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Invited Review

Coronary Magnetic Resonance Angiography

Matthias Stuber, PhD,!3* and Robert G. Weiss, MD!+3

Coronary magnetic resonance angiography (MRA) is a pow-
erful noninvasive technique with high soft-tissue contrast
for the visualization of the coronary anatomy without X-ray
exposure. Due to the small dimensions and tortuous na-
ture of the coronary arteries, a high spatial resolution and
sufficient volumetric coverage have to be obtained. How-
ever, this necessitates scanning times that are typically
much longer than one cardiac cycle. By collecting image
data during multiple RR intervals, one can successfully
acquire coronary MR angiograms. However, constant car-
diac contraction and relaxation, as well as respiratory mo-
tion, adversely affect image quality. Therefore, sophisti-
cated motion-compensation strategies are needed.
Furthermore, a high contrast between the coronary arter-
ies and the surrounding tissue is mandatory. In the
present article, challenges and solutions of coronary imag-
ing are discussed, and results obtained in both healthy and
diseased states are reviewed. This includes preliminary
data obtained with state-of-the-art techniques such as
steady-state free precession (SSFP), whole-heart imaging,
intravascular contrast agents, coronary vessel wall imag-
ing, and high-field imaging. Simultaneously, the utility of
electron beam computed tomography (EBCT) and multide-
tector computed tomography (MDCT) for the visualization
of the coronary arteries is discussed.
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heart

J. Magn. Reson. Imaging 2007;26:219-234.

© 2007 Wiley-Liss, Inc.

THE CURRENT GOLD STANDARD for the diagnosis of
coronary artery disease (CAD) is selective X-ray coro-
nary angiography. Both in the United States and in
Europe, approximately 1 million cardiac catheteriza-
tions are performed each year (1). However, X-ray cor-
onary angiography is invasive and expensive, it exposes
the patient and the technician to ionizing radiation, and
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a small risk of some complications still exists. Thus,
there is a strong need for more cost-effective, noninva-
sive, and patient-friendly techniques. Coronary mag-
netic resonance angiography (MRA) combines several
advantages and great potential. MRA is a noninvasive,
cost-effective imaging technique with a relatively high
spatial resolution, high soft-tissue contrast, and the
ability to generate any image plane in three dimensions.
Additionally, there is no exposure to potentially harm-
ful ionizing radiation with MRA. Therefore, the utility of
coronary MRA has been investigated since the late
1980s (2,3). Although no coronary stenoses were iden-
tified in those early studies, it triggered further interest
in this field. For successful coronary MRA data acqui-
sition, a series of major obstacles must be overcome.
The coronary arteries are relatively tortuous and small
in diameter. Therefore, not only sufficient volumetric
coverage but also a high spatial resolution is needed.
For adequate visualization of the coronary arteries, an
enhanced contrast between the coronary lumen and
the surrounding tissue is crucial. Furthermore, the
heart is subject to substantial motion due to its natural
periodic contraction, as well as to breathing. Since both
of these motion components are far greater than the
actual size of the coronary artery dimensions, coronary
MRA data acquisition with high contrast and spatial
resolution is technically very challenging. In the
present review, technical challenges and solutions are
addressed, and the current state of the art of coronary
MRI is discussed in the context of other emerging mo-
dalities, such as electron beam computed tomography
(EBCT) and multidetector computed tomography
(MDCT).

TECHNICAL CONSIDERATIONS
Suppression of Motion Artifacts
Suppression of Myocardial Motion Artifacts

Ic-Space segmentation, EKG triggering, and diastolic im-
age acquisition. Volumetric high-resolution MRI data
collection cannot be performed in real time. Therefore,
data acquisition is commonly performed using R-wave
triggering and data segments are obtained from up to
300 subsequent cardiac cycles (4), as shown in Fig. 1. It
is assumed that cardiac motion is regular and highly
repetitive. The collection of data over multiple cardiac
cycles is called k-space segmentation. To minimize ad-
verse effects of intrinsic myocardial motion, the seg-
mented data are typically acquired in a short time win-
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Figure 1. Suppression of intrinsic myocardial motion is ob-
tained by (a) ECG triggering, (b) image data collection in late
diastole during a period of minimal myocardial motion, and (c)
image data collection in a narrow time window of <100 msec.
Segments of lc-space are filled in subsequent cardiac cycles (=
I-space segmentation). FFT= fast Fourier transform.

dow (<100 msec) and during a period of minimal
myocardial motion. Therefore, the period of minimal
myocardial motion is typically visually inspected on a
cine scan that precedes coronary MRA (5). Alterna-
tively, the use of automated algorithms to detect the
period of minimal myocardial motion has been sug-
gested (6,7). Typically, a period of minimal myocardial
motion is found in late diastole (8). In pediatric patients
or patients with high heart rates, end-systolic imaging
may be beneficial (9).

Suppression of Respiratory Motion Artifacts

Breath-hold coronary MRA. To compensate for respi-
ratory motion, breath-holding was implemented early
on. Two-dimensional (2D) breath-hold coronary MRA
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relied on the acquisition of contiguous images, with the
goal of surveying the proximal segments of the coronary
arteries during serial breath-holds. More recently,
three-dimensional (3D) breath-hold techniques for cor-
onary MRA have also been implemented (10-15).
Breath-hold approaches offer the advantage of rapid
imaging and are technically easy to implement in com-
pliant subjects. For coronary MRA techniques that uti-
lize the first-pass contrast enhancement of intrave-
nously injected extracellular contrast agents, breath-
holding is now a requirement because it offers shorter
acquisition times than non-breath-hold techniques.
However, breath-holding strategies have several limita-
tions. Some patients may have difficulty sustaining ad-
equate breath-holds. In addition, it has been shown
that during a sustained breath-hold cranial diaphrag-
matic drift (16) can occur, and is substantial in many
cases (~1 cm). Among serial breath-holds, the dia-
phragmatic and cardiac positions frequently vary by up
to 1 cm, resulting in registration errors (10,17). Misreg-
istration results in apparent gaps between the seg-
ments of the visualized coronary arteries, which could
be misinterpreted as signal voids from coronary steno-
ses. Finally, the use of signal enhancement techniques,
such as signal averaging or foldover suppression, is
significantly restricted by the duration of the applicable
breath-hold duration. With breath-holding techniques,
the spatial resolution of the images is also governed by
the patient’s ability to hold his/her breath. Thus, while
breath-holding strategies are often successful with mo-
tivated volunteers, their applicability to the broad range
of patients with cardiovascular disease is more limited.

Free-breathing coronary MRA. The development of
respiratory navigators (18) for the suppression of respi-
ratory motion artifacts enabled free-breathing coronary
MRA data collection (19,20) (Fig. 2). Further advances
included prospective adaptive real-time navigator tech-
nology (21), which enabled the acquisition of 3D coro-
nary MRA during patient free-breathing and with sub-
millimeter spatial resolution (22). While retrospective
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Figure 2. Navigator gating. The navigator signal is typically obtained from a moving structure, such as the lung-liver interface.
For navigator signal generation, intersecting planes or 2D selective excitations can be used. A computer algorithm then detects
the position of that interface (lung-liver interface) in real time. If such a computer-identified lung-liver interface position is found
inside the gating window (the window width typically can be adjusted by the user), the k-space segment that is collected
immediately after the navigator is accepted for reconstruction (black rectangles). However, if the lung-liver interface position is
found outside the gating window (white rectangles), that lk-space segment has to be remeasured in a later cardiac cycle. Adding
navigator gating to an imaging sequence increases scanning time by a factor of ~2.
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Figure 3. Coronary MRA of the left coronary system obtained in a healthy adult subject without (a) and with (b) T2Preparation
(= T2Prep). The T2Prep enables endogenous contrast generation between tissue components with different T2's (T2gjpoa = 250
msec, T2yyocardium = 50 msec). With the T2Prep that typically precedes both image data collection and the navigator for
free-breathing approaches, an enhanced contrast between the blood pool and the myocardium can be obtained (dashed arrow).

navigators have successfully been applied (19), pro-
spective adaptive real-time volume position correction
is not possible, and scanning times are typically pro-
longed compared to more advanced real-time navigator
methods.

With the advent of parallel imaging and steady-state
free precession (SSFP), 3D data collection during a sin-
gle breath-hold became feasible (23). In a recent study
by Jahnke et al (24), a direct comparison between 3D
coronary MRA acquired with real-time navigator tech-
nology and that obtained in a single breath-hold was
performed in 40 consecutive patients with suspected
CAD. In that study it was concluded that navigator-
gated and -corrected coronary MRA was superior in
terms of image quality and diagnostic accuracy for ste-
nosis detection.

Contrast Enhancement
Endogenous Contrast Enhancement

In MRI the contrast between the coronary blood pool
and the surrounding tissue can be manipulated by us-
ing the inflow effect (25) or applying MR prepulses
(4,25-27). Non-exogenous contrast enhancement be-
tween the coronary arteries and the surrounding tissue
has been obtained by the use of fat-saturation pre-
pulses (25), magnetization transfer contrast (MTC) pre-
pulses (28), and, more recently, T2 preparatory pulses
(T2Prep) (26,29) that take advantage of natural T2 dif-
ferences between blood and surrounding myocardium
(Fig. 3). At 1.5T, the myocardium has a much shorter T2
(50 msec) than arterial blood (250 msec). With T2Prep,
the longitudinal magnetization of both the coronary
blood pool and the myocardium is tipped into the trans-
verse plane, where both magnetization components ex-
perience a T2 decay. Since the T2 of the myocardium is
shorter than that of arterial blood, a reduced longitudi-
nal magnetization from the myocardium is obtained
after a final 90° tip-up pulse. If imaging is performed at
this point in time, more signal is obtained from the

arterial blood pool than from the myocardium, leading
to an enhanced contrast. With these techniques, the
coronary lumen appears bright, and the surrounding
tissue, including fat and myocardium, appears with
reduced signal intensity. An alternative to the bright-
blood visualization of the coronary arteries is black-
blood coronary MRA, in which the coronary lumen ap-
pears signal-attenuated while the surrounding tissue
displays high signal intensity (30,31). Black-blood cor-
onary MRA is typically obtained using a dual-inversion
prepulse (25) in combination with a fast spin-echo
(FSE) imaging sequence (Fig. 4).

Exogenous Contrast Enhancement

Contrast agents that are administered intravenously
lead to a substantial reduction of blood T1. To take
advantage of this shortened T1 in coronary MRA, an
inversion prepulse typically precedes the imaging part
of the sequence (27,32). With this mechanism, the sig-
nal of the myocardium is strongly attenuated. Imaging
is performed at the zero crossing of the 1z-magnetiza-
tion of the myocardium. At this point in time, the mag-
netization of the blood pool has almost fully relaxed
because of the presence of the T1-shortening contrast
agent. For these reasons, high contrast between the
coronary blood pool and the surrounding tissue is ob-
tained (Fig. 5). When extracellular contrast agents that
quickly extravasate into the extracellular space are
used, data collection during the first-pass is required,
and therefore breath-holding is mandatory for the sup-
pression of respiratory motion artifacts (13). However, a
prolonged time window for contrast-enhanced coronary
MRA data collection can be obtained with intravascular
contrast agents (27,32-34). These agents typically re-
main in the vascular space for more than one hour,
thus enabling the use of real-time navigator technology
and 3D data collection with high spatial resolution.
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Figure 4. Black-blood coronary MRA of the left coronary sys-
tem obtained in a healthy adult subject. S1 = septal branch. A
contiguous 10-cm segment of the combined LM and LAD is
shown. Black-blood contrast generation was obtained with a
dual-inversion prepulse. Dual inversion is used for signal-
nulling of the inflowing blood into the anatomy of interest. LM

= left main; LAD = left anterior descending; S1 =
branch. (Reprinted with permission from Ref. 31).

septal

Imaging Sequences

Because of the need for k-space segmentation and data
collection in short acquisition intervals, conventional
angiographic sequences that depend on continuous in-
flow of blood cannot easily be used. However, in the late
1980s, coronary MRA was obtained using spin-echo
methods. With this technique the coronary lumen blood
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pool is displayed signal-attenuated while the surround-
ing tissue, including epicardial fat and myocardium,
appear signal-enhanced. However, with the availability
of faster segmented k-space gradient-echo imaging in
conjunction with fat saturation, a positive contrast be-
tween the coronary lumen blood pool and myocardium
was obtained and the imaging duration per 2D slice was
reduced to a single breath-hold. In 1991, substantial
progress was also reported in a study that used spiral
coronary MRA (35). In that study an improved spatial
resolution and vessel conspicuity were demonstrated
together with short scanning times, and higher-order
branching vessels became visible for the first time. De-
spite this early success, spiral imaging currently is not
widely used, even though a more recent study in which
3D spiral coronary MRA and 3D Cartesian segmented
Ic-space gradient-echo imaging were compared con-
cluded that the spiral technique is superior in signal-
to-noise ratio (SNR), contrast-to-noise ratio (CNR), and
vessel conspicuity (36). An example reformat of a coro-
nary MRA obtained in a patient with x-ray-defined left
anterior descending artery (LAD) disease is displayed in
Fig. 6.

While most of the research and clinically oriented
studies were performed using segmented k-space gra-
dient-echo imaging, the utility of black-blood coronary
MRA using dual-inversion and FSE imaging was revis-
ited in 2001, and a direct comparison between black
blood and bright blood was performed in a small patient
study (37). No clear advantage of either method was
reported; however, negative contrast is often difficult to
interpret since the absence of tissue, calcifications, or
motion artifacts may also lead to signal attenuation
(30). One general disadvantage of dual-inversion black-
blood techniques is the signal-attenuated appearance
of calcifications, which can be misinterpreted as widely
patent lumen (38). A big step forward in image quality
was obtained using SSFP imaging (23,39). Example re-
formatted SSFP images obtained in a healthy adult

Figure 5. Coronary MRA obtained in the same healthy adult subject with endogenous (a, T2Prep) and exogenous (b, blood-pool
agent) contrast enhancement. LCX = left coronary circumflex, GCV = great cardiac vein, Ao = ascending aorta, RVO = right
ventricular outflow tract. With the blood-pool agent, a significantly enhanced contrast can be obtained that improves vessel
conspicuity. The venous blood (GCV) is also enhanced by blood-pool agents. Coronary MRA with blood-pool agents is typically
obtained with an inversion-recovery prepulse for signal-nulling of the myocardium. (Reprinted with permission from Ref. 32).



Coronary MRA

Figure 6. a: X-ray coronary angiogram
obtained in a patient with CAD in the
LAD. The location of the stenosis is con-
firmed on a coronary MRA obtained us-
ing an interleaved 3D spiral imaging se-
quence (b and ¢) during free breathing
with navigator technology.

subject are displayed in Fig. 7. In combination with fat
saturation and T2Prep, this leads to images with a very
high contrast and vessel sharpness (40) (Fig. 7). In
combination with navigators, the Cartesian SSFP tech-
nique is well suited for whole-heart imaging (41). The
use of a radial version of SSFP imaging was reported
(42,43), and it was found that although radial imaging
is less susceptible to motion artifacts, a relative loss in
SNR has to be considered (42). With the development of
a 3D variant (“Kooshball”) of this “stack of radials” ap-
proach, isotropic spatial resolution for 3D whole-heart
scanning became available (44). At 3T, both SSFP and
segmented k-space gradient-echo imaging have been
investigated. While excellent image quality has been
obtained using SSFP (45), segmented k-space gradient-
echo imaging was found to be superior in a preliminary
study (46). This was attributed to enhanced magnetic
field susceptibility at 3T in conjunction with specific
absorption rate (SAR)-related limitations that do not
permit the use of minimal TR at 3T.
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3D Spiral Imaging

Volume Targeting

The coronary arteries have a relatively complex geometry
and are often tortuous. This necessitates sufficient volu-
metric coverage. However, increased volume size typically
requires prolonged scanning times. With an accurate tar-
geting of the imaged volume parallel to the main segments
of the coronary arteries, extensive segments of the coro-
nary arteries can be displayed with high in-plane spatial
resolution while scanning time is minimized. Volume tar-
geting for coronary MRA (11) can be obtained using the
volume coronary angiography using targeted scans
(VCATS) approach (12) or a three-point planscan tool (47).
It is important to mention that volume targeting is per-
formed on a scout scan that is acquired under conditions
identical to the subsequent high-resolution acquisition.
This means that scan volume localization for free-breath-
ing, late-diastolic, 3D high-resolution coronary MRA
must be performed on a low-resolution scout scan that is
acquired both during free breathing and in late diastole

Figure 7. SSFP coronary MRA of the right (a) and left (b) coronary systems of two healthy adult subjects, acquired using
free-breathing and navigators. The use of SSFP leads to high SNR, CNR, and vessel conspicuity. Ao = ascending aorta; RV = right
ventricle; LV = left ventricle; LAD = left anterior descending; RCA = right coronary artery.
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(47). Ideally, the duration of the acquisition intervals
within the cardiac cycle of both the scout scan and the
high-resolution scan should be identical. While volume-
targeted approaches help to reduce scanning time and
simultaneously take advantage of an enhanced inflow
contrast, serial measurements are still needed to image
the major coronary segments, which increases the overall
scanning time. For these reasons, whole-heart 3D coro-
nary MRA may be more advantageous.

Whole-Heart Coronary MRA

Volume-targeted coronary MRA has been used success-
fully in many patient and volunteer studies, and is
currently the only technique with multicenter experi-
ence (48). However, the need for accurate localization of
the coronary arteries makes the technique operator-
dependent, and only limited access to more distal and
branching vessels has been obtained using this ap-
proach (48). For these reasons, a whole-heart coronary
MRA approach was suggested by Weber et al (41) in
2003. This powerful technique minimizes operator in-
teraction for the localization of the imaged volume, and
it encompasses the whole heart, which enables access
to more distal coronary segments than the targeted
approach. The development of this technique was crit-
ically supported with the advent of parallel imaging and
SSFP. Whole-heart coronary MRA is commonly per-
formed during free breathing using real-time navigator
technology and contrast enhancement is obtained us-
ing a T2Prep in conjunction with spectrally selective fat
saturation (41,44). Inflow contrast is generally reduced
in large-volume acquisitions, but in part this is com-
pensated for by the high intrinsic contrast of SSFP
imaging. A volume-rendered reconstruction of such a

Figure 8. Volume-rendered whole-heart coronary MRA ob-
tained using navigator-gated and corrected free-breathing 3D
SSFP imaging with T2Prep and spectrally selective fat saturation.
With a SENSE factor of 2, the total imaging duration was 10-15
minutes. (Image courtesy of Hajime Sakuma, Mie University,
Japan.)
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Figure 9. The LM and LAD obtained in a healthy adult subject
using ASL. 2D selective cylindrical spin labeling in the Ao
preceded 2D spiral imaging by 350 msec. During these 350
msec, aortic blood entered the LM and LAD, and a 10-cm
contiguous segment can be visualized selectively and exclu-

sively. LM = left main; Ao =
anterior descending.

ascending aorta; LAD = left

whole-heart coronary MRA is displayed in Fig. 8. This
data set was acquired and reformatted as described in
Ref. 49. Currently, whole-heart coronary MRA data ac-
quisition is still relatively lengthy (10-15 minutes dur-
ing free breathing) and the use of algorithms that com-
pensate for respiratory drift (24-50,51) or respiration-
induced myocardial deformation (52,53) will add
further value to this elegant approach. In conjunction
with larger cardiac-dedicated coil arrays, parallel imag-
ing with undersampling in two rather than only one
phase-encoding direction will contribute to further sig-
nificant reductions in scanning time (54). However, this
requires large coil arrays (55), and an optimized coil
geometry for coronary MRA is currently the subject of
ongoing research (56).

VISUALIZATION OF THE CORONARY ANATOMY

On X-ray coronary angiograms, the coronary lumen
blood pool displaced by iodinated contrast agent is ex-
clusively displayed in a 2D projection. However, on cor-
onary MRA, not only the coronary lumen blood pool but
also the surrounding tissue (including epicardial fat,
myocardium, and blood in the atria, ventricles, and
great cardiac vessels) are simultaneously displayed
(Figs. 3-8). On bright-blood coronary MRA, the coro-
nary blood-pool appears signal-enhanced while epicar-
dial fat and myocardium display signal attenuation. On
black-blood coronary MRA, the blood pool is visualized
signal-suppressed and the surrounding structures dis-
play with high signal intensity. Since the coronary anat-
omy cannot be displayed exclusively, semiautomatic
3D reformatting algorithms are sometimes used (57).
These techniques permit a 3D visualization of the cor-
onary arterial system. More recently, arterial spin la-
beling (ASL) techniques have also been introduced (58).
With this technique, as shown in Fig. 9, the coronary
lumen blood pool can be visualized exclusively, selec-
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Post surgery

Figure 10. Coronary MRA obtained in a pediatric patient. On the left (a), the anomalous origin of the RCA (originating from the
LM) that runs between the Ao and the RVO is observed. These data were obtained presurgery. Postsurgery, the RCA originates
from the right coronary cusp (b), while an enhanced artifact level can be attributed to metallic implants (sternal wires)
postsurgery. (Reprinted with permission from Ref. 63). RVO = right ventricular outflow tract; Ao = ascending aorta; LM = left
main; LAD = left anterior descending; RCA = right coronary artery.

tively, and in 3D without user-assisted postprocessing
or segmentation. However, since spin labeling necessi-
tates the subtraction of a labeled and a nonlabeled data
set, scanning time is doubled and experience is very
limited at the present time.

Visualization of the Normal Coronary Anatomy

In general, the LAD and the right coronary artery (RCA)
are relatively easier to image compared to the left cir-
cumflex artery (LCX) due to their closer proximity to the
receiver coil. Consequently, the length of the LAD and
RCA visualized in several studies is typically longer
than that of the LCX, ranging from 24 to 116 mm for the
LAD, 34 to 126 mm for the RCA, and 11 to 97 mm for
the LCX (59). The LCX is more difficult to visualize
because of its relative distance to the coil and its close
proximity to the great cardiac vein. While contrast
agents support the visualization of the LCX, venous
enhancement has to be considered. In normal subjects
the diameter of the coronary vessels as determined by
coronary MRA is similar to X-ray angiographic and ref-
erence anatomic data (60,61).

Visualization of Anomalous Coronary Arteries and
Coronary Aneurysms in Kawasaki Disease

Anomalous coronary arteries are a well known but rare
cause of myocardial ischemia and sudden death in chil-
dren and young adults. The projectional nature of con-
ventional X-ray angiography often leads to difficulty in
defining the course of anomalous vessels, especially in

regard to the great vessels. Studies have documented
the high accuracy of coronary MRA for the noninvasive
detection and definition of anomalous coronary arteries
in patients with suspected anomalous coronary arteries
or congenital conditions associated with anomalous
coronary arteries (62,63). With increasing clinical expe-
rience, coronary MRA will likely emerge as the gold
standard for the diagnosis of this condition. The ability
of coronary MRA to identify the proximal coronary ves-
sels reliably, coupled with the inherent 3D nature of
MRI and the ability to generate tomographic images in
any orientation, renders this technique uniquely suited
for the noninvasive study of anomalous coronary arter-
ies (62,63) (Fig. 10). Further, 3D coronary MRA has
shown to be very effective for both visualizing and mea-
suring the dimensions of coronary aneurysms in pedi-
atric patients with Kawasaki disease (64) (Fig. 11).

Visualization of CAD

Although current breath-hold coronary MRA tech-
niques have relatively limited in-plane spatial resolu-
tion, the technique has been shown to identify proximal
coronary stenoses in several clinical series. Gradient-
echo techniques depict focal stenoses as signal voids. In
one of the earliest patient studies that prospectively
compared X-ray coronary angiography and coronary
MRA (65), a segmented k-space 2D breath-hold ECG-
gated gradient-echo sequence was used. The overall
sensitivity and specificity of the 2D coronary MRA tech-
nique for correctly classifying individual vessels as hav-
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ing or not having significant CAD (50% diameter on
conventional contrast angiography) were 90% and 92%,
respectively. Subsequent studies (66-70) have reported
variable sensitivity and specificity values for the detec-
tion of significant CAD. Explanations for this variability
in these single-center studies include differences in the
MR sequences used, inadequate patient cooperation
with breath-holding, and irregular rhythms, all of
which contribute to image degradation. Newer breath-
hold (14) and non-breath-hold approaches for 3D cor-
onary MRA have also demonstrated the ability of this
technique to detect coronary stenoses. The first and
currently only multicenter trial to prospectively com-
pare coronary MRA and X-ray coronary angiography
using common hardware, software, and methodology
was reported in 2001 (48). Eight international centers
enrolled subjects in this study. In comparison to the
gold standard, X-ray coronary angiography, a sensitiv-
ity of 93% and specificity of 42% with a positive and
negative predictive value of 70% and 81%, respectively,
was obtained for the identification of significant CAD.
For left main (LM) or three-vessel disease, a sensitivity
of 100%, a specificity of 85%, a positive predictive value
of 54% and a negative predictive value of 100% were
reported. A major finding was that free-breathing, sub-
millimeter 3D coronary MRA can accurately identify
significant proximal and mid coronary disease, while
nonsignificant coronary disease can be excluded with
high confidence. The specificity (false-positive readings)
still remains to be improved, and quantitative stenosis
grading remains to be investigated. That study also
concluded that access to more distal and smaller-diam-
eter branching vessels is now needed. Therefore, the
use of the whole-heart technique was investigated in a
patient study by Sakuma et al (49) (Fig. 12). In that
study, which included 20 patients, a sensitivity of 82%
and a specificity of 91% were obtained for the identifi-
cation of significant CAD when compared to the gold
standard, X-ray coronary angiography. The average
scanning time was 13.8 * 3.8 minutes during free
breathing.

Visualization of Coronary Bypass Grafts

The value of MRI for assessing coronary bypass graft
patency was investigated in early studies with ECG-
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Figure 11. Coronary MRA (a) and corre-
sponding X-ray angiogram (b) from a pe-
diatric patient with Kawasaki disease.
The location of the aneurysm can clearly
be identified on the MRA and is con-
firmed on the X-ray angiogram. (Re-
printed with permission from Ref. 63).

triggered spin-echo (71) and gradient-echo techniques
(71,72). In those early studies, visualization of grafts
and graft patency was limited by cardiac and respira-
tory motion artifacts. As a result, stenoses could not be
identified or quantified. With the advancement of tech-
nology, data collection during one breath-hold became
feasible (73). While all occluded grafts were successfully
identified using breath-holding (73), only 67% of the
patent grafts were correctly diagnosed. Limitations in-
cluded diaphragmatic drift during a breath-hold, the
need for serial breath-holds, and the dependence of the
maximum spatial resolution on the patient’s ability to
hold his/her breath. More advanced alternatives for
respiratory motion compensation included the use of
retrospective respiratory navigators (19). This tech-
nique removed the constraints related to breath-hold-
ing and enabled 3D acquisition with an in-plane spatial
resolution of ~1 mm (74). With this method, the sensi-
tivity and specificity for the assessment of graft patency
were 87% and 100%, respectively, but luminal stenoses
still could not be assessed reliably. More recently,
Langerak et al (75) adopted navigator-gated and -cor-
rected coronary MRA for the assessment of vein grafts
(Fig. 13). With this method, a sensitivity of 83% and
specificity of 98% for the definition of graft occlusion
were obtained in 38 subjects. Furthermore, a fair diag-
nostic accuracy for assessing the severity of vein graft
stenosis was reported for the first time. However, it
should be noted that imaging of arterial grafts is often
more difficult, primarily because of metallic implants.

Coronary Flow Imaging

MR flow mapping has been validated in animals by
comparison with ultrasound (76-79), and in humans
by comparison with Doppler guidewire measurements
(80-84). An excellent correlation between MRI and
Doppler guidewire measurements was found in hu-
mans for coronary flow and flow reserve measurements
(80,83,85) in different patient subgroups.

Coronary Vessel Wall Imaging

Imaging of the coronary artery vessel wall using MRI is
very challenging because of the small dimensions and
the constant motion of the coronary arteries. Simulta-
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Figure 12. X-ray coronary angiogram (a), multiplanar reformat of a whole-heart coronary MRA data set (b), and volume-
rendered visualization of the same data set obtained in a patient with RCA disease (arrows). (Reprinted with permission from Ref.

49).

neously, a high contrast between the coronary lumen
blood pool and the surrounding coronary vessel wall is
mandatory.

The first successful implementations of coronary ves-
sel wall imaging in humans included the use of a dual-
inversion FSE sequence. Using this method, single
slices of the coronary artery vessel wall can be acquired
during a prolonged breath-hold period, and relative
thickening of the coronary arterial vessel wall was suc-
cessfully demonstrated in selected cases (86). Subse-
quently, and to remove the limitations associated with
breath-holding, this technique was extended with nav-
igators for free-breathing data acquisition (87).

More recently, the free-breathing navigator approach
was combined with 3D spiral imaging in conjunction
with a “local inversion” technique (88). With this
method, a high image quality can be obtained because
of the high SNR associated with 3D imaging on the one
hand and the signal-efficient spiral readout on the
other hand. This enables a larger anatomical coverage,
while the reconstructed slices are much thinner than
those of the earlier 2D approaches. Therefore, it is now
possible to visualize long, contiguous sections of the
coronary artery vessel wall, as shown in Fig. 14. Addi-
tionally, the spiral approach permits data acquisition in
a short acquisition window of 50 msec only. Therefore,
the adverse effects of intrinsic myocardial motion can
be suppressed more effectively and the technique may

be less susceptible to RR variability. The disadvantages
of this technique include the prolonged scanning time
of ~12 minutes during free breathing (image acquisi-
tion during every other RR interval).

In a study using this local-inversion 3D spiral tech-
nique (89), 12 adult subjects (six clinically healthy sub-
jects and six patients with nonsignificant CAD (10-50%
X-ray angiographic diameter reduction)) were examined
with the use of a commercial 1.5T CMR scanner. Free-
breathing 3D coronary vessel wall imaging was per-
formed along the major axis of the RCA with isotropic
spatial resolution (1.0 X 1.0 X 1.0 mm?®). The proximal
vessel wall thickness and luminal diameter were objec-
tively determined with an automated algorithm (29).
The 3D vessel wall scans allowed for visualization of the
contiguous proximal RCA in all subjects. The mean
vessel wall thickness (1.7 = 0.3 vs. 1.0 = 0.2 mm) was
significantly increased in the patients compared to the
healthy subjects (P < 0.01). However, the lumen diam-
eter measurement (3.6 + 0.7 vs. 3.4 + 0.5 mm, P =
0.47) was similar in both groups. Therefore, free-
breathing 3D black-blood coronary MRI provides a non-
invasive technique for identifying increased coronary
vessel wall thickness while preserving lumen size in
patients with nonsignificant CAD, consistent with a
“Glagov-type” outward arterial remodeling (90). This
novel approach has the potential to quantify subclinical
disease (Fig. 14).
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Figure 13. X-ray angiogram (a), adjacent slices of a 3D coronary MRA (b1-b7), and multiplanar reformatted visualization (¢) of
an X-ray angiographically patent coronary artery bypass graft. Ao = ascending aorta, LV = left ventricle, PA = pulmonary artey.
(Reprinted with permission from Ref. 75).

Future developments will include the use of higher
magnetic field strengths, contrast agents for plaque
characterizations (91,92), and studies of vessel wall
thickness following interventions (93).

High-Field Coronary Imaging

In MRI the SNR is theoretically proportional to the field
strength of the static magnetic field, BO (94). Therefore,
high-field 3T systems, which have recently been ap-
proved by the FDA, will be useful for enhancing SNR for
many cardiovascular applications (95). Increased SNR
will not only enhance detail visibility, it will also sup-
port the acquisition of higher spatial and temporal res-
olution images, and abbreviate scanning times. At 3T,
an approximately twofold increase in SNR is expected
compared to 1.5T systems. This can theoretically result
in a fourfold reduction (in practice, this reduction factor
is limited by the coil geometry, or g-factor) in scanning
time using simultaneous acquisition of spatial harmon-
ics (SMASH) (96) or sensitivity encoding (SENSE) (97).
Abbreviated scanning times can be used to shorten
breath-hold durations, for more SNR-efficient bolus
contrast agent-enhanced imaging (98), increased tem-
poral resolution, or enhanced volumetric coverage. A
further advantage of high-field MRI is the prolonged T1
values. This makes the use of spin-labeling techniques

particularly attractive since these techniques not only
can take advantage of the enhanced SNR, they can also
result in less decay of the labeled information. Un-
doubtedly, the advantages associated with higher field
strength will also open new avenues for research, de-
velopment, and discoveries for many years to come.
Therefore, a number of research centers have already
performed cardiovascular MRI at 3T. One of the major
problems with 3T includes reliable R-wave triggering.
At higher field strength, the magneto-hydrodynamic ef-
fect is enhanced and an artifactual voltage overlaid on
the T-wave of the ECG results. Since this artifactual
augmentation of the T-wave may frequently mislead the
R-wave detection algorithm, triggering is performed on
the T-wave instead of the R-wave. However, with so-
phisticated R-wave detection algorithms (99), artifac-
tual T-wave augmentation originating from the magne-
to-hydrodynamic effect can be identified, and “true”
R-wave detection has become very reliable. An initial
implementation of coronary MRA in healthy adult sub-
jects and at 3T has been reported (100), and a 90%
improvement in spatial resolution was obtained with no
loss in SNR compared to earlier multicenter trial patient
data (48). Specifically, the approximately twofold im-
provement in SNR not only can result in enhanced
spatial resolution, it can also, with the use of parallel
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Figure 14. X-ray angiogram (a) and spiral MR coronary vessel wall image obtained with a local dual-inversion technique (b) in
a patient with (X-ray angiographically) nonsignificant CAD. The RCA is visualized and a long contiguous segment of the coronary
artery vessel wall appears signal-enhanced while the lumen blood pool is signal-suppressed because of the local dual-inversion
prepulse. In the area of the luminal irregularities observed on the X-ray (a, dashed arrows), focal thickening of the vessel wall is
observed on the MR vessel wall image (b, dashed arrows). Circulation 2002 Jul 16;106:296-9. (Reprinted with permission from

Ref. 89).

imaging (SENSE), result in enhanced temporal resolu-
tion and reduced scanning times, which are most im-
portant factors in further minimizing residual myocar-
dial motion artifacts (101). However, while the
feasibility of coronary MRA at 3T has been demon-
strated with (102) and without (100) the use of endog-
enous contrast enhancement (Fig. 15), the limits of
spatial resolution are neither defined nor explored, and
the benefits of prolonged T1 values remain to be evalu-
ated for coronary imaging. In a preliminary study in
which the diagnostic value of 3T for identifying CAD
was investigated in direct comparison with 1.5T, no
significant improvements at the higher magnetic field
strength were reported (103). However, the use of more
sophisticated shimming algorithms (104) and adiabatic
T2 preparation (105) will likely contribute to further
improved results at high magnetic field strength.

As the first 7T systems ready for human use begin to
be installed, BO- and Bl-related artifacts will increase,
and reliable ECG triggering will become even more chal-
lenging (99).

Surface Coil Arrays

In most patient and volunteer studies, surface coils
with a limited number of coil elements have been used
for coronary MRA. With simultaneous progress in the
areas of receiver architecture and large coil arrays, we
can expect higher acceleration factors and improve-
ments in SNR by exploiting this technology. It has al-
ready been demonstrated that experimental coil de-
signs with up to 32 elements lead to SNR improvements
that enable whole-heart coverage with a relatively high
spatial resolution in a single breath-hold (106). How-
ever, such coil arrays are currently not widely available,

and they remain to be optimized for cardiac applica-
tions. Furthermore, cabling and data handling are
challenging engineering tasks that need to be ad-
dressed to improve usability. However, the preliminary
data obtained with experimental 16- or 32-channel ar-
chitecture have triggered interest in the field, and this
technology will most likely contribute to further im-
provements in coronary MRA.

Metallic Artifacts

The more widespread use of coated and drug-eluting
intracoronary stents poses a challenge to MRI. While it
is considered safe to image patients after stent place-
ment, stents are often made from stainless steel, which
generates a local magnetic field susceptibility that gen-
erally appears as an area of artifactual signal voids on
MR images. These artifacts depend on the material of
the stent (108) and on the imaging sequence that is
being used. Typically, the image artifacts extend be-
yond the stents on gradient-echo imaging sequences,
while this area of signal void can be minimized using
FSE imaging techniques (30). However, the develop-
ment of stents that do not affect image integrity is cur-
rently an active field of research (108,109). Similarly to
stents, sternal wires and clips are also sources of image
artifacts that may adversely affect coronary MRI in gen-
eral.

EBCT AND MDCT

The use of EBCT and MDCT to noninvasively image
coronary anatomy was recently reviewed in detail (110-
113). EBCT has been used for over two decades to
detect and quantify coronary artery calcification. Coro-
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Figure 15. High-field coronary images obtained in healthy adult subjects on a 3T system. a: RCA system together with the LM
and some branching vessels. High visual signal intensity is observed on the RCA. b: Coronary vessel wall image acquired
perpendicular to the RCA. The lumen blood pool is hypointense, while the circular vessel wall appears hyperintense. Images a
and b were obtained during free-breathing using real-time navigator technology. c: The left coronary system and LAD display
with high signal intensity. The data from image ¢ were obtained during a short period of sustained respiration. (Image c courtesy
of D. Li, Northwestern University, and G. Laub, Siemens Medical Solutions.) LM = left main; RCA = right coronary artery; LAD

= left anterior descending,.

nary calcification is pathognomonic for atherosclerosis
and is associated with an increased risk of future car-
diac events (110-111). Coronary calcium detection has
been proposed for expanded cardiovascular risk strat-
ification in asymptomatic populations, with particular
utility for patients with moderate cardiovascular risk
(110,114). In patients with chest pain, calcium scores
can predict the presence of a significant stenosis and
future cardiac events, although the calcium may not
localize the culprit lesion (115). Coronary calcium scor-
ing can also be performed with MDCT. However, cal-
cium scoring with EBCT has been more extensively
studied, and its reproducibility and lower ionizing radi-
ation exposure have been documented (110).

Unlike coronary MRA, coronary CT angiography
(CTA) requires the administration of a contrast agent,
which carries a small risk of allergic reaction and im-
pairment of renal function. EBCT offers a temporal res-
olution approaching 100 msec/slice with a spatial res-
olution of 0.35 X 0.35 X 1.5 mm (110). EBCT
acquisitions are typically ECG-gated to the portion of
the cardiac cycle with the least motion, to limit motion
artifacts and exposure to ionizing radiation. MDCT is
often performed with retrospective ECG gating,
whereby many images are collected but only those from
periods of minimal cardiac motion are retained. Heart

rates below 70 per minute improve coronary image
quality in MDCT, with a reported temporal resolution of
180-300 msec (110).

A head-to-head comparison of 3D navigator-gated
MRI with 16-slice MDCT was recently performed in 52
patients who also underwent invasive quantitative cor-
onary angiography (116). Five of 452 segments could
not be analyzed by MRI, and five other segments could
not be interpreted by MDCT. By visual assessment, the
sensitivity and specificity were high and similar for both
technologies on a per-segment and per-vessel basis to
detect a >50% stenosis. On a per-patient basis, the
findings for sensitivity (92% vs. 88%), specificity (67%
vs. 50%), positive predictive value (84% vs. 77%), and
negative predictive value (86% vs. 69%) were reported to
be similar for both MDCT and MRI, respectively. The
main reasons cited for false positives were poor opaci-
fication of small vessels and low CNR with MRI, and
heavy calcification with MDCT. In a subgroup of seg-
ments with heavy calcification (IV = 82), the sensitivity
was 100% but the specificity was 31% for MDCT. Quan-
titative assessment improved specificity for MDCT but
not MRI. The authors concluded that MDCT offers bet-
ter visualization of the coronary arteries than MRI
(116).
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Increased numbers of detectors offer improved image
quality, and three studies comparing 64-slice MDCT
with invasive quantitative coronary angiography have
appeared most recently (117-119). Each study evalu-
ated 59-70 patients. Beta-blockers were administered
to reduce the heart rate in two studies (118,119), and
voxel sizes approaching 0.4 mm were reported. The
sensitivity for detecting a >50% stenosis varied be-
tween 73% and 95% (117-119). In one study the sen-
sitivity, specificity, and positive and negative predictive
values for detecting significant stenoses on a per-pa-
tient basis were 95%, 90%, 93%, and 93% (119). Al-
though it is difficult to directly compare these most
recent findings with earlier results from four- and 16-
slice scanners, it is generally concluded that the diag-
nostic accuracy is improved with 64-slice MDCT.

The ionizing radiation dose is considerable in such
studies and merits mention. In the most recent com-
parative studies with 64-slice MDCT coronary angiog-
raphy, the reported mean radiation dose varied be-
tween 10-14 mSv (118) and 13-18 mSv (119). For
comparison, the effective radiation doses for common
radiologic examinations are 0.1 mSv for chest radiog-
raphy and 3-5 mSv for selective coronary angiography
(120). The average annual background radiation in the
United States is 3.6 mSv (120). Given that the radiation
dose is considerably higher with 64-slice MDCT angiog-
raphy than with conventional selective coronary an-
giography, the risks of radiation exposure must be
weighed against the potential benefits of this emerging
technique, especially in young and middle-aged popu-
lations.

SUMMARY

In coronary MRA, much progress in the suppression of
intrinsic and extrinsic myocardial motion has been
made, and a variety of effective methods for contrast
generation have been reported. While anomalous coro-
nary arteries, aneurysms, and bypass graft patency can
be reliably assessed using MR, it also appears to be of
clinical value for assessing native CAD in patients with
suspected LM or multivessel disease. In patients re-
ferred to selective X-ray coronary angiography, a nega-
tive coronary MRA strongly suggests the absence of
severe multivessel disease. Even though these results
are very encouraging and stimulate further technical
and methodological progress, the currently available
data do not support the widespread clinical use of con-
temporary coronary MRA to identify focal coronary ste-
noses in patients with chest pain at this time. Similarly,
coronary MRA may also not yet be adequate for screen-
ing of asymptomatic high-risk patients. A further in-
crease in both spatial resolution and CNR may be
needed. In this regard, higher magnetic field strengths,
contrast agents, and advanced imaging techniques will
likely play a major role. However, before an improve-
ment in spatial resolution can benefit the diagnostic
value of MRI as a noninvasive tool for the quantitative
assessment of native CAD, further progress in the areas
of motion suppression and ease-of-use is required.

As compared to coronary MRA, state-of-the-art coro-
nary CTA affords the advantage of a higher spatial res-
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olution and improved ease-of-use, since whole-heart
coverage is obtained in a single breath-hold. However,
exclusive visualization of the vessel wall and coronary
flow measurements currently cannot be obtained using
CTA. Similarly to breath-hold MRI, CTA image quality
depends on the quality of the breath-hold, while dia-
phragmatic drift and inconsistent end-expiratory posi-
tion in serial breath-holds are limiting factors. Further-
more, the data-collection period per RR interval should
be short for both CTA and MRI, and both modalities
benefit equally from regular and low heart rates. While
B-blockers are routinely used in CTA, this is currently
not routine in MRI and should be considered for patient
studies in which CTA and MRA are directly compared.
On CT images postcontrast, calcifications are often in-
distinguishable from the contrast agent in the blood
pool, and lesions in the areas of calcifications may not
easily be evaluated. Especially in an older population,
which is more likely to have coronary calcifications, this
may limit the diagnostic value of CTA. While coronary
CTA data from single-center studies and selected pa-
tient populations look very encouraging, no multicenter
data exist at the present time. Finally, in CTA the high
doses of radiation and nephrotoxic contrast agent re-
quired are a disadvantage, especially for younger pa-
tients and follow-up examinations.
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