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Cardiovascular Magnetic Resonance Imaging
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Introduction

The combined attributes of superior image quality and lack
of ionizing radiation exposure with flexibility for assessment
of cardiac anatomy, ventricular function, viability, perfusion,
valvular function, great vessel anatomy, blood flow, and native
coronary artery and coronary artery bypass graft integrity give
cardiovascular magnetic resonance (CMR) unmatched poten-
tial for the comprehensive evaluation of the cardiovascular sys-
tem. However, the complexity in both acquisition and interpre-
tation, lack of standardization, and relative scarcity of CMR
training sites and trained CMR practitioners have hampered
the clinical utilization of CMR. Infrastructure costs, relatively
untavorable reimbursement (vs. nuclear and echo), and train-
ing issues all combine to make CMR a relatively small “play-
er” in the noninvasive cardiovascular imaging field (estimated
< 500,000 studies in the United States in 2005), although tre-
mendous growth will occur in the coming years as the educa-
tion of practitioners increases, reimbursement and training
issues are overcome, and studies defining the value of CMR
unique information are published. The Society for Cardiovas-
cular Magnetic Resonance (www.scmr.org), an international
society focused on CMR, already has over 1,500 members.

Currently accepted clinical applications of CMR continue
to expand rapidly (Table I).! Hardware (gradients and high
field systems) advances now allow for subsecond data acquisi-
tions with “real-time” imaging, while software advances and
novel contrast agents promise to exploit CMR’s advantages
over competing noninvasive imaging methods further. Cardio-
vascular magnetic resonance training guidelines for both those
in fellowship? 3 and practitioners who have completed fellow-
ship have now been developed.>
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Cardiovascular Magnetic Resonance:
Technical Considerations

A review of magnetic resonance (MR) physics is beyond the
scope of this review, and readers are referred elsewhere.5- 7
Unlike other imaging techniques, CMR images may depict
biood and other tissues as “bright,” “dark,” or of an interme-
diate intensity depending on the specific sequence that is em-
ployed, the use of exogenous contrast, whether the tissue of
interest (e.g., blood) is moving rapidly or slowly, and whether
blood flow is laminar or turbulent. The most common CMR
approaches are the spin-echo (typically “black blood”), the
k-space segmented gradient echo, and the steady-state tree pre-
cession (SSFP), including true fast imaging with steady-state
precision (TrueFISP), balanced fast field flow (FFE), and fast
imaging employing steady-state excitation (FIESTA) (typical-
ly “bright blood” sequences). Prepulses to highlight or sup-
press specitic tissues may then be added. Cardiovascular mag-
netic resonance “‘tagging”” methods provide for application of
a “grid” with subsequent observation as the intersections
become distorted because of motion during the cardiac cycle.

Exogenous intravenous contrast (e.g., gadolinium [Gd-
DTPA]) may be used in combination with both spin-echo and
gradient-echo approaches and has been particularly valuable
for assessment of myocardial fibrosis/scar for viability evalua-
tion, assessment of regional myocardial perfusion, and for
characterization of tumors/masses.8 These extracellular CMR
contrast agents (approved by the U.S. Food and Drug Admin-
istration [FDA] for noncardiac applications) are not nephro-
toxic and display a highly favorable anaphylaxis profile.” They
are commonly used for three-dimensional (3-D) MR angiog-
raphy, during which image acquisition is performed during the
first passage of the contrast agent through the vascular bed of
interest. Another very useful CMR sequence is phase velocity
mapping, in which the velocity of blood perpendicular to the
imaging plane is encoded, providing localized flow data some-
what analogous to pulsed Doppler echocardiography. This ap-
proach is particularly valuable for quantitying valvular regur-
gitation and flows through the great vessels.

The vast majority of CMR applications depend on accurate
R-wave detection for electrocardiographic (ECG) triggering. In
the presence of a rate-controlled irregularly irregular rhythm,
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Current clinical applications of cardiovascular magnetic resonance (CMR)¢

1. Indications for CMR in acquired diseases of the vessels

a. Diagnosis and monitoring of thoracic aortic aneurysm, dissection, aortic wall hematoma, and penetrating ulcer

b. Assessment of pulmonary artery dilation and dissection
¢. Characterization of pulmonary vein stenosis
2. Indications for CMR in coronary artery disease

a. Assessment of global and regional left and right ventricular systolic function at rest and with pharmacologic stress

b. Assessment of regional myocardial perfusion at rest and with stress

c¢. Determination of viability

3. Indications for CMR in valvular heart disease
a. Assessment of the severity of aortic stenosis and mitral stenosis
b. Quantitative assessment of mitral and aortic regurgitation

4. Indications for CMR in cardiomyopathies and pericardial disease

a. Differentiation of ischemic versus nonischemic cardiomyopathy and underlying etiology (including hypertrophic cardiomyopathy,
noncompaction, arthythmic right ventricular cardiomyopathy, and iron deposition)

b. Characterization of mass, biventricular volumes, and ejection fraction

c. Identification of pericardial thickening, circumferential and local pericardial effusions

5. Indications for CMR in congenital heart disease
a. Anomalous coronary artery disease
b. Quantification of intracardiac shunt
c. Characterization of simple and complex coronary anatomy

d. Identification of aortic and pulmonary pathology (e.g., coarctation, patent ductus arteriosus)

e. Characterization of anomalies of the ventricles
f. Anomalous pulmonary venous drainage

@ Adapted from Ref. No. 1.

such as atrial fibrillation, image quality will be acceptable,!? but
high-grade ventricular ectopy or a regularly irregular rhythm
(e.g., trigeminy) often leads to significant image degradation. In
these situations, real-time CMR is often used, although this ap-
proach has reduced spatial and temporal resolution.!!

Specific Considerations for Cardiovascular Magnetic
Resonance in the Cardiac Patient

In addition to general restrictions regarding CMR (ferro-

magnetic intracranial clips, TENS units, intra-auricular im-
plants, shrapnel, etc; Table II),! 13 there are also special con-

TaBLE I Cardiovascular magnetic resonance (CMR) safety at<1.5T

siderations for CMR (and general MR scanning) in the cardiac
patient. A comprehensive discussion of CMR safety with re-
gard to implanted devices is beyond the scope of this review,
and readers are referred to www.mrisafety.com.'# At current
field strengths (1.5 and 3.0 tesla [T]), CMR imaging is consid-
ered safe for both bioprosthetic and mechanical heart valves; 4
however, a local image artifact (loss of signal/image distor-
tion) will occur in the region surrounding the valve prosthesis
(Fig. 1). Similarly, sternotomy wires, thoracic vascular clips,
and ostial coronary artery bypass graft markers are not a con-
traindication to CMR imaging, but localized artifacts will be
present, thereby limiting assessment of adjacent structures.
The relative size of the image artifact is increased with gradi-

Safe for CMR scanning (but will cause local image artifacts)
Coronary artery stents
Coronary artery bypass graft markers
Sternotomy wires
Prosthetic valves (bioprosthetic and mechanical)

Safe for CMR scanning if done with special precautions/protocols!213
Modem (2000+) pacemakers

Unsafe for CMR scanning
Pulmonary artery catheters with pacing lead components
Retained permanent pacing leads not connected to a generator
Older (pre-2000) pacemakers, implantable cardiodefibrillators

For a more complete and continuously updated list, readers are directed to www.mrisafety.com.
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FiG. 1 Single image from a cine cardiovascular magnetic reso-
nance in the two-chamber view. Note the artifact (black arrow) re-
sulting from a bileaflet mechanical mitral valve prosthesis. LV =
left ventricle.

ent echo and SSFP sequences versus spin-echo sequences.
While the composition metal of intracoronary stents will cause
alocal susceptibility effect (dark area), no adverse events have
been reported at 1.5 T.' In April 2005, the FDA approved both
the Boston Scientific and Johnson & Johnson drug-eluting
stents for immediate postimplant MR study.

The area of safety with regard to CMR scanning among
patients with cardiac pacemakers and implantable cardio-
defibrillators is currently in a state of flux. When CMR is the
only imaging modality available, uncomplicated CMR has
been performed at a fow field strength, at0.2 T and at [.5 T,
using modern (post 2000) pacemakers in nonpacing-depen-
dent patients using specific protocols and safeguards.! 13 The
situation of retained permanent pacemaker leads is also con-
sidered a relative contraindication to CMR because of the po-
tential for lead heating.!4

Thoracic Aorta and Great Vessels

For many years, CMR has had its greatest clinical impact
on the assessment of the thoracic aorta in the patient with
known or suspected thoracic aortic aneurysm or aortic dissec-
tion (Fig. 2). Cardiovascular magnetic resonance compares
favorably with spiral or multidetector computed tomography
(CT) because it employs no 1onizing radiation and has no re-
quirement for potentially nephrotoxic iodinated contrast.
Comprehensive data regarding the presence of a dissection,
entry and exit points, presence of intraluminal thrombus, in-
volvement of the great vessels, and coexistent aortic insuf-
ficiency and pericardial effusion are readily obtained.!” 18
The sine qua non of aortic dissection for spin-echo imaging is
the identification of an intimal “flap” separating the true and
talse lumen. A breath-hold 3-D contrast-enhanced (CE) mag-
netic resonance angiogram (MRA) is then obtained to define

the aortic lumen either with!” or without? ECG gating. Cine
SSFP or gradient echo acquisitions can then be obtained if a
dissection flap is identified. In addition to the classic finding of
an intimal flap, an intramural hematoma can also be identified
as eccentric aortic wall thickening.?! In experienced hands,
CMR, CT with iodinated contrast, and multiplane trans-
esophageal echocardiography (TEE) have similarly high sen-
sitivity, specificity, and accuracy for identification of thoracic
aortic dissection.!” 18 22.23 Cardiovascular magnetic reso-
nance and CT have specific advantages (compared with mul-
tiplane TEE) for providing information regarding the extent of
the dissection into the great vessels and abdominal aorta. Both
TEE and CMR also permit determination of aortic valve in-
volvement and aortic insufficiency (Fig. 2), although valve
morphology is better defined by TEE. Multidetector CT, TEE,
and CMR can also provide information regarding the involve-
ment of the proximal coronary arteries. Study time and access
are important factors in the choice of imaging test. We gener-
ally recommend CMR (or CT) for patients who are hemody-
namically stable, and CMR for follow-up studies in younger
patients with chronic aneurysms or dissection, and to refer
stable older patients with good renal function to CT and uti-
lize TEE for those with clinical instability, claustrophobia, or
renal dysfunction.

In addition to aortic aneurysm and dissection, CMR is also
useful for the assessment of congenital aortic lesions such as
aortic coarctation. Phase velocity methods may be used to
quantify velocity gradients.?

Pulmonary Embeolism, Pulmonary Artery,
and Pulmonary Vein Assessment

Compared with imaging of the aorta, CMR of the pulmon-
ary artery is more technically demanding of patient breath-

Fic.2 Coronal diastolic frame from a cine gradient echo cardiovas-
cular magnetic resonance in a patient with an ascending aortic dis-
section (black arrows). Note the dissection flap begins immediately
above the aortic valve leaflet. Flow is seen in both the true and the
false lumen. A prominent diastolic signal void (white arrow) from
aortic regurgitation is also seen. F = false lumen, T = true lumen.
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hold cooperation because of artifacts related to motion as the
lungs expand and collapse. Typically, 3-D CE-MRA is used
for pulmonary artery assessment.2-26 Similar to conventional
x-ray angiography or CT, pulmonary emboli present as an
abrupt discontinuation (signal void) of the arterial lumen. Pul-
monary artery dissection is a rare condition that may mimic
aortic dissection in symptoms, for which pulmonary artery
3-D CE-MRA as well as gradient echo and spin-echo methods
have been shown to be quite accurate.?’

With increasing interest in pulmonary vein ablation as a
mainstream therapy for patients with atrial fibrillation, mon-
itoring of patients for asymptomatic pulmonary vein stenosis
has become important. Pulmonary vein CE-MRA has been
shown to be a very accurate method for monitoring the size
of the pulmonary arteries?®-3? and for identifying stenoses
(Fig. 3).28.30.31 More recently, CMR methods for identifying
left atrial and pulmonary vein scar have been reported’? and
offer the potential to assess the anatomic adequacy of abla-
tion methods noninvasively (Fig. 4).

Quantitative Assessment of Ventricular Volumes
and Mass

Although rarely used for “first-line” assessment, volumetric
cine CMR is becoming increasingly recognized as the clinical
“standard of reference” for the quantitative assessmert of left
and right ventricular volumes, global ejection fraction, region-
al systolic function, and biventricular mass in patients with
known disease. Advantages of CMR include the ability to
obtain high temporal and spatial resolution tomographic data
in true short- and long-axis orientations, the outstanding endo-
cardial border definition provided by current SSFP sequences,
and the relative ease of data analysis. Semiautomated methods

allow for the delineation of the endocardial and epicardial bor-
ders with both high accuracy and reproducibility for deter-
mination of ventricular volumes, stroke volume, and ejection
fraction in normal, hypertrophied, and focally deformed ven-
tricles.?3-35 Compared with M-mode or two-dimensional (2-
D) echocardiography, which requires acoustic windows and is
associated with suboptimal results in many obese and elderly
patients, comprehensive, high temporal, and spatial resolution
true short-axis volumetric CMR data sets are easily acquired in
nearly all subjects in <8 min.3¢ Normative CMR data are se-
quence specific?’ and have identified racial differences.’® Al-
though in theory 3-D echocardiography and cardiac CT offer
similar volumetric data, the superior spatial (vs. 3-D echocar-
diography) and temporal (vs. CT) resolutions of CMR make it
the strong preference when accurate and reproducible assess-
ments are needed. Volumetric CMR is especially valuable for
quantitative information regarding left ventricular hypertro-
phy and volumes in patients with asymmetric hypertrophy,
and defining cardiomyopathies (e.g., noncompaction; Fig. 5)*
or monitoring ventricular volumes in patients with regurgitant
valvular lesions. Left ventricular aneurysms may be recog-
nized as severe wall thinning (<4 mm) and diastolic bulging of
the left ventricular free wall (Fig. 6). Left ventricular pseudoa-
neurysm or false aneurysms may also be readily identified on
CMR because of their lack of myocardium in the wall of the
aneurysm® with a relatively narrow neck. The superior repro-
ducibility of CMR for ventricular volumes thereby provides
more clinical utility in the monitoring of patients.3%41:42 Volu-
metric CMR methods are also ideal for regional left ventricu-
lar assessment with the 17-segment model (6 basal; 6 mid;
4 apical; true apex)*? generally used. Left ventricular mural
thrombi may be identified on spin-echo images as a density/

FiG.3 Pulmonary vein contrast-enhanced magnetic resonance an-
giogram in a 65-year-old man with atrial fibrillation who underwent
pulmonary vein ablation 1 month previously. Note the focal stenosis
(white arrow) of the proximal left lower pulmonary vein. Courtesy
of Dr. Thomas Hauser.

FiG.4 Delayed-enhanced cardiovascular magnetic resonance in a
patient who underwent pulmonary vein ablation for treatment of
atrial fibrillation. Note the area of hyperenhancement (black arrow)
in the posterior left atrium near the left lower pulmonary vein, in-
dicative of a scar. Courtesy of Dr, Dana Peters.
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FiG.5 Cine steady-state free precession images in the (A) two-chamber and (B) short-axis orientations demonstrating prominent trabeculations

(black arrows) consistent with noncompaction.
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FIG.6 (A) Cine steady-state free precession two-chamber and (B)
delayed-enhanced cardiovascular magnetic resonance in a 54-year-
old patient with an inferior infarction and aneurysm. Note the basal
half of the inferior wall displays transmural hyperenhancement with
a small thrombus (B, black arrow) along the subendocardial border.

mass filling the left ventricular apex** or as filling defects on
cine gradient echo or SSFP imaging. Cardiovascular magnetic
resonance methods may also depict transmural hyperenhance-
ment in the wall of a true aneurysm, with a subendocardial area
of hypoenhancement corresponding to a chronic left ventric-
ular thrombus.*>- % Accurate quantitative evaluation of right
ventricular volumes, ejection fraction, and mass is also arela-
tively unique attribute of CMR.*” For regional assessment of
both right and left ventricular systolic function, myocardial
tagging techniques have been shown to be more sensitive for
quantitation of local dysfunction,*® %9 although their clinical
role remains to be defined.

Detection of Coronary Artery Disease

In addition to ventricular volumes and global/regional sys-
tolic function, CMR offers several approaches for detecting
and evaluating patients with known or suspected coronary
artery disease. These include pharmacologic stress testing with
beta agonists (regional dysfunction) or vasodilators (perfusion
deficits), viability imaging, and coronary artery imaging.

Because of distortions of the ECG related to the magneto-
hydrodynamic properties of pulsatile blood in the aorta, the
ECQG is uninterpretable for ischemia within the CMR environ-
ment. Thus, close patient supervision and real-time monitoring
of wall motion for dobutamine stress are imperative. Physi-
ologic stress is possible within the CMR environment, and
supine bicycle ergometry units have been developed for such
an application,” but pharmacologic stress is more commonly
used. In combination with graded doses of dobutamine (analo-
gous to dobutamine stress echocardiography), cine images are
acquired in the four- and two-chamber orientations along with
three short-axis levels (base, mid, apical) at baseline and at
each level of dobutamine. Data suggest that dobutamine stress
CMR is more sensitive for the detection of coronary artery dis-
ease versus dobutamine stress echocardiography.?!-53 This su-
periority is directly related to the enhanced ability of CMR to
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visualize/define all of the myocardial segments.>! A study that
compared dobutamine CMR stress with vasodilator CMR
stress found dobutamine wall motion CMR to be superior.>*
The combination of CMR resting left ventricular ejection frac-
tion and inducible ischemia has prognostic value among pa-
tients with known coronary artery disease.>® Cardiovascular
magnetic resonance tagging methods may offer superior sen-
sitivity,>® but they are less commonly used.

Cardiovascular magnetic resonance myocardial perfusion
methods have advanced considerably over the past 5 years
and now offer comprehensive three to six short-axis levels
during the first passage of Gd-DTPA (0.05 mmol/kg) admin-
istered as a tight bolus into the right antecubital fossa. A rota-
tional long-axis acquisition has also been proposed.>’ Both
visual and quantitative methods (up-slope) have been utilized
and validated in animal models.’%- % Comparison studies with
x-ray angiography and radionuclide imaging are very favor-
able,%0-92 with particular benefit for combined perfusion and
delayed-enhancement (DE) approaches.®? Cardiovascular
magnetic resonance protocols of myocardial perfusion may
include assessment of perfusion at rest and at peak stress, or a
single peak-vasodilator assessment with normal resting sys-
tolic function used as a surrogate for normal perfusion. Vaso-
dilator perfusion CMR has demonstrated an improvement in
myocardial perfusion reserve after percutaneous coronary in-
tervention,% and it has impaired subendocardial perfusion in
syndrome X.%5

Native Coronary Artery Disease Integrity

Cardiovascular magnetic resonance is used routinely for
evaluation of vascular beds throughout the body, but coronary
magnetic resonance imaging (MR1) is more technically chai-
lenging because of the small caliber, tortuosity, and motion
related to the respiratory and cardiac cycles. As a result, coro-
nary artery CMR continues to be a field of rapid evolution,
with recent competition from coronary CT angiography (CTA)
methods. Advantages of coronary CTA include the relative
ease and speed of data acquisition as well as sophisticated re-

A) ' B

construction tools. Strengths of coronary CMR include both
the lack of substantial ionizing radiation® 67 and the need for
potentially nephrotoxic/anaphylactic iodinated contrast or the
need to induce bradycardia with beta blockade. Another disad-
vantage of coronary CTA is the difficulty with lumen integrity
assessment among high-risk patients® and older patients due
to prominent epicardial calcium.%® Preliminary data suggest
that epicardial calcium does not provide the same interference
with coronary CMR depiction of the lumen (Fig. 7), and that
coronary CMR and coronary CTA provide similar accuracy.”

Since the initial descriptions of 2-D breath-hold coronary
CMR,”!-72 the field has advanced to 3-D acquisition methods
(double-oblique slab or larger axial stack analogous to coro-
nary CTA) with submillimeter spatial resolution and superior
reconstruction capabilities. The spatial resolution of 3-D
coronary MRI remains inferior to coronary CTA and x-ray
coronary angiography, thereby precluding quantitative as-
sessments although the magnitude of the local signal void
does correlate with angiographic stenosis.”2 Data acquisition
also remains relatively prolonged at 10 to 20 min. Despite this
limitation, the feasibility of identifying stenoses in the proxi-
mal and midcoronary segments has been demonstrated in sev-
eral single-center studies.”>"> At present, some approaches
(free-breathing navigator with real-time motion correction)
remain vendor specific, and thus multicenter trials have been
vendor specific. We continue to prefer a targeted 3-D free-
breathing segmented k-space gradient echo sequence” using
patient-specific delay and short acquisition (< 90 ms/R-R in-
terval) periods.”6: 77 With this approach, high signal intensity
(bright blood) represents normal, laminar blood flow, with
low signal (signal void) at sites of stenosis and focal turbu-
lence (Fig. 7). A multicenter trial of over 100 patients from
seven international sites demonstrated high sensitivity but
only modest specificity for identifying focal stenoses, with
very high accuracy for discriminating between patients with
multivessel disease and no disease.”® For this reason, we offer
coronary CMR as a clinical option for patients presenting
with dilated cardiomyopathy in the absence of a history of
acute infarction. Preliminary data from a group of patients
with depressed left veniricular systolic function’ suggest that

©

FiG.7 Rightcoronary artery (RCA) (A) projection x-ray angiogram, (B) 16-slice multidetector computed tomography (CT), and (C) coronary
cardiovascular magnetic resonance (CMR) in a patient with prominent epicardial calcium. Note the ostial RCA stenosis (arrows) is visible on
the x-ray angiogram and the coronary CMR, but not on the multidetector CT because of extensive calcium. Courtesy of Dr. David Maintz.
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coronary CMR is superior to DE-CMR for discriminating be-
tween these two subsets. Targeted 3-D approaches using
SSFP methods® or a “whole heart” SSFP methodology that
supports extensive reconstructions (Fig. 8),8!- 82 somewhat
analogous to multidetector CT acquisitions (though inferior
in spatial resolution) have been advocated. Comparative data
suggest longer vessel segments identified, with improved sig-
nal-to-noise ratio and contrast-to-noise ratio with SSFP whole
heart acquisitions,?!- 32 but similar diagnostic results. Prelim-
inary data suggest similar overall results with 3.0-T coronary
CMR B 1t is very likely that coronary CMR methods will get
faster and more automated with subsequent application of
powerful CT analytic tools to the 3-D CMR data sets.
Although not yet routine because of issues of spatial reso-
lution, another advantage of coronary MRI versus coronary
CTA is the application of phase velocity flow methods to as-
sess coronary artery blood flow and flow reserve. For patients
who have experienced a myocardial infarction, phase velocity
CMR can accurately evaluate the presence of antegrade flow
in the infarct-related artery.?* The noninvasive determination
of patency influences therapy and prognosis in these patients.

Coronary Artery Bypass Graft Patency

Compared with native coronary artery CMR, imaging of
coronary artery bypass grafts (both saphenous veins and in-
ternal mammary arteries) is facilitated by their relatively sta-
tionary anterior location, straight and predictable course, and
their greater lumen diameter. Adequate flow is visualized as a
signal void (spin-echo) or as a bright signal (gradient echo,
contrast imaging) in the anatomic location corresponding to
the expected graft position. Identification of flow in at least
two contiguous slices, or obtained at different planes perpen-
dicular to the expected bypass graft course, suggests patency.
If flow is suggested at only one level, graft patency is consid-
ered “indeterminate,” and if there is no evidence of flow in
any portions of the graft, the graft is considered “occluded.”
Spin-echo (dark blood), gradient echo (bright blood), and Gd-
DTPA-enhanced 3-D coronary CMR have been reported to
have higher sensitivity (95 to 100%) for patency of both saphe-
nous venous and internal mammary grafts (Table I11).35-3
Focal disease can be identified using a 3-D coronary CMR se-

an

Fic.8 Whole heart coronary magnetic resonance imaging recon-
struction in a patient with a proximal left anterior descending steno-
sis. Courtesy of Dr. Hajima Sukama.

quence.® The addition of phase velocity imaging of graft
flow?! is also useful for discriminating vein graft patency,
especially for jump grafts.

Implanted metallic clips, markers, or intracoronary stents'”
will have a local signal void, precluding assessment in these
regions. These artifacts, which are commonly located in very
close proximity to the coronary arteries or grafts, preclude the
assessment of these vessels. As mentioned earlier, both drug-
eluting stents currently marketed in the United States are FDA
approved for CMR scanning immediately after implantation.

Myocardial Viability

Few applications of CMR have been so rapidly embraced
by the clinical community as its ability to characterize myo-
cardial fibrosis and thereby derive prognostic data regarding

TaBiE III  Cardiovascular magnetic resonance assessment of coronary artery bypass graft patency

Authors (Ref. No.) No. of patients No. of grafts Percent patent Sensitivity Specificity
Spin-echo
White et al. (85) 25 72 69 0.86 0.72
Rubinstein et al. (86) 20 47 62 0.90 0.72
Galjeceral. (87) 47 84 74 0.98 0.85
Gradient echo
Aurigemma et al. (88) 45 45 73 0.88 1.00
Galjee er al. (87) 47 84 74 0.98 0.88
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clinical viability—the likelihood that resting regional left ven-
tricular dysfunction will improve with mechanical revascu-
larization. Extensive correlative CMR and histologic studies in
animal models have demonstrated that extracellular Gd-DTPA
will localize/concentrate to areas corresponding to scar/fibro-
sis on histology and can be recognized using DE-CMR imag-
ing.9%93 Histologic correlation of DE-CMR is superior to nu-
clear methods because of the superior spatial resolution of
CMR .3 Using an inversion recovery sequence with imaging
10 to 20 min following injection of 0.1 to 0.2 mmol/kg of Gd-
DTPA, areas of hyperenhancement correspond to scar/fibrosis
(Fig. 6) with highly reproducible results.®* % The DE-CMR
studies have demonstrated that the lack of hyperenhancement
is a very strong predictor of functional viability, while the pres-
ence of >50% transmural hyperenhancement is a powerful
predictor for the lack of functional recovery.9-28 An inter-
mediate finding (1-49% transmurality) is less useful. For this
group, regional systolic response to low-dose dobutamine ap-
pears superior.%® Delay-enhanced CMR also compares favor-
ably with electromechanical mapping!® and clinical positron-
emission tomography.!9!
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The DE-CMR method appears to be particularly superior to
wall thinning for the discrimination of viable myocardium.
Anecdotal reports!? and preliminary data from a multicenter
series !9 reported that 20% of subjects with thinned, akinetic
segments had a lack of hyperenhancement in those segments.
Following mechanical revascularization, these CMR-viable
segments demonstrated markedly improved systolic thicken-
ing in addition to local hypertrophy/normalization of diastolic
wall thickness. Delay-enhanced CMR also appears to be supe-
rior to global left ventricular ejection fraction for identification
of patients with underlying substrate for sustained ventricular
tachycardia.'®

Nonischemic Cardiomyopathies

Initial studies suggested that hyperenhancement may be
specific for coronary artery disease.!% Subsequent studies
have shown that hyperenhancement may occur in a variety of
nonischemic myopathic conditions, including hypertrophic
cardiomyopathy (Fig. 9),'06-108 Fabry’s disease,!® sarcoido-

(D)

FiG. 9. (A) Cine steady-state free precession short-axis and corresponding (B) delayed-enhanced cardiovascular magnetic resonance ina 17-
year-old patient with hypertrophic cardiomyopathy. Note the prominent septal hypertrophy with an area of hyperenhancement at the juncture of
the right ventricular free wall and septum (white arrow). Tagged (C) end-diastolic and (D) end-systolic images from another patient with hyper-
trophic cardiomyopathy. Note the absence of tag distortion/contraction in the hypertrophied basal half of the septum. (A) and (B) courtesy of Dr.

Martin Maron; (C) and (D) courtesy of Dr. Eli Gelfand.
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sis,! 19 myocarditis,! !> ''2 and Churg-Strauss syndrome.''3 A
diffuse pattern of hyperenhancement is seen in amyloid car-
diomyopathy.!!* Though not totally specific for myocardial in-
farction, subendocardial hyperenhancement corresponding to
a coronary artery distribution is far more common among pa-
tients with ischemic cardiomyopathy, while patients with non-
ischemic myopathies more often demonstrate a hyperenhance-
ment pattern of the midventricular or epicardial layers that
does not correspond to a coronary distribution, 107 109. 111-113
Two studies! 1> 16 suggested that the pattern may be used to
characterize the cause of a dilated cardiomyopathy—although
15t0 25% of patients with a “coronary disease’ hyperenhance-
ment pattern had a nonischemic myopathy. In patients with
dilated cardiomyopathy given carvedilol, the absence of hy-
perenhancement predicts a regional improvement in systolic
function, global improvement in left ventricular ejection frac-
tion, and a decrease in left ventricular cavity size.'!”

The ability of CMR to acquire images of the entire heart in
true tomographic planes makes it ideal for the evaluation of
patients with hypertrophic cardiomyopathies, which is espe-
cially important for those with focal/asymmetric hypertrophy.
Both DE-CMR!0-108 and investigative CMR “tagging” meth-
ods!!8 may assist in the assessment of these patients, though
the latter remains to be more fully elucidated. Serial CMR
examinations may be useful for monitoring ventricular re-
modeling and infarction size following alcohol ablation.!"?

In addition to biventricular volumetric and mass data, CMR
may confirm iron deposition'? as the cause of depressed sys-
tolic function in patients with suspected hemochromatosis.
Septal T2* (measurement of transverse relaxation, which is
shorter than T2 because of inhomogeneities) measurements
reflect myocardial iron stores, with a T2* of < 20 ms indicative
of iron overload.'?!

The ability of CMR to identify focal areas of fat and fibrosis
is particularly valuable in the evaluation of patients with sus-
pected arrhythmogenic right ventricular cardiomyopathy. This
condition, in which the right ventricular free wall myocardium
is diffusely or focally replaced with fatty or fibrous tissue with
cavity dilation and focal wall thinning (or aneurysm), is asso-
ciated with ventricular arrhythmias and sudden death. Spin-
echo MR imaging can be used for identifying transmural or fo-
cal fatty infiltration in the right ventricular free wall, as well as
focal wall thinning.!?? 123 Delay-enhanced CMR with right
ventricular free wall hyperenhancement has also been de-
scribed,'2* with the clinical history best able to discriminate
hyperenhancement due to right ventricular infarction (Fig. 9)
from that of a primary cardiomyopathy.

Valvular Heart Disease

The clinical adoption of CMR in the care of patients with
valvular heart disease is also expanding rapidly. Once almost
solely within the province of echocardiography, the unique
quantitative nature of CMR with regard to ventricular volumes
and function, as well as the ease in calculating regurgitant vol-
umes, has brought CMR to the clinical arena for these patients.

Valve morphology (e.g., bicuspid valve) is easily recognized
by CMR with acquisition of a cine SSFP data set through the
plane of the aortic valve. For now, leaflet thickening, calcifica-
tion, vegetations, abscesses, and minor degrees of mitral valve
prolapse remain largely within the province of echocardiogra-
phy, although obvious prolapse and partial leaflet flail are
readily identified on cine CMR imaging.

For the assessment of aortic valve stenosis, two CMR ap-
proaches are utilized: a morphologic/2-D assessment with
planimetry of the maximum systolic aortic valve area!? on
orthogonal cine SSFP sequences, and a Continuity Equation
“equivalent.”'2 Similar to 2-D transthoracic echocardiogra-
phy and TEE approaches, a weakness of the “anatomic” CMR
method is the orientation of the slice in patients with marked-
ly deformed valves, while difficulties with the Continuity
Equation approach include orientation of the imaging plane
perpendicular to the maximal velocity jet and dephasing arti-
facts due to turbulence in patients with severe aortic stenosis.
Analogous approaches are used for assessing mitral stenosis,
including 2-D planimetry of the mitral valve area as defined
by a cine acquisition oriented orthogonal to the valve plane,!?’
and with the use of phase velocity mapping at the level of the
mitral leaflet tips,'?® thereby applying a pressure-half-time
equivalent measurement. Difficulties with the former again
include proper orientation orthogonal to flow, while limita-
tions of the latter include the relatively poor temporal (vs.
Doppler echocardiography) resolution and diastolic artifacts
among the many patients with coexistent mitral stenosis and
atrial fibrillation.

The use of CMR for the quantitative assessment of valvu-
lar regurgitation is much more direct and highly quantitative.
While mitral and aortic regurgitation often cause a signal void
due to local turbulence/dephasing in the receiving chamber in
amanner somewhat analogous to color Doppler,'?? the use of
SSFP sequences with very short echo times has led to attenu-
ation and near elimination of the dephasing artifact.'*® For-
tunately, CMR offers a more quantitative approach. Using
phase velocity mapping, flow is measured across the aortic
valve (from a practical perspective, this is often obtained in
the axial plane at the level of the bifurcation of the pulmonary
artery). Such an assessment provides a direct quantitative as-
sessment of aortic regurgitation. For mitral regurgitation, we
generally quantify the regurgitant volume as the difference
between left ventricular stroke volume (derived from the con-
tiguous short axis left ventricular stack) and forward flow out
of the aorta. Another option is to measure mitral regurgitation
volume directly using phase velocity mapping at the level of
the mitral annulus. We have found the latter approach to be
more technically challenging because of base-to-apex motion
of the annulus during systole and eccentric, high-velocity
mitral regurgitation jets, which sometimes lead to errors,
analogous to some of the limitations of quantitative Doppler
echocardiography.

Beyond simple calculation of regurgitant volume, CMR
provides for the ready determination of regurgitant fraction
(regurgitant volume/stroke volume), regurgitant volume index
(regurgitant volume/end-diastolic volume), and effective for-
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ward ejection fraction (net forward stroke volume/end-dias-
tolic volume). Comparative CMR and Doppler echocardio-
graphic studies in patients with mitral and aortic regurgitation
have defined regurgitant fraction thresholds (Table IV).!3!
These same measures can be applied equally well for pul-
monic and tricuspid regurgitation. Another advantage of CMR
versus echocardiography and invasive measures is its ability to
quantify easily the regurgitant volumes attributable to each
valve in the presence of serial regurgitant lesions (e.g., mitral
regurgitation and aortic regurgitation). Preliminary data sug-
gest that novel CMR measures such as effective forward ejec-
tion fraction may also provide a unique parameter to guide sur-
gical intervention in the population with mitral regurgitation. 132

Cardiac Tumors and Masses

Although the high spatial resolution of CMR allows for de-
piction of intracavitary tumors/masses (e.g., myxoma), these
intracavitary “masses” are generally well appreciated and
characterized using conventional echocardiography (transtho-
racic and/or TEE); however, the sensitivity and accuracy of
transthoracic echocardiography for mural left ventricular
thrombi have recently been called into question by an opera-
tive series that suggested far superior accuracy of DE-CMR
(Fig. 6).% Cardiovascular magnetic resonance also has great
value for paracardiac and extracardiac tumors that extend into
the myocardium, cardiac chambers, and/or neighboring medi-
astinal structures (e.g., venae cavae, pulmonary veins). The
ability of 3-D CMR data sets to be reconstructed in any orien-
tation helps in guiding the surgical approach in such situations.

Although rarely difficult to diagnose from echocardio-
graphic images, benign lipomatous hypertrophy of the intera-
trial septum as visualized on transthoracic echocardiography
or TEE may sometimes lead to the misdiagnosis of an atrial
septal “tumor.” The characteristic, very intense signal from fat-
ty tissue'3? with suppression using a fat saturation prepulse
readily allows for the CMR diagnosis of this benign disorder.

Pericardium

The normal pericardium extends around the heart as a thin
black line between visceral and parietal pericardial fat on
spin-echo CMR imaging. Normal CMR pericardial thickness
is €3 mm.13* Among patients presenting with constrictive
cardiomyopathy, often following recurrent pericarditis or me-
diastinal radiation, the pericardium is thickened, a finding that
is readily appreciated by ECG-triggered spin-echo CMR.
Gradient echo methods are slightly less reliable for measuring
pericardial thickness.!3* Computed tomography is also valu-
able in this situation and is better suited for the specific as-
sessment of pericardial calcifications. While CMR (and CT)
will accurately quantify focal pericardial thickening, the pres-
ence of thickened pericardium alone is not diagnostic of con-
strictive physiology, and constriction may be present in the
absence of pericardial thickening.13® Cardiovascular magnet-

TaBLE IV Cardiovascular magnetic resonance (CMR) regurgitant
fraction versus Doppler echocardiographic correlation

Regurgitant severity CMR regurgitant fraction
Mild <15%
Moderate 16%-25%
Moderate—severe 26%-48%

Severe >48%

Adapted from Ref. No. 131.

ic resonance tagging methods demonstrate adherence of the
pericardium to underlying epimyocardium.'3 Among pa-
tients with constriction, CMR also frequently demonstrates
thickened pericardium in concert with an enlarged inferior
vena cava, along with right atrial and right ventricular en-
largement!35 and abnormal septal motion (with real-time
CMR). Although echocardiography is generally adequate for
circumferential effusions, CMR depicts transudative effu-
sions as areas of high intensity, and it may be particularly
helpful in the delineation of loculated effusions, especially in
patients with suboptimal echocardiographic windows.
Delineation of hemorrhagic and transudative effusions is an-
other attribute of CMR.

Congenital Heart Disease

An extensive review of CMR applications for congenital
heart disease is beyond the scope of this review. It has great
utility for both simple and complex congenital heart disease.
While hemodynamically significant, atrial septal and ventric-
ular septal defects are usuvally identifiable by transthoracic
echocardiography and/or TEE, phase velocity CMR is highly
accurate and valuable for quantifying the pulmonary:systemic
flow ratio in patients with known defects!3® or for evaluating
patients with dilated right-sided chambers. As previously
mentioned, CMR is specifically valuable in the characteriza-
tion of congenital heart disease outside of the cardiac cham-
bers. These include aortic coarctation, anomalous pulmonary
venous drainage (Table I),! and complex congenital heart dis-
ease in patients who have undergone corrective or palliative
surgery. For these patients, CMR defines structural compo-
nents and their relationships, including serial evaluation and
planning of subsequent surgical interventions.

Compared with coronary artery CMR for assessment of
stenoses, coronary CMR for identification and characteriza-
tion of anomalous coronary arteries is a widely utilized clini-
cal tool. This condition is found in < 2% of the population and
is generally benign. However, there is an increased risk of
sudden death and myocardial infarction when the anomalous
vessel courses between the aorta and pulmonary artery (Fig.
10). Even among patients with anomalous coronary arteries
identified by invasive x-ray angiography, the anatomic course
of the vessel may be misinterpreted because of the projection
method or operator inexperience, especially with the declin-
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FiG. 10 Three-dimensional coronary cardiovascular magnetic reso-
nance in a patient with an anomalous RCA arising from the left
sinus, RCA =right coronary artery; MPA = main pulmonary artery,
R =rightsinus, L = left sinus, RV =right ventricle, LA = left atrium.
The left main artery is also seen (black arrow). Courtesy of Dr.
Franz Aepfelbacher.

ing routine use of right-heart catheterization, making coro-
nary CMR a preferred approach. Several studies have now re-
ported on the value of CMR in this condition, 3%-'“Z including
the finding of initial misinterpretation by conventional x-ray
angiography.140-142

Cardiovascular Magnetic Resonance:
Future Perspectives

Over the past decade, there has been tremendous clinical
growth in CMR. The recent introduction of high-field (e.g.,
3.0-T) CMR systems and the application of parallel imaging
methods'#? in CMR have the potential to decrease the time
needed dramatically for CMR study completion. Moreover,
investigations of the use of CMR for detection of subclinical
disease are ongoing!* and are expected to expand further the
clinical role of CMR in clinical care. Finally, the enhancement
of real-time CMR has facilitated the exciting birth of interven-
tional CMR methods, including placement of percutaneous
valves and atrial septal defect devices, as well as guidance for
electrophysiologic procedures. Interventional CMR is expect-
ed to have its greatest initial impact in the pediatric popula-
tion'#3 for which radiation exposure is of greatest concern.
Ongoing training and sequence optimization along with mul-
ticenter trials will lead to continued utilization of CMR in the
care of our patients.
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