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INTRODUCTION
Few MR applications have held greater
promise and encountered bigger challenges
than cardiac imaging. The potential for
cardiac MR imaging was recognized early,
and many felt it could become the primary
cardiac imaging modality. Research began
in earnest with the development of whole
body scanners and has continued unabated
with Medline now listing over 5500
publications on the subject of cardiac MRI
[1-7]. This enormous effort has proven that
MR accurately depicts cardiac structure,
function, perfusion, and myocardial viability
with a capacity unmatched by any other
single imaging modality. However, while it is
an accepted and widely utilized tool for
cardiovascular research, it is used
infrequently in clinical practice, representing
well less than 0.1% of all noninvasive
cardiac imaging examinations performed in
1998 [8].

While the potential clinical impact of cardiac
MR in patients with ischemic heart disease is
great, specific techniques and capabilities
have only recently become available outside
of research centers. MR developments in
cardiac morphology, function, myocardial
perfusion and viability, and coronary
angiography will be reviewed. 

MORPHOLOGY
Accurate depiction of morphology is
important in most cardiac applications.
Numerous techniques have been developed
to depict cardiac structure. These are
generally referred to by the appearance of
the intracardiac blood as “black blood“ and
“bright blood“ techniques.

Black Blood Techniques
Spin-echo (SE) was the first sequence used
for evaluating cardiac morphology. The
development of ECG-gating made SE
technique especially useful by substantially
reducing motion artifacts [7,10]. SE
sequences generally provide for good
contrast between the myocardium and
blood. These are called “black-blood“
images because of the signal void created
by flowing blood. Blood signal may appear
brighter in slower flowing areas, such as
immediately adjacent to the chamber wall.
Presaturation with radiofrequency (RF) and
reduction of the echo time (TE) minimizes
blood signal and increases contrast on
gated SE images [11]. Although widely
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available, SE imaging has limited temporal
resolution and is degraded by respiratory
and other motion-related artifacts. 

Shorter acquisition times are achieved with
fast (or turbo) spin echo (FSE) pulse
sequences, also known as rapid acquisition
relaxation enhancement (RARE) [12].
Although faster, soft tissue contrast may be
less optimal than with SE technique because
of the wide range of acquired TEs inherent in
FSE technique [13]. Numerous
modifications to the basic FSE sequence
have been made, including the use of one
or more inversion pulses, increased echo
train length, half-Fourier reconstruction, and

Fig. 1. Comparison of short-axis views at
acquired with ECG-gated spin-echo (left) and T2-
weighted double inversion recovery (DIR)
imaging. Note that the ventricular blood signal is
minimized and that the blood-myocardial
interface is more clearly depicted on the DIR.

echo-planar techniques. 

Single-shot FSE (SSFSE) sequences use a
very long echo train in tandem with half-
Fourier reconstruction [14]. The center of k
space is acquired in a short time minimizing
motion blurring. The rapid acquisition of
multiple phase lines for a single TR allows
for coverage of the entire heart in the
timeframe of a single breathhold. SSFSE
technique was reported to be a more rapidly
acquired replacement for FSE in the
evaluation of thoracic aortic disease, and it
was proposed for cardiac use [15,16]. In
cardiac imaging, the basic SSFSE technique
has not proven useful because the long echo
trains required coupled with the relatively
short T2 leads to poor image contrast and
blurring. However the SSFSE sequence can
be modified for better cardiac results by
reducing the echo train length, lowering the
effective TE and using a blood-suppressed
preparation method [17,18].

T2-weighted inversion recovery imaging is
now used as the frontline sequence for
depiction of cardiac morphology. This

technique uses a selective and a non-
selective 180° inversion pulse followed by a
long inversion time to null blood
magnetization [19,20]. A second selective
180° inversion pulse can also be applied to
null fat. This is referred to as double (or
triple) inversion recovery (DIR, TIR
respectively). The sequence is acquired
either with breath hold or a non-breath hold
technique and provides for excellent
delineation of myocardial-blood interfaces
(Figure 1). It effectively nulls blood and
depicts blood-cardiac interfaces so well that
the sequence has even been useful for
performing coronary angiography [21].

Bright Blood Techniques
Bright blood imaging yields both
morphologic and functional data. Blood
generates bright signal intensity and multiple
consecutive images are acquired that can be
viewed dynamically to depict cardiac
motion. Sequences include gradient-echo
(GRE), fast GRE, segmented k-space fast
GRE, and recently steady-state free
precession (true FISP, FIESTA) techniques. 

Gradient echo is well suited for cardiac
imaging because of their short echo and
repetition times. Blood appears bright
compared to adjacent myocardium due to
time-of-flight effects as well as the relatively
long T2. Markedly turbulent blood loses
signal due to intravoxal dephasing, a helpful
artifact for assessing areas of stenosis or
valvular regurgitation [22]. 

A segmented k-space approach provides
high-resolution dynamic images of the heart
that are acquired much more rapidly than
prior techniques [23-25]. Using short echo
times (2 msec) and short TRs (<10msec),
multiple lines (segments) of k-space are
acquired during each cardiac cycle. This is
unlike prior GRE techniques where only a
single line of k-space was acquired per
cycle. Segmented k-space fast GRE imaging
remains a mainstay for dynamic cardiac
imaging and has been improved and
adapted for even faster acquisition times
[26-28]. However, the technique is limited
by the need to maintain adequate
enhancement of inflowing blood. At lower
TRs now available with high-performance
gradient systems, inflow enhancement of the
cardiac blood pool diminishes and
saturation occurs reducing myocardial-
blood contrast. The inability to further
reduce TR effectively limits achievable
spatial and temporal resolution. 
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A new approach to improve cine imaging
involves a technique known as steady-state
free precession (SSFP). Image contrast in
SSFP depends on the T1/T2 ratio of tissue
and, unlike GRE techniques, is less
dependent on flow. SSFP uses the available
blood signal very efficiently and accurately
depicts blood, myocardium, and epicardial
fat [29]. First described in 1986, it was not
used for cardiac applications for some years
[30,31]. SSFP is susceptible to magnetic
field inhomogeneities and requires very
short TRs, limiting their use until recently.
With magnetic field homogeneity
improvements and development of higher
performance gradient systems, diagnostic
cardiac SSFP images are now obtained with
limited artifacts [32-36]. This technique is
also known as BFFE (balanced fast field
echo), FIESTA (fast imaging employing
steady-state acquisition), FISP (fast imaging
with steady precession), and trueFISP.

SSFP sequences result in improved contrast
between myocardium and ventricular
cavities with clearer delineation of
trabeculation and papillary muscles as
compared to segmented k-space fast GRE
techniques (Figure 2). The signal-to-noise
(S/N) and contrast-to-noise (C/N) ratios of
SSFP are substantially higher than
conventional techniques [35-37].
Barkhausen et al found that the mean C/N
ratio improved by an average of 46 % and
100% in short- and long-axis images,
respectively compared with the standard
cine gradient-echo sequences [37].

The reported C/N ratios are also higher
than those obtained with contrast-enhanced
gradient-echo techniques [38]. Pereles et al
found that SSFP depicts morphologic and
functional abnormalities with greater
precision and provides greater diagnostic
confidence than conventional techniques
[36]. The other advantage of SSFP is
improved temporal resolution [37,39].

Fig. 2. Comparison of mid-diastolic short-axis
views acquired with segmented k-space gradient
echo imaging (left) and steady state free
precession (SSFP)(right). Substantial blood pool
heterogeneities are present in the segmented k-
space gradient echo image (left) as compared
with the homogeneous blood pool on the SSFP
image (right). The SSFP technique has improved
endocardial border definition throughout the
cardiac cycle as compared with the older

Reduction in acquisition time by a factor of
two to three at similar spatial resolutions is
possible. Shorter acquisition times can also
be exploited to improve spatial resolution.

CARDIAC FUNCTION
MR is well established for assessment of
global and regional ventricular function. It
allows accurate and reproducible
quantification of ventricular volumes and
masses, with the major advantage of not
relying on potentially inaccurate ventricular
geometry assumptions [40-43]. MR is
regarded as the reference standard for
determining ejection fraction (EF) and
ventricular volumes [40,44,45]. Despite it´s
proven research utility, cardiac function
evaluation by MR has not attained
widespread use in clinical practice due to its
higher cost and longer times for image
acquisition and analysis compared to
echocardiography. 

For measurement of global cardiac function,
bright-blood cine MR has previously been
performed in multiple short-axis views with a
multi-phase, segmented k-space, gradient-
echo sequence [46]. However, saturation in
areas of low blood velocity reduces the
contrast between ventricular cavity and
myocardium on gradient echo images [47].
The saturation effect hampers endocardial
contour detection with automatic or semi-
automatic segmentation algorithms. This
problem has been overcome with the
introduction of the SSFP techniques.

As previously discussed, SSFP sequences
recently became available for cardiac
imaging and have improved C/N and
shorter acquisition times compared with the
cine GRE-techniques [30,34,42-44]. The
performance of automatic contour detection
algorithms for the endocardial contours and
the interobserver variabilities have improved
with SSFP technique [42,44]. However, the
automatic contour detection algorithms did

Fig. 3. Set of end-diastolic images obtained in a
healthy volunteer with a cine 3D SSFP (FIESTA)
sequence within a single breath-hold. The
acquisition was acquired with a variable temporal
k-space sampling scheme (VAST), a 256x192
matrix in a 34 cm FOV with 4 mm partitions.

not improve their performance for detection
of epicardial contours and also had
problems with artifacts due to off-resonance
effects [42,44]. This underscores the fact
that contour detection algorithms remain
unreliable and further improvements are
necessary. The implementation of SSFP
sequences as a 3D data set obtained within
a single breath-hold has been recently
presented (Figure 3) [48,49].

Real-time techniques have been developed
which continuously acquire images of the
heart at sufficiently high rates and display
them in a similar fashion as fluoroscopy
[50,51]. The real-time techniques have
fundamental advantages over conventional
cardiac MR imaging by not requiring ECG-
triggering, breath holding or navigator-echo
gating. This reduces the setup time and
duration of the exam, patient discomfort and
associated cost [52]. It also enables imaging
of patients with arrhythmias or severe heart
disease, as well as performing stress testing
faster.

To maintain a balance between high
temporal and adequate spatial resolution,
the frame-rate of real-time techniques must
be increased along with the size of the
acquisition matrix. The k-space area
covered per unit time must grow as the
inverse cube of pixel size. This presents a
tremendous challenge to gradient
performance and sequence design [53]. The
combination of spoiled gradient-echo pulse
sequences with multiecho, segmented EPI
readouts have provided further improvement
in scan time efficiency for use in real-time
cine acquisition [27,28]. One hybrid
sequences performed with a temporal
resolution of ~60 ms has been used to
obtain results of global function comparable
to those with segmented k-space gradient
echo techniques [54,55]. These sequences
have been also implemented with multiecho
rectilinear Cartesian [56,57] and radial k-
space sampling schemes [58-60], with initial
reports of good quality images and excellent
spatial resolution relative to temporal
resolution [45-55 ms].

Further increases of the acquisition speed
can be achieved with reconstruction
techniques such as sensitivity encoding
(SENSE) and simultaneous acquisition of
spatial harmonics (SMASH) [53,61]. Both
reconstruct images using sensitivity
information from multiple coil arrays. SENSE
accelerates common breath-hold and real-
time imaging by factors up to 3.2, and has
been reported to obtain a temporal
resolution down to 13 ms at a spatial
resolution of 4.1mm [53]. Other recently
developed but potentially promising
reconstruction methods are the unaliasing
by Fourier-encoding the overlaps using the
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temporal dimension (UNFOLD) and the
selective line acquisition mode (SLAM)
[62,63]. 

Ejection fraction (EF) is the most commonly
used parameter of systolic function in clinical
practice. However, it has limitations as a
measurement of the contractile properties of
the left ventricle. It is subject to error whether
using a subjective visual estimate or a
quantitative analysis as the endocardial
borders may be traced inaccurately. EF is a
global assessment of left ventricular
performance and does not take into
consideration regional contractile
dysfunction, as commonly seen with
ischemic heart disease and primary
myocardial disease. The importance of
regional contractile dysfunction is
underscored by the fact that its extent and
degree after myocardial infarction are
important prognostic factors [64,65].
However, after decades of investigation
there continues to be a clinical need for an
objective and reproducible measurement of
the regional myocardial contractile function
[66].

Wall thickening is a useful measure of
regional function and is more precise than
wall motion analysis [67,68]. However, in
the clinical setting this parameter is used
with caution due to the heterogeneity of
normal regional contraction and the wide
range of thickening in normal and abnormal
regions [69-71]. Wall thickening can be
considered a measurement of radial strain.
Strain is defined as the percent change in
dimension from a resting state (end-diastole)
to one achieved following application of a
force (end-systole) [72]. Earlier animal
studies proved the usefulness of strain
analysis in assessment of regional
contractile function [73]. Recently Götte et al
showed that two-dimensional strain analysis
from tagged MRI is more accurate in
describing segmental function than wall
thickening analysis, reporting a sensitivity of
92% and 69% and specificity of 99% and
92%, respectively in discriminating infarct-
related dysfunctional myocardium from
remote functional myocardium [74].

MR imaging is well established for
assessment of global and regional
ventricular function. Recently available SSFP
sequences are more efficacious for
functional analysis than prior techniques. In
the future these may be replaced by
enhanced real-time methods. Improved MR-
tagging techniques and postprocessing
methods for faster analysis have been
developed and appear promising but have
yet to be used on a widespread clinical
basis.

MYOCARDIAL PERFUSION

Compromised myocardial perfusion (blood
flow) is an indicator of possible reversible
myocardial ischemia. The assessment of
regional blood flow using MRI is best
performed with dynamic imaging during the
first pass of contrast media. Myocardium
affected by a coronary artery lesion may not
exhibit a perfusion deficit under resting
conditions, but may not respond like a
healthy vessel under stress. Consequently,
the vascular resistance of a stenotic vessel is
relatively high and results in a “vascular
steal“ phenomenon where increased flow is
redirected to non-stenotic vessels, leading to
an observable perfusion defect in the
myocardial territory served by the stenotic
vessel [87].

The physiology of passage of gadolinium
chelates under normal and compromised
blood flow determines the temporal
resolution requirements of the imaging
sequence. Gadolinium-chelates function as

reserve, or both can be used for clinical
evaluation of coronary artery disease.

MYOCARDIAL VIABILITY
Identification and differentiation of viable
from non-viable myocardium plays a critical
role in prognostication of patients with
coronary artery disease. Until recently,
Thallium SPECT and PET were the primary
tools for this evaluation with dobutamine
stress echocardiography fulfilling an
ancillary but growing role. In the last few
years, however, MRI has made a dramatic
appearance in this arena with the
introduction and rapid acceptance of the
“delayed-enhancement“ technique (DE-MRI)
[106]. This imaging sequence identifies
irreversible myocardial damage in both the
acute and chronic settings, and combined
with cine imaging can identify reversibly
injured tissue that may benefit from
revascularization.

The DE-MRI sequence is not the only MRI
approach to myocardial viability, but has the
greatest current acceptance. Other
approaches include less effective variations
on the gradient-echo DE-MRI technique
[107]. Animal models demonstrated the
potential for use of Manganese based
contrast agents for differentiating viable
from non-viable tissue. Manganese is a
Ca++ analog actively taken up by viable
myocardial cells. Viable tissue enhances on
T1-weighted images, while non-viable tissue
does not [108]. Manganese agents are not
used in routine clinical cardiac imaging but
may provide a potent alternative imaging
method in the future. Sodium and potassium
MRI is another efficacious tool for viability,
but has seen little clinical use to date

Fig. 4. Stress perfusion MR images depict six
sections at one time point in a patient with 80%
stenosis of the right coronary artery, as
determined at conventional angiography. The
region of perfusion deficit in the posterior septal
wall (arrows) conforms to the vascular territory of
the right coronary artery and does not appear in
the rest images (not shown), indicating reversible
ischemia.

an indicator of regional blood flow only in
the first-pass phase; subsequent imaging
results in artificial enhancement due to
diffusion of contrast from adjacent regions
with normal blood flow. Since the
recirculation time of blood is between 5-15
seconds, perfusion imaging must image the
first-pass passage of contrast material. First-
pass perfusion defects alone represent both
areas of reversibility and nonviable scar
(Figure 4) [88-90].

Magnetic resonance remains an attractive
tool for both the evaluation of reversible
myocardial injury (ischemia) and for
discrimination between salvageable tissue
and irreversible injury. Depending on the
acquisition technique chosen, qualitative
examination of the MR perfusion data,
quantitative analysis of myocardial perfusion

Fig. 5. 2D DE-MRI in a patient with chronic
ischemic disease of the left anterior descending
artery distribution. A two-chamber long axis
image (left) reveals thinned tissue with transmural
hyperenhancement involving the majority of the
anterior wall, and entire apex, indicating a
chronic transmural myocardial infarction. The left
ventricular cavity is dilated and there is apical
thrombus (black arrow). Cine images (right) at
end-diastole (upper) and end-systole (lower)
demonstrate akinesis of the anterior wall and
apex (arrowhead).
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because of the limited availability of
multifrequency MRI scanners [109].

DE-MRI is performed following intravenous
administration of gadolinium-chelate. After
an appropriate delay (typically 10-20
minutes), breathhold inversion-recovery
prepared, T1-weighted gradient-echo
images are acquired. Viable myocardium is
nulled via an iteratively chosen inversion
delay time following the inversion pulse and
data is acquired during an acquisition
window of approximately 200 msec. or less.
The result is an image where viable tissue is
dark, and non-viable, fibrotic or scarred
tissue has markedly increased signal
intensity (Figure 5). 

chelate preferentially accumulates in
irreversibly injured myocardium within
minutes following contrast administration,
and the enhancement lasts 45 minutes or
longer [106,111, 112]. 

Assessment Of Chronic
Myocardial Damage
Differentiating chronically damaged,
infarcted myocardium from viable tissue
using nuclear techniques is primarily a
binary categorization as a result of the
limited spatial resolution [113]. DE-MRI has
substantially higher spatial resolution than
nuclear techniques allowing for finer
categorization of myocardial damage. The
high-resolution images can detail the
transmural extent of irreversibly damaged
myocardium, and can depict separate small
and large subendocardial infarctions from
each other as well as from transmural
damage [114,115].

DE-MRI is usually performed under rest
conditions and combined with cine-MRI for
wall motion information. Results are
interpreted in one of three ways including:
viable normal tissue (dark on viability
images, normal wall motion); non-viable or
irreversibly damaged tissue (bright on
viability images, dysfunctional on cine
imaging); and hibernating or “down-
regulated“ viable tissue (dark on viability
imaging, dysfunctional on cine imaging).

The percentage of infarcted tissue per
myocardial segment is inversely correlated
with recovery of function following
revascularization [116]. In a study by Kim et
al. 42 patients were evaluated with viability
imaging prior to revascularization, and with
wall motion imaging both pre- and post-
revascularization. Myocardial segments with
little to no hyperenhancement in pre-
revascularization viability imaging were
highly likely to recover function. Conversely,
myocardial segments with larger
percentages of hyperenhancement were
unlikely to recover function [117].

A further advantage of DE-MRI is the ability
to visualize small, subendocardial areas of
infarction that may be missed by nuclear
techniques, including PET. Klein et al.
compared DE-MRI to PET in patients with
chronic ischemic cardiomyopathy and found
a close correlation between the metabolic
abnormalities on PET imaging and areas of
hyperenhancement on DE-MRI [113]. Be-
cause of its higher spatial resolution, DE-
MRI depicted hyperenhancing myocardium
not identified by PET. The clinical
significance of these regions is uncertain,
but lends greater substance to DE-MRI as a
technique for identifying myocardial
abnormalities.

Assessment Of Acute
Myocardial Damage
While DE-MRI has rapidly gained
acceptance in the assessment of chronic
ischemic disease, its role in the assessment
of acute myocardial damage remains
controversial. Some investigators suggest
that the area of hyperenhancement on DE-
MRI may be larger than the true area of
necrosis and may include adjacent area at
risk. The central issue to this debate is the
time window during which imaging is
performed [112]. Optimal agreement
between pathologically proven irreversible
damage and DE-MRI enhancement occurs
15-20 minutes following contrast
administration [111,118]. Imaging earlier
than this may overestimate the area of
damage, while imaging later may
underestimate lesion size, presumably
because washout of contrast [119]. Further
studies are needed to determine the optimal
imaging window for accurate viability
assessment.

Viability imaging provides insight into
functional recovery following acute insults.
Hillenbrand et al., studied dogs acutely with
45 minute, 90 minute, or permanent LAD
occlusions and found a strong correlation
between the severity of regional myocardial
damage and duration of LAD occlusion.
Perhaps more importantly, the transmural

Fig. 6. 3D DE-MRI performed in a patient with a
chronic infarction of the LAD distribution. This
series of short axis images from apex to base
was acquired in a single breathhold and has
image quality nearly comparable to 2D images.

The imaging sequence typically used
acquires 1 or 2 signal averages and has
spatial resolution approximating 1.5 mm in-
plane. The majority of published studies
have evaluated myocardial viability using
selected long axis images and a set of short
axis images to encompass the left ventricle.
This 2D approach requires multiple breath
holds but can be accomplished in less than
ten minutes. 3D approaches are recently
being promoted as comparable in image
quality and have the advantage of a single,
albeit longer, breathhold to encompass the
entire left ventricle (Figure 6).

DE-MRI has greater conspicuity of non-
viable or infarcted tissue compared to spin-
echo, steady-state free precession, and STIR
techniques [110]. The precise mechanism of
the differential contrast is not entirely clear,
but data suggests that it reflects differing
volumes of distribution. Non-viable tissue
has substantial amounts of interstitial space,
while viable tissue has little interstitial space.
The “wash-in/out“ rates for gadolinium-
chelate in non-viable tissue are reduced,
presumably because these processes are
diffusion mediated. As a result, gadolinium-

Fig. 7. DE-MRI in acute myocardial infarction.
The lower images demonstrate DE-MRI (left) and
cine images in end-diastole (middle) and end-
systole (right). DE-MRI reveals transmural
irreversible damage of the distal septum and
apex, while the cine images reveal corresponding
dysfunctional myocardium (arrow). The DE-MRI
image in the upper row was performed in the
two-chamber long axis projection and reveals
transmural hyperenhancement of acute
irreversible damage in the LAD distribution. Note
the microvascular obstruction ('no-reflow' or focal
non-hyperenhancing regions) in the
subendocardium of the anterior wall
(arrowheads) that is associated with greater post-
infarction complications and poorer prognosis.
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extent of damage found 3 days post-injury
was most predictive of functional recovery
on follow-up examinations performed 28
days after injury [120]. In another study by
Fieno et al., imaging was performed in dogs
subjected to acute injury. In both those with
and without reperfusion DE-MRI
differentiated viable from non-viable tissue
during eight weeks of follow-up studies
[121].

This predictive value of DE-MRI has been
confirmed in humans. Choi et al. studied 24
patients with first AMI immediately following
the acute event and then in follow-up.
Regions of extensive enhancement were
unlikely to recover function, while those with
only mild damage had substantial recovery.
Areas of dysfunctional myocardium with no
enhancement in the peri-infarct zone were
considered “stunned“ and typically had
recovery of function [122]. In addition to the
areas of hyperenhancement reflecting
acutely damaged, but perfused
myocardium, DE-MRI also demonstrates
myocardial zones of “no-reflow“ or
microvascular obstruction (Figure 7). As
gadolinium-chelate cannot enter these
regions they remain dark on DE-MRI
images, but are surrounded by a rim of
hyperenhancement [123,88].  Identifying the
presence of microvascular obstruction is a
strong prognostic marker for post-infarct
complications and is better determined with
DE-MRI than contrast-enhanced
echocardiography [89,124,125].

DE-MRI is a sound technique for the
assessment of myocardial viability in both
the chronic and acute settings. Additional,
large-scale studies are needed to precisely
define the subsets of patients to gain the
most benefit from such information. Further
study is also needed to better characterize
the significance of intermediate grades of
non-transmural scar formation, where the
predictive value of functional recovery
following revascularization is less clear.
Nonetheless, the capacity to assess viability
under resting conditions without radiation
exposure will no doubt rapidly increase the
clinical use and acceptance of the technique
and lead to wider dissemination.

CORONARY MRA
The coronary arteries have long been known
to be one of the most difficult arterial
circulations to image using MRI. The
challenges for coronary magnetic resonance
angiography (CMRA) are the inherent
complex geometry and tortuosity of the
coronary arteries, their small caliber (2-4
mm), and their continual displacement by
respiratory and cardiac motion. Testimony to
these difficulties has been the wide variety of

two-dimensional (2D) and three-
dimensional (3D) CMRA techniques that
have been investigated over the past
decade. None have yet received universal
acceptance, and invasive catheter x-ray
angiography remains the primary diagnostic
study for the clinical evaluation of coronary
artery disease. 

In this section, various CMRA techniques will
be reviewed. Because EKG gating is
employed by all methods to minimize
cardiac motion effects on imaging, the
methods are best categorized by the strategy
employed for respiratory motion
compensation: breath holding or navigator-
echo gated acquisition. The newer
techniques for contrast-enhanced CMRA will
also be discussed. 

Breath-hold techniques
In the early 1990´s, Edelman et al. and
Pennell et al. reported successful coronary
illustration using a breath hold fat-
suppressed fast two-dimensional (2D)
gradient echo pulse sequence with a
segmented k-space scheme [126-127]. A
single image was obtained during each
breath hold and imaging was targeted for
diastole, when the heart was less mobile and
coronary flow more brisk. Subsequent
clinical assessments, however, revealed
mixed success with sensitivities for the
detection of hemodynamically significant
stenoses (≥50% narrowing in arterial
diameter) ranging from 63% to 90% [128-
130].

Since that time, a number of improvements
in gradient strength and pulse sequence
design enabled faster and more efficient
breath hold imaging. Meyer et al.
introduced a spiral scanning which samples
k-space in a spiral or curvilinear trajectory
from the center of k-space out to the
periphery [131]. The fat-suppressed 2D
spiral gradient echo pulse sequence (Figure
8) provides a more efficient method for
sampling k-space and enables improved
spatial resolution (e.g. sub-millimeter in-
plane resolution) and high arterial S/N
compared to traditional 2D fast gradient
echo acquisitions [132]. Faster scanning
also enables the utilization of a larger
portion of the R-R interval for systolic
imaging and alternative multi-slice imaging
algorithms [133,134].

Vessel tracking is one such newer algorithm
that provides systolic as well as diastolic
images [135,136]. The technique prescribes
individual slice locations with the anticipated
location of the coronary artery based on its
location during the cardiac cycle. This 2D
technique has improves scanning efficiency
by a factor of three for any given breath hold

acquisition, minimizing the total number of
breath holds required per examination. 

Breath hold imaging has several inherent
practical limitations [137]. Repetitive breath
holds (e.g. 20-40) are often required for
adequate anatomic coverage of the
coronary arteries. Spatial registration
between individual breath hold acquisitions
is often poor and results in repeat
acquisitions for sufficient anatomic coverage
[138]. Patients with coronary artery disease
poorly tolerate repetitive breath holds [139].
The short acquisition duration also limits
spatial resolution. Breath holding is also not
entirely static and some involuntary
respiratory motion persists despite good
patient cooperation and may result in
arterial blurring [140].

Navigator-echo Techniques
The above stated breath hold limitations led
to the development of respiratory-gated
acquisitions, which enable imaging during
tidal respiration. In 1989, Ehman and
Felmlee described a novel technique for
tracking of “view-to-view“ tissue position
using a “navigator“ echo [141]. This
technique can be used for prospective or
retrospective gating of free-breathing CMRA
[142-152]. Navigator-gating CMRA is
typically performed using a fat-suppressed
3D gradient echo technique. Three-
dimensional acquisitions are longer in
duration but provide high spatial resolution
volumetric data sets for improved depiction
of the tortuous coronary arteries. Navigator
echoes are placed over the right diaphragm
for position detection and imaging is

Fig. 8. Breath-held multi-slice spiral images of
the proximal coronary arteries from a single
oblique axial acquisition in a healthy volunteer.
Six images were acquired in mid-diastole in a 20
cm FOV with 2,048 data samples for each of the
20 spiral interleaves (2,048 x 20). Other scan
parameters were 3.0 mm section thickness and
700 flip angle. Scan time was 17 seconds for a
spatial resolution of 0.96 x 0.96 x 3.0 mm. A:
Slice section illustrating the first 4-5 cm of the
proximal right coronary artery. B: Slice section
from the same acquisition showing the left main
coronary artery, a proximal segment of the left
anterior descending artery, and a first diagonal
arterial branch
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triggered for a 4-5 mm window. An end-
expiration location is used for the navigator
because it is sustained longer and more
reliably during tidal respiration [146].

Patients better tolerate free-breathing
navigator-echo gated acquisitions than
breath hold acquisitions [139]. However,
navigator-echo gated 3D CMRA yields lower
quality images than breath hold 2D
acquisitions because of image blurring of
arterial edges despite successful navigator
gating [153]. Navigator-gated images,
nonetheless, are better than those of
traditional respiratory gating using an
external respiratory belt (respiratory
“bellows“) [143,147]. However, navigator-
echo gating is not always successful,
especially in patients with irregular breathing
patterns as may be seen in patients with an
underlying pulmonary disease. Respiratory
drift of diaphragm position outside of the
trigger acceptance window for the navigator
is another cause for failure [146]. This can
be seen in patients who fall asleep during
the imaging period or who are initially
anxious during the beginning of scanning.
Also, the long 10-15 minute exam times for
a typical navigator-echo gated 3D CMRA
are also more prone to bulk patient motion.
The use of navigator-echo gating for 2D
CMRA acquisitions (Figure 9) appears
promising as its short (2-3 min) exam times
remove many of the respiratory gating and
image quality concerns of longer navigator-
gated 3D acquisitions [154].

Paralleling the improvements in navigator
echo implementation have been
developments in 3D pulse sequence design
for improvement of arterial depiction (i.e.
arterial C/N) such as the use of a T2-
weighted preparation prepulse [155-156].
In a multi-center study, Kim et al. recently
reported very promising results using
navigator-gated 3D CMRA using a T2-
weighted preparation pre-pulse (and a fat-
suppression pre-pulse) for illustration of the
proximal 3-5 cm of the main coronary
arteries [157]. Approximately 84% of the
coronary arterial segments were sufficiently
visualized (or “interpretable“) and 83% of
clinically significant (≥50 percent reduction
of diameter on x-ray angiography) were
correctly detected. The mean 70-minute
examination time unfortunately presents a
number of logistical and patient-related
problems for clinical implementation. None-
theless, this study is noteworthy because is
represents the first large multi-center
evaluation of a CMRA technique. Prior
clinical trials had been conducted primarily
at a single institution and reproducibility of
the technique not always universal. 

Deshpande et al. recently reported another
promising technique for improved coronary

arterial C/N that used a 3D magnetization-
prepared SSFP technique [158]. This yielded
significantly improved coronary arterial S/N
(55%) and C/N (178%) when compared to
a traditional fast gradient echo pulse

Fig. 9. Comparison between free breathing
navigator-echo gated 2D spiral imaging (a and
b) and breath-held multi-slice 2D spiral imaging
(c and d). Image acquisition parameters for all
images were 20 cm FOV, 3.0 mm section
thickness, 2048 x 20 acquisition matrix, and 700
flip angle. This provided a spatial resolution of
0.96 x 0.96 x 3.0 mm for all images. Note that
the quality of the free-breathing images (3 min
scan time) was comparable to that of the breath-
held images (19 sec scan time).

sequence. Coronary artery depiction is
improved by the maintenance of steady-
state transverse magnetization and the
T2/T1 weighting of the pulse sequence that
improves the blood-myocardial C/N. 

Contrast-enhanced
Techniques
The use of contrast media also increases
C/N for CMRA [159-166]. Unlike the
previously discussed techniques that rely
principally on blood in-flow or T2/T1
differences, contrast-enhanced CMRA rely
on T1 shortening by circulating contrast
material. In-plane saturation, poor in-flow,
and intra-voxel dephasing that can
significantly hamper arterial depiction on
non-contrast techniques are substantially
less impeding to contrast-enhanced CMRA.
These flow-related artifacts can result in the
overestimation of arterial narrowing and are
especially prevalent about stenoses where
blood flow is turbulent and/or slow [130].

Contrast-enhanced CMRA methods have
been developed for both traditional
extracellular and newer blood-pool contrast
agents (154-166). Techniques that use
standard Gd-chelate contrast agents are
designed for arterial phase imaging which is

achieved by the selective coordination of
image acquisition (primarily the low spatial
frequency data about the center of k-space)
with peak enhancement of the coronary
artery. Properly timed, coronary arterial C/N
can be improved by 3 fold even when using
a single 15 mL dose of Gd-chelate contrast
agent [162]. The main limitation of
extracellular contrast agents is their rapid
leakage from the vascular space which
results in background enhancement and
diminished arterial C/N over time, thereby
limiting the opportunities to perform
repeated MRA or for the use of lengthy scans
such as navigator-echo gated 3D CMRA.

Other contrast-enhanced CMRA techniques
have been developed for blood pool
contrast agents that have long persistence
within the circulatory system. Blood pool
contrast agents, like extracellular contrast
agents, shorten the T1 of blood, and
minimize the concerns related to flow-
related image artifacts seen with non-
contrast methods. Blood pool agents have
much longer intravascular half-lives and
provide prolonged arterial enhancement
when compared with standard extracellular
Gd-chelate contrast agents. They enable
longer acquisition windows that can be used
to achieve high spatial resolution coronary
illustration and/or to perform repeated
CMRA. Although still investigational, a
variety of blood pool agents such as
NC100150 (Amersham Imaging, Princeton,
NJ) and MS-325 (EPIX Medical, Cambridge,
MA) have shown promise for coronary artery
illustration [163-166].

The challenges for coronary artery imaging
have been multi-fold but progressive
improvements continue to be made. Exam
time, reliability, ease of use and education
continue to be major practical issues that
have impeded broad acceptance. Because
of the technical challenges for achieving
sufficient arterial C/N, spatial resolution and
minimizing motion artifacts, coronary MRA
techniques are continuing to undergo
development and conventional x-ray
angiography continues to be the only widely
accepted method for clinical imaging of
coronary artery stenosis. Because 20-40
percent of all diagnostic x-ray catheter
angiograms reveal no clinically significant
stenoses, the development of an accurate
and robust CMRA technique would
represent a significant improvement in the
management of patients with suspected
coronary artery disease [167].

CONCLUSION
As detailed above, there have been
considerable technical and clinical
advances in cardiac MR imaging within the



last several years. These advances include
substantial overall improvements in
temporal resolution, spatial resolution,
motion and other artifact reduction, and
improved depiction of contrast-
enhancement for perfusion and viability
analysis. 

As MR has evolved, there also has been
significant progress in the development of
cardiac CT imaging, especially with the
development of multi-detector array
scanners (MDCT). The most promising
cardiac CT application appears to be
coronary CT angiography. While further
validation is needed, two recent studies have
had promising results. Nieman et al found
73% proximal and middle coronary
segments assessable, and correctly
diagnosed 81% of stenotic lesions within
these vessels [168]. Achenbach et al
reported an 85% sensitivity and 76%
specificity for significant and a 91%
sensitivity and 84% specificity for the
absence of stenosis in assessable arteries
[169]. While CT coronary angiography has
had these initial promising results, other
diagnostic cardiac applications are still in
early stage of development.

While it is unclear which modality will win
the race to become the preferred
noninvasive coronary artery imaging
modality, many other proven cardiac MR
applications are available. Overall
utilization of MR will likely continue to
increase as techniques and other advances
detailed in this report are disseminated
clinically. Although the “one-stop-shop“ for
noninvasive cardiac diagnosis may not be
available as soon as predicted, MR is an
increasingly important tool for
cardiovascular research and the clinical
evaluation of patients with ischemic heart
disease.  
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