
contrast of coronary arteries. Scanning time can be reduced
with the use of parallel imaging and multi-channel cardiac coils.
The main clinical indications for coronary MRA are detection
and follow up of patients with coronary artery anomalies and
aneurysms, e.g., KD. In CAD, diagnostic performance of coro-
nary MRA has markedly increased in the past few years. With
the help of more technical advances, coronary MRA could be-
come a component of routine clinical practice for detecting
CAD and plaque characterization.
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