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reamble

his document was developed by the American College of
ardiology Foundation (ACCF) Task Force on Clinical
xpert Consensus Documents (ECDs) and cosponsored by

he American College of Radiology (ACR), American
eart Association (AHA), North American Society for
ardiovascular Imaging (NASCI), and the Society for
ardiovascular Magnetic Resonance (SCMR), to provide a
erspective on the current state of cardiovascular magnetic
esonance (CMR). ECDs are intended to inform practitio-
ers and other interested parties of the opinion of the
CCF and document cosponsors concerning evolving areas
f clinical practice and/or technologies that are widely
vailable or new to the practice community. Topics are
hosen for coverage because the evidence base, the experi-
nce with technology, and/or the clinical practice are not
onsidered sufficiently well developed to be evaluated by the
ormal ACCF/AHA practice guidelines process. Often the
opic is the subject of ongoing investigation. Thus, the
eader should view the ECD as the best attempt of the
CCF and document cosponsors to inform and guide

linical practice in areas where rigorous evidence may not be
vailable or the evidence to date is not widely accepted.

hen feasible, ECDs include indications or contraindica-
ions. Typically, formal recommendations are not provided
n ECDs as these documents do not formally grade the
uality of evidence, and the provision of “Recommenda-
ions” is felt to be more appropriately within the purview of
he ACCF/AHA Practice Guidelines. However, recom-
endations from ACCF/AHA Clinical Practice Guide-

ines and ACCF Appropriate Use Criteria are presented
here pertinent to the discussion. The writing committee is

n agreement with these recommendations. Finally, some
opics covered by ECDs will be addressed subsequently by
he ACCF/AHA Practice Guidelines Committee.

The task force makes every effort to avoid any actual or
otential conflicts of interest that might arise as a result of
n outside relationship or personal interest of a member of
he writing panel. Specifically, all members of the writing
anel are asked to provide disclosure statements of all such
elationships that might be perceived as real or potential
onflicts of interest to inform the writing effort. These
tatements are reviewed by the parent task force, reported
rally to all members of the writing panel at the first
eeting, and updated as changes occur. The relationships

nd industry information for writing committee members
nd peer reviewers are published in Appendix 1 and Ap-
endix 2 of the document, respectively.

Robert A. Harrington, MD, FACC, FAHA
Chair, ACCF Task Force on

Clinical Expert Consensus Documents
 Massimo Fioranelli on July 5, 2010 

http://content.onlinejacc.org


1

1

T
i
T
d
c
A
t
b
e

1

1

A
r
r
u
m
t
e
A

1

D
t
a
s
O
c
t
t
r
a
d
t
m
m

1

T
f
a
m
p
o
e
c
m
w
d

C
T

u
c
a
w
w
T
c
t
r

1
S

T
d
w
F
p

1

T
r
l
a
a
a
t
S
r
r
m
A
i

1

T
S
t
t
c
r
v
i
o
A
p
n
w
f

1

C
a
t
a

2617JACC Vol. 55, No. 23, 2010 Hundley et al.
June 8, 2010:2614–62 Expert Consensus on Cardiovascular Magnetic Resonance
. Introduction

.1. Writing Committee Organization

he writing committee consisted of acknowledged experts
n the field of CMR, as well as a liaison from the ACCF
ask Force on Clinical ECDs, the oversight group for this
ocument. In addition to 2 ACCF members, the writing
ommittee included 1 representative from the American
cademy of Pediatrics (AAP) and 2 representatives from

he ACR, AHA, NASCI, and the SCMR. Representation
y an outside organization does not necessarily imply
ndorsement.

.2. Document Development Process

.2.1. Relationships With Industry

t its first meeting, each member of the writing committee
eported all relationships with industry and other entities
elevant to this document topic. This information was
pdated, if applicable, at the beginning of all subsequent
eetings and full committee conference calls. As noted in

he Preamble, relevant relationships with industry and other
ntities of writing committee members are published in
ppendix 1.

.2.2. Consensus Development

uring the first meeting, the writing committee discussed
he topics to be covered in the document and assigned lead
uthors for each section. Authors conducted literature
earches and drafted their sections of the document outline.
ver a series of meetings and conference calls, the writing

ommittee reviewed each section, discussed document con-
ent, and ultimately arrived at a consensus on a document
hat was sent for external peer review. Following peer
eview, the writing committee chair engaged authors to
ddress reviewer comments and finalize the document for
ocument approval by participating organizations. Of note,
eleconferences were scheduled between the writing com-
ittee chair and members who were not present at the
eetings to ensure consensus on the document.

.2.3. External Peer Review

his document was reviewed by 8 official representatives
rom the ACCF, ACR, AHA, NASCI, and SCMR, as well
s 4 content reviewers, resulting in 279 peer review com-
ents. See list of peer reviewers, affiliations for the review

rocess, and corresponding relationships with industry and
ther entities in Appendix 2. Peer review comments were
ntered into a table and reviewed in detail by the writing
ommittee chair. The chair engaged writing committee
embers to respond to the comments, and the document
as revised to incorporate reviewer comments where
eemed appropriate by the writing committee.
In addition, a member of the ACCF Task Force on

linical ECDs served as lead reviewer for this document.

his person conducted an independent review of the doc- v

 bycontent.onlinejacc.orgDownloaded from 
ment at the time of peer review. Once the writing
ommittee documented its response to reviewer comments
nd updated the manuscript, the lead reviewer assessed
hether all peer review issues were handled adequately or
hether there were gaps that required additional review.
he lead reviewer reported to the task force chair that all

omments were handled appropriately and recommended
hat the document go forward to the task force for final
eview and sign-off.

.2.4. Final Writing Committee and Task Force
ign-Off on the Document

he writing committee formally signed off on the final
ocument, as well as the relationships with industry that
ould be published with the document. The ACCF Task
orce on Clinical ECDs also reviewed and formally ap-
roved the document to be sent for organizational approval.

.2.5. Document Approval

he final version of the document along with the peer
eview comments and responses to comments were circu-
ated to the ACCF Board of Trustees for review and
pproval. Several issues arose during board review that were
ddressed by the writing committee. The document was
pproved in November 2009. The document was then sent
o the governing boards of the ACR, AHA, NASCI, and
CMR for endorsement consideration, along with the peer
eview comments/responses for their respective official peer
eviewers. All 4 organizations formally endorsed this docu-
ent. This document will be considered current until the
CCF Task Force on Clinical ECDs revises or withdraws

t from publication.

.3. Purpose of This Expert Consensus Document

his document is the first ACCF/ACR/AHA/NASCI/
CMR Expert Consensus Document on CMR. It serves
he following purposes: 1) it introduces the basic instrumen-
ation, physics, scan techniques, safety parameters, and
ontraindications associated with CMR acquisitions; 2) it
eviews the use of CMR for assessing patients with cardio-
ascular disease processes; and 3) unique capabilities of
mage data generated with CMR are provided relative to
ther imaging techniques. Finally, recommendations from
CCF/AHA clinical practice guidelines and ACCF appro-
riate use criteria are presented where pertinent. In addition,
ew recommendations for the use of CMR in clinical practice
ere developed by this writing committee and are presented

or those situations where guidelines are unavailable.

.4. Document Overview

MR is an imaging modality that provides a mechanism to
ssess cardiac or vascular anatomy, function, perfusion, and
issue characteristics in a highly reproducible manner during
single examination. Images can be acquired in patients of
arious body habitus, in a time-efficient fashion, without an
 Massimo Fioranelli on July 5, 2010 
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nvasive procedure or exposure to ionizing radiation or
odinated intravenous contrast medium.

.5. CMR Physics

MR is based on the detection of signals from hydrogen
uclei which are in very high concentration within the body
approximately 100 M) (1). Upon a patient entering a
canner, hydrogen nuclei align with and “precess” about the
xis of the magnetic field. This precession can be perturbed
y application of additional small magnetic field pulses. By
pplying these pulses in a controlled manner in the form of
pulse sequences,” signals can be received and processed to
roduce an image of the spatial distribution of the spins or
rotons within the body. A unique feature of CMR is the
vailability of multiple types of pulse sequences for imaging
hat can define cardiac structure, characterize tissue, or
easure cardiovascular function.

.6. Magnetic Field Strength

he strength of the magnetic field within the scanner is
easured in Tesla (T) (2). Typical commercially available
MR field strengths for use in patients with cardiovascular
isease are 1.0-, 1.5-, and 3.0-T. In general, images ac-
uired at higher field strengths exhibit proportionally
reater signals, and thus can produce images with higher
patial resolution and more precise delineation of cardiac or
ascular structures. On occasion, however, artifacts become
ore prominent at higher field strengths, which may

ometimes negate the advantage provided by the higher
patial resolution.

.7. Configuration and Instrumentation
ithin the CMR Suite

MR suites are comprised of 5 components: 1) the room
ousing the scanner; 2) the console room used to direct the
canning process; 3) an image interpretation room; 4) a
pace allocated for the preparation and recovery of patients;
nd 5) a technical room for magnet-related equipment. In
ddition to the magnet, accessory equipment for the scan-
ing procedure is also present in the CMR scanner room.
his equipment includes special devices that function in a
igh magnetic field to monitor heart rate and blood pres-
ure, as well as administer intravenous medications or CMR
ontrast agents. The operator console for the scanner is
ocated outside of the scanning room. This master console is
tilized by the technologist or physician to direct image
cquisition, implement pulse sequences, and to display
mages for immediate review after acquisition. Once images
re acquired, they are often transferred to other computer
orkstations for the purpose of image analysis, storage, and
hysician review.

.8. Advantages of CMR

MR possesses several advantages for the study of patients
ith cardiovascular disease (3). First, images are acquired
ithout application of ionizing radiation or the administra-
ion of radioactive isotopes or iodinated contrast. The t
 bycontent.onlinejacc.orgDownloaded from 
oninvasive acquisition of images without the use of ioniz-
ng radiation facilitates the diagnosis and subsequent mon-
toring of medical conditions without incurring the risk of
eveloping conditions related to ionizing radiation expo-
ure. Second, CMR images can be acquired throughout the
ody in any tomographic plane without limitations imposed
y body habitus. This feature can be helpful in patients with
coustic window limitations during transthoracic echo-
ardiography or attenuation artifacts during radionuclide
cintigraphy.

Third, CMR is a flexible imaging modality that allows
ssessment of multiple different parameters of cardiovascu-
ar anatomy and function. As mentioned, CMR can define
ardiovascular anatomy and structure, characterize tissue
omposition (including myocardial viability), measure func-
ion in terms of heart wall motion or blood flow, assess
etabolism with spectroscopic techniques, visualize and

uantify myocardial perfusion, and define the course and
rientation of epicardial coronary arteries. Importantly,
ecent advances allow for the acquisition of this type of
nformation throughout the body; thus, the ability exists to
recisely define cardiovascular phenotype in patients with
isease processes such as atherosclerosis, cardiomyopathies,
iabetes, and hypertension that commonly affect individuals
ith cardiovascular disease (3).
A fourth advantage of CMR imaging is the ability to

uantify with relatively high spatial and temporal resolution
eaningful measures of cardiovascular structure or perfor-
ance that discriminate normal from abnormal pathologic

onditions or denote adverse cardiovascular prognoses (3).
t 1.5-T, voxel sizes of 1 � 1 � 3 cm can be acquired with
ost pulse sequence strategies. When cine sequences are

equired, frame rates of 20 to 40 ms are routinely available
llowing for the characterization of time-dependent pro-
esses such as left ventricular (LV) diastolic function.

easurements of myocardial mass; blood flow through
essels or across valves; LV or right ventricular (RV)
yocardial thickening, strain, or tissue perfusion; infarct

ize; or plaque burden can be quantified in absolute terms.
tudies have confirmed high reproducibility and low vari-
nce of these measures in repeated samples indicating
arked precision of CMR for use in clinical or research

xaminations (4).

. Assessment of Cardiovascular Structure
nd Function With CMR

.1. Dimension and Morphology

.1.1. Dark Blood Imaging

ark blood imaging sequences, for example those acquired
ith spin echo or inversion recovery techniques, are used to

cquire morphologic images of the heart (5–8). In these
echniques, protons in nonmoving or slowly moving struc-

ures such as the myocardium provide high signal in the
 Massimo Fioranelli on July 5, 2010 
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mages, while rapidly flowing blood within the heart and
reat vessels moves out of the imaging slice (and are
herefore not exposed to both of the radiofrequency pulses),
esulting in a signal void (hence the term “dark blood”).

Dark blood imaging strategies are used throughout the
pectrum of cardiovascular diseases, including the assess-
ent of cardiac and great vessel morphology in congenital

eart disease and thoracic aortic disease (9–11), the assess-
ent of myocardial masses, and the evaluation of the

ericardium (12–14).

.1.2. Bright Blood Imaging

right blood imaging is advantageous for acquiring high
emporal resolution cine movies of LV and RV systolic and
iastolic function. Imaging strategies include gradient echo
GRE), segmented k-space GRE, GRE hybridized with an
cho-planar readout, and steady-state free precession
SSFP) techniques. These sequences produce images in
hich the blood pool is bright relative to the adjacent

ntermediate signal intensity of the myocardium. These
echniques can also be used to identify intravoxel dephasing
elated to turbulent blood flow from valvular stenosis or
egurgitation (15).

Cine CMR for evaluation of cardiac volumes and systolic
unction is considered a standard of reference by which
ther modalities are validated (7). This includes normal
hysiology such as atrial or right-sided myocardial assess-
ent, as well as pathological conditions with low flow states

uch as congestive heart failure.

.2. Myocardial Function

MR is an accurate and highly reproducible technique for
easuring ejection fraction and ventricular volumes in 3

imensions (16). Unlike 2-dimensional (2D) projection tech-
iques, cine CMR imaging does not rely on geometric as-
umptions or calculations based on incomplete sampling of the
ardiac volumes (17–19). Newer SSFP techniques have largely
eplaced conventional GRE for cine CMR assessment of
yocardial volumes, mass, and systolic function (20,21). An

ffset exists between the older conventional GRE techniques
nd SSFP cine-generated CMR measures. The offset between
olumes and mass between the 2 CMR methods is linear over
he range of interest, so that normal databases for myocardial
unction may be adapted for the newer SSFP cine CMR
ethod (22).
For CMR measurement of myocardial volume and mass,

onsecutive breath-hold short axis 6- to 10-mm tomo-
raphic cine short-axis cross-sections of the heart are
btained; the summation of discs method is then applied to
etermine the total myocardial mass and volume (3). A
eries of long-axis views rotated around the anatomical axis
f the left ventricle can also be used to assess LV function
ith comparable accuracy (23–25). In a typical application,

he temporal resolution of cine CMR for myocardial func-
ion determination is 50 ms or less. Breath-hold time for

ach cross-sectional slice is approximately 5 to 10 seconds; m

 bycontent.onlinejacc.orgDownloaded from 
he lower imaging times are achieved with newer CMR
canners that use parallel imaging techniques. For myocar-
ial mass, the total volume of the myocardial wall at
nd-diastole is multiplied by the specific gravity of the
yocardium (1.05 g/mm3). Myocardial mass and ventricu-

ar volumes are commonly adjusted for body size by dividing
aw measures by body surface area to derive indexed values.
ingle acquisition, 3-dimensional (3D) CMR acquisition
ethods for the heart are available. The temporal resolution

n thin, relatively new acquisition is typically lower (100 ms)
han the slice-by-slice acquisition methods; spatial resolu-
ion is lower as well. The primary advantage is a single
reath-hold of 20 to 30 seconds to cover the entire myo-
ardium in this cine 3D mode.

A significant advantage of CMR for evaluation of myo-
ardial mass and volume is its reproducibility and accuracy
ompared with 2D planar or projection techniques that
epend on geometric assumptions in order to define mass
nd volume determinations. As a result, small changes in
yocardial mass and/or volume can be detected over time or

s a result of therapy. This is particularly useful for deter-
ining the impact of therapy or for research purposes in

linical trials where sample size can be reduced by an order
f magnitude compared with planar or projection tech-
iques using LV geometric assumptions (26,27). CMR LV
ize and systolic function are precisely determined with
tandard errors of about 5% (16,19,28–30).

Using CMR, normal LV volumes and mass have been
etermined to be smaller for women than men even after
djustment for body size (16). In normal individuals, LV mass
s relatively constant with increasing age in adults, although LV
olumes decrease by about 3% per decade from age 45 years.
sian-American men tend to have slightly smaller body

ize–adjusted LV mass and volumes (5%) compared with
hites, African-Americans, and Hispanics.
Regional myocardial function may be assessed using CMR

agging (31,32). In this method, specialized radiofrequency
ulses are applied prior to the beginning of the cine CMR
ulses sequence. These additional pulses result in alteration of
he magnetic properties of the heart, typically in a grid stripe
attern. The grids or stripes are dark relative to the remaining
yocardium, and the grids are displaced as a result of myo-

ardial motion/contraction. For research purposes, specialized
oftware is available for dynamic analysis of the spacing
etween the magnetic stripes, allowing regional myocardial
train to be calculated. CMR tagging has allowed precise
uantification of regional heterogeneity in myocardial contrac-
ion in the setting of coronary artery disease (CAD) and
onischemic cardiomyopathy (33–36). In clinical practice,
MR tagging is most commonly interpreted qualitatively

ather than quantitatively. New methods (DENSE [displace-
ent encoding with stimulated echoes in CMR] [37] and
ARP [harmonic phase] [38]) may offer more automated

ethods for myocardial strain analysis.
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.3. Metabolism

MR can be used to assess myocardial metabolism without
he need for administration of radioactive tracers; the basis
or the assessment of myocardial metabolism is magnetic
esonance spectroscopy. For spectroscopy, nuclei other than
ydrogen may be studied, but there are substantial scanner
ardware modifications and signal-to-noise compromises

nvolved in using other nuclei. At the time of writing,
linical cardiac spectroscopy is not available as a routine
ool. Spectroscopic approaches have been applied to evaluate
he behavior of the high-energy phosphates; phosphorus-31
rovides the basis for such evaluation (39). The spectrum is
epresented by a series of peaks, each of which represents 1
r more molecular species, including adenosine triphosphate
ATP), phosphocreatine (PCr), and inorganic phosphate.
he position of a spectral peak is determined by the
henomenon of chemical shift, which is related to the
hemical nature and environment of the molecule. For
xample, the position of or chemical shift of the inorganic
hosphate peak is related to the intracellular pH. With
schemia, the environment becomes acidic, and the inor-
anic phosphate peak is shifted to the right. Due to the
elatively low concentration of 31P, a large volume of
yocardium (20 to 30 cm3) must be interrogated to gener-

te a 31P spectrum at 1.5-T. Spectral resolution can be
mproved by using a higher field strength, for example,
.0-T, and thus, 3.0-T is often preferred.

.4. Phase-Contrast Blood Flow

n addition to the magnitude data used to generate cine
MR images of cardiac function, the phase data collected

rom the image acquisition can be used to measure velocity
40). The use of the phase data, termed the “phase-contrast”
PC) technique, relies on the fact that blood flowing
hrough a magnetic field gradient produces a phase shift
hat is proportional to the velocity of flow (41). By summing
he PC-generated velocities within the area of the lumen
hroughout the cardiac cycle, blood flow within the vessel
an be calculated. PC-CMR measures of blood flow agree
trongly with those obtained in phantom models as well as
y both noninvasive and other accepted invasive techniques
42,43). Conventional PC magnetic resonance (MR) usu-
lly encodes the velocity in a single direction. More recently
eveloped tridirectional PC MR allows velocity encoding in
ultiple directions, facilitating direct visualization of flow

isturbances such as vortices or turbulent flow (44).
Clinically, PC-CMR measures of blood flow velocity

ave been acquired in the aorta (43), the pulmonary arteries
45), coronary artery bypass grafts (46), and across heart
alves (47). These data are useful for identifying abnormal-
ties of blood flow in patients with diseases of the aorta
aortic dissection, aneurysms, or coarctation) (46), congen-
tal heart disease (either through native vessels or surgically
laced conduits) (48,49), or stenotic/regurgitant valve
esions (3). s
 bycontent.onlinejacc.orgDownloaded from 
.5. Myocardial Perfusion

yocardial perfusion imaging by CMR is most commonly
chieved with rapid dynamic imaging during the first pass of
tracer or contrast agent (50). Coronary autoregulation

rovides an efficient mechanism for maintaining adequate
yocardial blood flow during resting conditions in the

resence of flow-limiting epicardial lesions. However, dur-
ng stress, myocardial perfusion is inadequate in the setting
f flow-limiting epicardial coronary artery stenoses. The
yocardial perfusion examination therefore consists of a
easurement at baseline (rest) and a comparative measure-
ent during stress. The term stress is used here in a generic

orm, and in most cases, a vasodilator is administered to
nduce maximal hyperemia and determine the coronary flow
apacitance. The pharmacological agents that are most
idely used for myocardial perfusion imaging with CMR

nclude adenosine and dipyridamole. Exercise-induced
tress is currently performed in specialized academic centers.

Contrast agents used for CMR generally reduce both the
ongitudinal (T1) and transverse (T2) relaxation times (51).
ulse sequence techniques sensitive to T1, T2, or both can
e employed to detect the transit of contrast agent through
perfusion bed. Currently, myocardial perfusion studies are
ostly based on T1-weighted 2D, multislice imaging, with
to 5 slices being considered the minimum for coverage of

he heart. As an alternative to vasodilator perfusion imag-
ng, dobutamine can be administered for assessment of
egional contractile response during rest and stress condi-
ions. Recent data on the prognostic value of CMR perfu-
ion imaging indicate that patients with a normal myocar-
ial vasodilator perfusion reserve and normal dobutamine
tress (DS) wall motion have a 3-year event-free survival
ate of 99.2% (52).

In patients with suspected coronary disease, myocardial
erfusion reserve measured by CMR yields high diagnostic
ccuracy for the detection of flow-limiting lesions (53–55).
MR perfusion imaging has also been used to assess

unctional improvements after percutaneous coronary inter-
entions (56–58). Microvascular dysfunction and microvas-
ular obstruction after myocardial infarction are detected by
MR (59,60), and the presence of microvascular obstruc-

ion detected by early hypoenhancement carries valuable
rognostic information, independent of infarct size
61–63). The extent and incidence of microvascular ob-
truction observed with CMR has been associated with the
uration of ischemia before coronary intervention (64).
An international, multicenter study demonstrated that
MR perfusion imaging exhibits high specificity for
etecting coronary disease (65). Other single-center
tudies have shown similar findings (66). High spatial
esolution provides high utility for detecting flow deficits
ithin the subendocardium layer (66 – 68), the portion of

he ventricular wall most vulnerable to any flow reduc-
ions. CMR perfusion imaging, by virtue of its excellent

patial resolution, may also be indicated in pediatric
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atients, where any exposure to ionizing radiation is of
articular concern (69).

.6. Angiography

agnetic resonance angiography (MRA) exhibits benefits
elated to its lack of exposure to ionizing radiation, iodin-
ted contrast agents, or arterial access (70–72). Moreover,

RA image acquisitions are typically 3D and afford im-
roved visualization of complex geometries through image
ostprocessing of maximum intensity projection and multi-
lanar reformations of 3D data sets. MRA techniques
xhibit high utility for assessing the carotid arteries, aorta,
enal arteries, and peripheral vasculature.

CMR offers a variety of methods for visualizing vascular
athology. Conventional T1- and T2-weighted dark blood
echniques (e.g., spin echo, fast spin echo, and double
nversion recovery fast spin echo) enable proper depiction of
essel walls (73). Bright blood imaging techniques (Table 1;
ime-of-flight, phase contrast, SSFP, and contrast-enhanced
agnetic resonance angiography [CE-MRA]) provide the

bility to evaluate blood flow and to generate images of
essel lumens that allow selective display of vascular anat-
my in 3D projections. With improvements in scanner
peed, it is now possible to perform rapid frame rate MRA,
lso known as time-resolved MR angiography, allowing
irect visualization of flow dynamics, which may be impor-
ant for assessment of vascular shunts or dissections.

.7. Tissue Characterization

unique feature of CMR is the ability to use characteristics
f proton relaxation, typically referred to as the relaxation
imes T1, T2, and T2*, to characterize myocardial or
ascular tissue. Whereas T1 images are often used for
ontrast-enhanced studies (see the following text), T2 and
2* imaging mostly have been used in noncontrast ap-
roaches. For example, within the myocardium, T2-
eighted CMR imaging is sensitive to regional or global

ncreases of myocardial water content. Increased myocardial
ater content has been shown in acute heart diseases such as

ransplant rejection, acute myocarditis, and acute myocar-
ial infarction (74) (Figure 1A).
Another noncontrast tissue characterization technique

elates to the T2* relaxation of the tissue. T2* times are
ignificantly altered by the myocardial iron content; their
uantification provides an excellent marker for iron overload
see Section 3.5.8, Hemochromatosis).

Contrast agents such as gadolinium (Gd) chelates shorten
he T1 relaxation time within the surrounding tissue and
ncrease the signal intensity of regions with high Gd
oncentration during T1-weighted imaging. In essence, Gd
helates facilitate water visualization in the intravascular
blood) or in the extravascular organ tissue space. This can
e used to selectively identify areas with reduced or in-
reased “uptake” of Gd (Figure 1B). Regional differences of
d inflow characteristics after intravenous injection (“first-
ass imaging”) can be used to assess myocardial perfusion. (
 bycontent.onlinejacc.orgDownloaded from 
1-weighted sequences with 3 to 5 slices per heartbeat have
een used in the diagnostic workup for CAD with a very
igh negative-predictive value (52,75). Early after the first
ass of Gd, a significant fraction of the injected Gd enters
he interstitial space. Several minutes after intravenous
dministration of Gd, the larger volume of distribution
vailable in necrotic or fibrotic myocardium results in a
igher concentration of contrast agent than what is present

n viable myocardium. This is typically referred to as
delayed (hyper)enhancement” or “late gadolinium en-
ancement” (LGE) (76). The transmural extent of myocar-
ial scars as defined by LGE predicts functional recovery
fter revascularization (77) and is related to prognosis (78).

Patterns other than the endocardial accumulation of
GE can occur. For example, LV epicardial and midwall
nhancement are known to be associated with infectious
auses of myocardial inflammation (Figure 1C). Also, in-
ammatory conditions involving the heart, such as with
arcoidosis, are associated with midwall accumulation of
GE. A special mechanism may be the cause for Gd
ccumulation in cardiac amyloidosis. Data indicate that a
olecular binding of Gd to amyloid may lead to the

xtensive uptake of the agent in myocardial tissue, typically
ssociated with a very rapid washout from blood (79).

. Important Applications

.1. Heart Failure

MR may be used for assessment of LV and RV size and
orphology, systolic and diastolic function, and for

haracterizing myocardial tissue for the purpose of un-
erstanding the etiology of LV systolic or diastolic
ysfunction. The writing committee recognizes the po-
ential capabilities of spectroscopic techniques for ac-
uiring metabolic information of the heart when evalu-
ting individuals with heart failure.

When assessing patients with heart failure, CMR is
seful in several aspects (80). Questions that may be
nswered by CMR include understanding of the presence
nd severity of morphological and functional abnormalities
f the LV or RV myocardium, determining the underlying
tiology (e.g., ischemic versus nonischemic disease) of LV
r RV dysfunction, and identifying prognostic factors re-
ated to patient outcomes. Often, follow-up studies are
equired during or after therapeutic interventions. CMR
ffers more accurate assessment of function and morphology
han most available imaging modalities, providing reliable
olumetric data with high diagnostic image quality in nearly
ll patients. Table 2 displays quantitative and qualitative
arameters, each of which can be used as diagnostic markers
r descriptors in patients with suspected heart failure.
In general, cine SSFP sequences are used to visualize and

uantify global left and right atrial and ventricular systolic
unction with reference data sets for normal subjects

16,81,86). Regional LV and RV systolic function can be
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able 1. Cardiovascular Evaluation of Structure and Function Using Cardiovascular Magnetic Resonance

Target of Evaluation Technique Description Advantage Common Clinical Indication(s)

imension and
morphology

SE and double IR

GRE/SSFP (not cine)

“Dark blood”

“Bright blood”

● Vessel and myocardial wall evaluation

● Less sensitive to motion artifact than
dark blood SE

● LV dimensions, relationships
of heart to other structures in
chest

● Myocardial masses,
pericardial disease

● Aortic dimensions and
internal lesions, including
intimal flap of dissection

unction Cine SSFP (1.5-T)
or cine GRE (higher

field strengths;
e.g., 3.0-T)

Tissue tagging

“Bright blood” cine with
temporal resolution of
�30–60 ms

● High temporal resolution
● Relatively flow-independent
● 2D and 3D high accuracy and

reproducibility

● LV and RV volumes and
ejection fraction, such as in
heart failure

● LV and RV regional wall
motion

● Valvular heart disease
● With tagging, useful for

quantifying LV and RV systolic
and diastolic function

etabolism MR spectroscopy
with 31P

Detection of spectral peaks
for 31P metabolites

● High specificity ● Ischemia evaluation

lood flow velocity Phase-contrast imaging Blood velocity leads to phase
shift displayed on gray
scale

● High accuracy
● Velocity and flow quantitation
● Locating and identifying intracardiac

shunts or valvular lesions

● Valvular poststenotic and
regurgitant flow

● Large (aorta) and medium
(renal, femoral, carotid)
arterial flow

● Pulmonary artery and vein
blood flow

● Qp/Qs (intracardiac shunts)
● Determination of true and

false lumen blood flow

erfusion T1-sensitive sequences,
single-shot, multislice
acquisitions w/GRE
or GRE-EPI hybrid
sequences

Contrast-based first-pass
imaging for detection of
hypoperfused myocardial
segments

● High spatial resolution (�2 mm
in-plane)

● Rapid results

● Ischemia evaluation,
including detection of CAD
under stress

● Microvascular disease

ngiography Noncontrast MRA (e.g.,
TOF, proximal
compression, SSFP)

Relies on blood flow (TOF and
proximal compression) or
T2/T1 ratio (SSFP)

● No contrast required ● Coronary artery angiography
for detection of stenosis or
anomalous origin/course

3D CE-MRA T1 shortening with contrast-
enhanced MRA image

● Fast and reliably provides
“luminogram” for most vascular
territories

● Bypass graft stenosis
● Aortography
● Carotid angiography
● Renal angiography
● Peripheral angiography

issue Noncontrast

characterization T1-weighted spin echo Fat has very high signal
intensity

● Sensitive for increased fat content ● ARVC/D
● Cardiac mass

T2-weighted spin echo Low signal-to-noise ratio, but
very sensitive to edema

● Sensitive for increased water content ● Acute infarction
● Acute myocarditis

T2*-weighted
sequences

Iron leads to T2* shortening,
quantitative evaluation is
required

● Sensitive for iron ● Hemochromatosis

Contrast-based

T1-weighted spin echo Early enhancement reflects
hyperemia and capillary
leak

● Inflammation ● Myocarditis
● Acute MI

T1-weighted/inversion
recovery

Late enhancement

Late enhancement reflects
areas with delayed wash
out of gadolinium

● Sensitive for necrosis, fibrosis, and
myocardial amyloid

● MI
● Myocarditis
● Infiltrative disease

(e.g., amyloid, sarcoid)
● Hypertrophic or eosinophilic

cardiomyopathy

D indicates 2-dimensional; 3D, 3-dimensional; ARVC/D, arrhythmogenic right ventricular cardiomyopathy/dysplasia; CAD, coronary artery disease; CE-MRA, contrast-enhanced magnetic resonance

ngiography; GRE, gradient echo; GRE-EPI, gradient echotype planar imaging; IR, inversion recovery; LV, left ventricular; MI, myocardial infarction; MR, magnetic resonance; Qp/Qs, pulmonary to systemic
ow ratio; RV, right ventricular; SE, spin echo; SSFP, steady state free precession; T, Tesla; and TOF, time-of-flight.
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ssessed in great detail using myocardial tagging, with circum-
erential strain the most widely described parameter (82,87).

Diastolic LV function has also been assessed with CMR.
or this purpose, analogous echocardiographic parameters

igure 1. Cardiovascular Magnetic Resonance of Acute Myocardit

anel A: T2-weighted image of LV myocardial edema showing global bright signal inte
ent (T1-weighted spin echo) before (left) and after (right) Gd administration; enhan
cho sequence with myocardial nulling) 10 minutes after Gd. Gd indicates gadolinium

able 2. Cardiovascular Magnetic Resonance–Derived Paramet

Parameters

ystolic function LV and RV end-diastolic volumes and indices

LV and RV end-systolic volumes and indices

LV and RV stroke volume and index

LV and RV ejection fraction

Cardiac output and cardiac index

Regional and global systolic wall thickening

Regional or global measures of myocardial s

orphology LV mass and indices

Mean and maximum myocardial wall thickne

Assessment of pericardium

all stress End-systolic wall stress

iastolic function Circumferential strain and strain rate

Peak untwisting rate

End-diastolic forward flow in pulmonary veins

E/A ratio

eversible acute injury Edema (regional or global high signal intensi
T2-weighted images)

rreversible injury, prognosis Myocardial fibrosis (late enhancement)
SA indicates body surface area; E/A, early/atrial (late) ratio for ventricular filling; LV, left ventricular;

 bycontent.onlinejacc.orgDownloaded from 
uch as transmitral flow pattern or the presence of end-
iastolic pulmonary vein forward flow can be utilized (83).
n addition, CMR provides approaches for quantifying LV
yocardial tissue velocity and strain/strain rates. Indicating

(ratio 2.2) of the left ventricle relative to the myocardium. Panel B: Early enhance-
t ratio 5.4. Panel C: Arrows indicating late enhancement (T1-weighted gradient
LV, left ventricular.

n Patients With Suspected Heart Failure

Acronym Units Reference

LVEDV(I), RVEDV(I), mL, mL/cmheight, mL/m2
BSA (16,79,81)

LVESV(I), RVESV(I) mL, mL/cmheight, mL/m2
BSA

LVSV(I), RVSV(I) mL, mL/cmheight, mL/m2
BSA

LVEF, RVEF %

CO, CI mL/min, mL/min/m2
BSA

%

Ecc (%), (%)/s

LVM g, g/cmheight, g/m2
BSA (16,79,81)

MWT mm

mm

ESWS N/m2 � 1000 (30)

Ecc (%), (%)/s (82)

°/s

E/A, Ea (83)

(84)

% of LV mass or myocardial
segment

(85)
is

nsity
cemen
ers i

train

ss

ty in
N, Newton; and RV, right ventricular.
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ts usefulness, strain analysis has been used for detecting
egional abnormalities in patients with LV hypertrophy
espite normal systolic function and lack of clinical evidence
or heart disease (33).

CMR may also provide important information regarding
issue abnormalities (see Section 2.7, Tissue Characteriza-
ion). Focal fibrosis defined by LGE has provided novel
nsights into etiology and risk assessment of patients with
V dysfunction. Of great importance, the regional distri-
ution of scarring allows an accurate discrimination of
schemic from nonischemic cardiomyopathies (88). In con-
rast to subendocardial involvement, patients with nonis-
hemic etiologies of heart failure either do not have detect-
ble focal scars or have a nonsubendocardial distribution
hat is very distinct from ischemic subendocardial and
ransmural patterns. Even within the group of nonischemic
ardiomyopathies, the regional distribution may help to
dentify the underlying etiology. In hypertrophic cardiomy-
pathy (HCM), the LGE is typically found in hypertro-
hied regions and in the interventricular septum close to the
V insertion areas. In dilated cardiomyopathy, an intramu-

al layer of septal fibrosis has been described as a typical
eature and is of strong prognostic value (85,89). Typical
egional patterns of LGE in various etiologies have been
eviewed elsewhere (90).

In patients with acute heart failure, T2-weighted CMR
ay be useful to detect myocardial inflammation due to

cute myocarditis (91). In cardiac iron overload, quantifica-
ion of T2* relaxation times (92) have proven useful for
stimating intramyocardial iron content.

Abnormal high-energy phosphate metabolism has been
tudied by 31P-CMR spectroscopy in patients with dilated
ardiomyopathy (93) and HCM (94). 31P-CMR spectros-
opy, however, is limited by a strong signal from water-
ound protons and difficulties in spectral interpretation due
o the weak 31P signal. Due to these limitations, 31P-CMR
pectroscopy does not yet have a clinical role in the
anagement of heart failure.

.1.1. Potential Advantages of CMR Relative to
ther Imaging Modalities

MR measurements of biventricular function and volumes
re highly reproducibile, accurate, and can be acquired with
high temporal resolution, thereby allowing precise iden-

ification of the point in time in which end-systole and
nd-diastole occurs. High precision and avoidance of ion-
zing radiation allows CMR to be used in longitudinal serial
valuations of patients with heart failure and to assess
esponse to medical intervention or to evaluate disease
rogression (26,95). Furthermore, CMR has unique ap-
roaches to visualize tissue pathology, such as fibrosis, and
herefore provides important diagnostic information. Im-
ortantly, CMR is highly advantageous in patients that may
ave body habitus limitations with other imaging tech-
iques (i.e., acoustic window limitations or attenuation

rtifacts). t
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.1.2. Summary of Existing Guidelines and
ppropriate Use Criteria

he ACC/AHA 2005 Guideline Update for the Diagnosis
nd Management of Chronic Heart Failure in the Adult
ndicates that CMR may be useful in evaluating chamber
ize and ventricular mass, as well as assessing cardiac
unction and wall motion (96). CMR may also be used to
dentify myocardial viability and scar tissue in patients with
eart failure. CMR of the heart or liver may be useful for
onfirming the presence of iron overload (96).

The ACCF/ACR/SCCT/SCMR/ASNC/NASCI/
CAI/SIR 2006 Appropriateness Criteria for Cardiac
omputed Tomography and Cardiac Magnetic Resonance

maging lists CMR evaluation of LV function as an
ppropriate indication in heart failure patients or those with
echnically limited echocardiograms (97).

.2. Coronary Artery Disease

MR may be useful for identifying coronary artery
nomalies and aneurysms, and for determining coronary
rtery patency. In specialized centers, CMR may be
tilized to identify patients with multivessel CAD with-
ut exposure to ionizing radiation or iodinated contrast
edium.
Over the past decade, CMR has evolved into an impor-

ant diagnostic modality for patients with suspected anom-
lous CAD and coronary artery aneurysms. In specialized
cademic centers of excellence, CMR has reached sufficient
aturity for discrimination of patients with multivessel
AD. This may be especially helpful among patients
resenting with a dilated cardiomyopathy in the absence of
clinical history of myocardial infarction.
Coronary CMR is more technically challenging than

MR of other vascular beds due to several unique issues
ncluding: the small caliber of the coronary arteries (3- to
-mm diameter), the near constant motion of the coronary
rteries (during both the respiratory and the cardiac cycles),
he high level of tortuosity of the coronary arteries, and the
urrounding signal from adjacent epicardial fat and myocar-
ium (98–105). To overcome these obstacles, CMR ap-
roaches employ 1) cardiac triggering (e.g., vector electro-
ardiogram [ECG]) to suppress bulk cardiac motion; 2)
espiratory motion suppression (e.g., breath-hold, CMR
avigators); 3) prepulses to enhance contrast-to-noise ratio
f the coronary arterial blood (e.g., fat saturation, T2
reparation); and 4) 3D acquisition that offers superior
ostprocessing capabilities. Bright blood (segmented
-space GRE and SSFP) are most commonly used without
n exogenous contrast agent (e.g., Gd diethylene triamine
entaacetic acid). A special consideration in this popula-
ion is intracoronary stents (see Section 4, CMR Safety),
hich are generally CMR compatible but demonstrate a

ocal signal void/image distortion that is dependent on both

he stent material and the CMR sequence, thereby preclud-
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ng direct evaluation of intrastent and peristent coronary
ntegrity.

.2.1. Anomalous Coronary Artery Identification

lthough unusual (less than 1% of the general population
106]) and usually benign, congenital coronary anomalies in
hich the anomalous segment courses between the aorta

nd pulmonary artery are a well-recognized cause of myo-
ardial ischemia and sudden cardiac death, especially among
oung adults (99). Catheter-based X-ray angiography has
raditionally been the diagnostic imaging test to identify
hese anomalies, but the presence of an anomalous vessel is
ometimes only suspected after the procedure, particularly in

situation where there was unsuccessful engagement or
isualization of a coronary artery.

.2.2. Potential Advantages of CMR Relative to
ther Imaging Modalities

MR has several advantages for diagnosing coronary artery
nomalies. CMR does not require ionizing radiation (likely
o be an important consideration among adolescents and
ounger adults with suspected anomalous CAD) or iodin-
ted contrast agents. Both 2D breath-hold and targeted 3D
r whole-heart free-breathing navigator coronary CMR meth-
ds have been used with similar excellent results (Table 3),
Figures 2 and 3) (98,100–105), including several instances
n which the 3D aspects of coronary CMR were of marked
tility relative to 2D projection techniques (Table 3). The
se of coronary CMR for suspected anomalous coronary
isease is also very helpful when an intramural course is
uspected or present (107).

.2.3. Coronary Artery Aneurysms

n the absence of a percutaneous intervention, the vast
ajority of acquired coronary aneurysms are due to muco-

utaneous lymph node syndrome (Kawasaki’s disease).
hese aneurysms are the source of both short- and

ong-term morbidity and mortality (108). Coronary CMR
Figure 4) studies have confirmed the high accuracy of
oronary CMR for both the identification and the charac-
erization (diameter/length) of these aneurysms (109–111).
imilar data have been reported for ectatic coronary arteries

able 3. CMR Identification of Anomalous Coronary Vessels

Investigators
(Reference) n

Correctly Classified
Anomalous Vessels

cConnell et al. (101) 15 14 (93%)

ost et al. (102) 19 19 (100%)*

liegen et al. (105) 12 11 (92%)†

aylor et al. (104) 25 24 (96%)

unce et al. (98) 26 26 (100%)‡

Includes 3 patients originally misclassified by X-ray angiography. †Includes 5 patients unable to
e classified by X-ray angiography. ‡Includes 11 patients unable to be classified by X-ray
ngiography.
nd fistulas (112).
h
t
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.2.4. Coronary CMR for Identification of
ative Vessel Coronary Stenoses

ata regarding the clinical utility of coronary CMR for
ative vessel integrity are based on high-risk populations
eferred for X-ray angiography. No data are available

igure 2. Cardiovascular Magnetic Resonance of a
oronary Artery Anomaly

n oblique axial reconstruction is presented from a “whole-heart coronary MRA”
equence. The white arrow notes the normally arising left main coronary artery from
he left sinus of Valsalva. The black arrowhead highlights the right coronary artery
rising anomalously from the anterior aspect of the left sinus of Valsalva superior
o the left main origin and then coursing between the aortic root and the outflow
ract of the right ventricle. MRA indicates magnetic resonance angiography.

igure 3. Cardiovascular Magnetic Resonance of a
ingle Coronary Artery

3-dimensional volume-rendered reconstruction from a “whole-heart coronary
RA” sequence in a patient with single ventricle and a single coronary artery. The
hite arrow denotes the proximal right coronary artery, whereas the black arrow

ighlights the elongated left main coronary artery arising from a common origin with
he right coronary artery. MRA indicates magnetic resonance angiography.
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