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Preface

Cardiovascular MR imaging has become a robust, clinically useful modal-
ity, and the rapid pace of innovation and important information it conveys
have attracted many students whose goal is to become adept practitioners.
In turn, many excellent textbooks have been written to aid this process.
These books are necessary and useful in helping the student learn the
underlying pulse sequences used in CMR, as well as the imaging findings in
a variety of disorders. However, one of the difficulties inherent in learning
CMR from a book is that the printed format is not the ideal medium to dis-
play the dynamic imaging that comprises a typical CMR case. For instance,
it may be difficult to perceive focal areas of wall motion abnormality on
serial static pictures, but these abnormalities are often easily seen on cine
loops. One might say that trying to learn CMR solely from a standard
textbook with illustrations is like trying to learn to drive by looking at
snapshots obtained through the windshield of a moving car. The learner
needs to see the cardiac motion and decide if it is normal or abnormal; he
or she needs to be in the driver’s seat. An additional limitation of the avail-
able textbooks on CMR is that while they often have superb illustrations
of abnormal findings, these images have been preselected. In transitioning
to the “real world,” the challenge is for the student to be able to find the
pathology. Therefore, ideally the student should make an initial attempt at
deciding what is normal and abnormal in a given scan, as it is our experi-
ence that it is not uncommon for patients to leave the CMR facility with a
diagnosis that differs importantly from the original indication for the scan.
To do this successfully, the student needs to see the entire scan, with the
mistakes and inconclusive images included, rather than attempt to become
proficient in CMR based solely on preselected images that simply support
the final diagnosis.

This book represents a new and different way of learning CMR. The entire
project is encoded on a single (dual-layer) DVD as a series of Web pages that
can be displayed offline in any Web browser (e.g. Internet Explorer, Firefox,
Safari). Unlike previous CMR textbooks, which typically contain a few
preselected views for each case, the DVD contains the entire scan for each of
the 150 clinical cases (a total of 88,535 CMR images). Within each case, all
the necessary tools to make the diagnosis are presented in exactly the same
format as they are used every day at leading CMR clinical centers, including
side-by-side movies, image magnification, single stepping, and even meas-
urement tools (measurements require an internet connection). This format
provides the student of CMR with the unprecedented opportunity to review
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all of the data and attempt to reach their own conclusion and then reference
an expert opinion simply by clicking on the “Case Discussion” Web link.

The cases comprising this Teaching File demonstrate the utility of CMR for
the entire spectrum of cardiovascular pathology. Straightforward “bread-and-
butter” cases are presented, along with more unusual entities. The first few
cases are designed to introduce the reader to the display format and to the tech-
niques used in CMR, including the mechanics and nuances of image acquisi-
tion. The cases that then follow can be sorted by category (congenital heart
disease, cardiomyopathies, etc.) if desired, but are otherwise presented in a ran-
dom format to allow readers to test themselves in interpreting “unknowns.”
In the initial presentation of the images, the history is withheld, but clicking
the “history” button at the top of the page will reveal it.

Through this presentation of unknown cases, the reader can encounter
the unfiltered “raw data” of real patient scans, can formulate their own
opinion, and then can obtain immediate feedback by reading the discus-
sion. In addition, references are attached to virtually every case. Since
the cases are viewed using a standard web browser, if one is connected to
the Internet, clicking on the associated links will take one directly to the
abstract in PubMed. From there, one can do additional reading as desired.

The print portion of this project, which accompanies the DVD, is organ-
ized into two sections: Part I is an overview of CMR imaging, with an intro-
duction to current techniques and applications. Part II is comprised of the
Case Discussions that explain each case. Part IIl reviews scan planning and
standard protocols. The printed material is thus available for offline read-
ing, but is also reproduced on the DVD. This duplication is done to take
advantage of the Web page format of the DVD, which allows the creation
of links between related subjects. Since the DVD contents are displayed in
a browser window, links from the Case Discussions to the Overview allow
easy navigation from cases to didactic material and back to cases, facilitat-
ing the learning process (when using the DVD).

It is our hope that this assemblage of CMR cases will be helpful to those
cardiologists and radiologists in training who are interested in learning
CMR, particularly those training at facilities where they may not have an
abundance of cases. We are biased of course, but we believe that CMR is
one of the most exciting fields in medicine. We hope that the introduc-
tion to its various implementations as contained in this Teaching File will
stimulate in the reader a broad and sustained interest.

John D. Grizzard, MD
Robert M. Judd, PhD
Raymond . Kim, MD
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How to Use the DVD
and the Book Together

As opposed to many book-DVD combinations, in the instance of this
endeavor, the DVD is the “heart” of the project, while the printed material
is supplementary. To get started, simply insert the DVD into your compu-
ter and navigate to and open the folder containing the Book. Then, click the
“Getting_Started.html” icon and the Teaching File will load in a browser
window. The reader will note that the home page for the project has a
“window-frame” appearance wherein the navigation placemarks (Book,
Cases, Training, etc.) are present along the left margin of the screen, while
the central “pane” shows the case images, or the book text, etc. Selecting
“Cases” will result in the display of a drop-down menu allowing choice “by
number” of the cases in 20 case increments. However, the cases can also be
sorted by category. Clicking on “The Book” will take one to the title page
of the Book. Choosing the “Table of Contents” drop-down menu will take
the reader to an interactive Table of Contents that has links to the various
sections and chapters of the Book.

The Webpax® interface used for the presentation of the cases provides a user-
friendly format for the display of cardiovascular images. This unique interface
allows visualization of cardiac motion at the patient’s native heart rate (assum-
ing sufficient computer resources) as present during the scan. These images
can be viewed using any standard web browser, although the authors’ prefer
Firefox® (http://www.morzilla.com/en-US/firefox/) since this browser appears
to more faithfully follow W3C web standards. Multiple looping images can
be viewed simultaneously, facilitating comparison of the various segments.
Clicking on any given image will result in the image being magnified. In
addition, a scroll bar will then become evident, which provides the reader the
ability to rapidly move back and forth through the stack of images. If two or
more “magnified” views are desired, one can open multiple browser windows,
each with their own view. The thumbnail images are presented as animated
GIFs, and right clicking on the image and “saving as” will allow one to save
the image. Alternatively, if one has an Apple computer, one can simply drag
the image and drop it onto the desktop or directly onto a PowerPoint slide.
Many tools, including the ability to download the magnified views as AVI or
animated GIF files, have been disabled for offline viewing, however, if an inter-
net connection is available these tools will be available during online viewing.
For AVI files, the reader can select the play speed or frame rate, but the default
(for cine images) is the patient’s native heart rate.

The majority of cases are displayed in a standardized format, wherein the
short-axis cine views are presented in the top row, arranged from base to
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Xiv How to Use the DVD and the Book Together

apex as one proceeds from left to right. In the case of a stress / rest perfusion
study, the stress images are presented in the first three or four images of
the second row, and are arranged so that they are directly below the cor-
responding cine image acquired at the same location. The rest perfusion
images are displayed in the third row, again at exactly the same image loca-
tions. Finally, the delayed-enhancement images (again spatially matched
to the cine and perfusion images) are displayed in the fourth row. This
arrangement facilitates the comparison of wall motion with stress and rest
perfusion and viability. In cases performed without perfusion imaging, the
display arrangement may demonstrate some variability, but the essential
images necessary for diagnosis will be available.

Each case has an associated discussion that reviews the imaging findings
and reveals the diagnosis. In addition, references are attached to virtually
every case. Since the cases are viewed using a standard web browser, if one
is connected to the Internet, clicking on the associated links will take one
directly to the abstract in PubMed. From there, one can do additional read-
ing as desired.

It is suggested that the reader initially attempt evaluation of the images
alone, before turning to the discussion. It is our hope that the discussions
will suggest to the reader a systematic approach to the evaluation of CMR
images. The abundance of information presented in a typical CMR case can
be overwhelming at times, and only through the application of a consistent
reading format will one be assured of detecting all the important findings
in a given case. In general, the approach used in the Teaching File follows
this sequence: 1) LV-Cavity size, wall thickness, global and regional wall
motion (using the 17-segment model). 2) RV-Cavity size, wall thickness,
global and regional wall motion. 3) Valves-Mitral, aortic, tricuspid, pulmo-
nic; evaluate for morphology and thickening, regurgitation, and stenosis.
4) Atria -Size, emptying, masses/ thrombi (left atrial appendage in particu-
lar). 5) Perfusion images (if performed)-Compare stress/rest images if both
performed in order to exclude artifact. Evaluate for defects; compare to
analogous regions on cine and delayed-enhancement images. 6) Delayed-
enhancement imaging-Compare to perfusion and cine images at same
spatial locations. If hyperenhancement is present, determine if it is in a
CAD or Non-CAD pattern. Determine the transmural extent of hyperen-
hancement (infarction for patients with CAD) using the 17-segment model
and a 5-point scale for each segment. Evaluate long-inversion-time images
for thrombi. 7) Global overview-Evaluate pericardium for thickening, fluid;
mediastinum and lungs for masses, etc.

MR angiographic images are also presented, and the utility of MRA for
imaging a variety of vascular territories will be discussed. Because of the
variety of body regions examined, it is difficult to suggest a single reading
technique. A few caveats, however, are offered: 1) When possible, think
physiologically when evaluating an MRA study, and not simply anatomi-
cally. For instance, looking for associated collaterals that would be expected
in cases of chronic occlusion facilitates the correct characterization of an
abrupt vessel-cutoff as being due to a stent artifact rather than an occlusion.
2) These studies encompass a lot of anatomy, and attention to extra-vascular
structures is important to avoid missing significant pathology.

The Overview of Cardiovascular MR Imaging included with the Teaching
File is not designed as a comprehensive textbook, but rather is intended to
serve as a quick reference to the current techniques and principles used
in everyday CMR imaging. It can be read prior to attempting to tackle the
Teaching File cases, or may simply be referred to on an “as-needed” basis,
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depending on one’s experience and training. The scanning protocols used by
the authors for a variety of indications are included in the Appendix, along
with a glossary of acronyms to help the reader decode the “alphabet soup”
of abbreviations found in CMR.

John D. Grizzard, MD
Robert M. Judd, PhD
Raymond |. Kim, MD
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Introduction

Over the last several years, cardiovascular magnetic
resonance (CMR) has undergone rapid evolution,
and tremendous advances in pulse sequence design,
scanner hardware, and coil technology have resulted
in progressive expansion of the clinical applica-
tions."™* In particular, new pulse sequences have
leveraged the inherently superior soft tissue contrast
provided by MR so that it now provides the ref-
erence standard for in vivo viability imaging.’
Additionally, the pattern and distribution of scar as
demonstrated by CMR often provides useful infor-
mation regarding the specific etiology of various
cardiac disorders.® 7 Similarly, for imaging cardiac
structure and function, pulse sequence and hard-
ware developments have resulted in improvement
in image quality with simultaneous acceleration of
image acquisitions, resulting in shorter but better

examinations. Improved coil design now allows
the use of parallel imaging technology, resulting
in further reductions in acquisition times.® ® These
improvements have led to the recognition of CMR
as the reference standard for the assessment of
regional and global systolic function,!®!! the detec-
tion of myocardial infarction and viability,'> '3 and
the evaluation of pericardial disease and cardiac
masses.'* 15 In some centers, CMR is emerging
as the test of choice for the detection of ischemic
heart disease, as well as for the initial work-up of
patients presenting with heart failure.'® 17

As CMR moves from a research tool into the
clinical mainstream, there has been a gradual
recognition of the need for standardized imaging
protocols. This process is ongoing, but the Society
of Cardiovascular Magnetic Resonance has for-
mulated initial guidelines for imaging modules
that can be combined as needed for a variety of



different examinations. The cases presented in the
Teaching File in Part IT were acquired using protocols
similar to these guidelines, and our versions of
these guidelines are listed in the appendix. This
chapter provides a brief overview of the common
techniques used in CMR. The subsequent chapters
then outline the standard cardiac examination,
discuss specific applications for the assessment of
a variety of cardiac disorders, and provide some
suggestions on how to optimally use this Teaching
File. Several of the individual Teaching File cases
will also review the techniques of image acquisi-
tion, and the parameters used for given sequences.

CMR Techniques

A unique characteristic of MR imaging is that a
variety of information can be obtained simply by
selecting different software sequences to probe
the tissue characteristics of the organ in question.
Multiple pulse sequences are available for cardiac
MR imaging and can provide morphologic, cine,
perfusion, viability, and velocity-encoded flow
images. Also, certain image sequences may be
utilized to produce cine images wherein multiple
phases at the same slice location are obtained,
or the same sequence may be run as a multislice
acquisition where single phases at multiple locations
are obtained. Although the physics underlying
these pulse sequences are beyond the scope of this
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overview, a brief consideration of pulse sequences
and the resulting images is presented to provide
background for the Teaching File cases.

Morphologic Imaging Using Dark-Blood
Sequences

This was the initial application of MR imaging for
evaluating the heart. Initial implementations used
spin-echo techniques, and subsequently fast spin-echo
acquisitions were developed that resulted in decreased
imaging time. For the most part, morphologic black
blood imaging is now performed with single-shot
double inversion fast spin-echo techniques (Double-
IR FSE, and HASTE or half-Fourier acquisition turbo
spin-echo). These result in still-frame images and are
usually acquired in the standard orthogonal imaging
planes (axial, sagittal, or coronal) (Figure 1.1) (Case
60, series 2 and 4). The TR is typically set at 90% of
the R-R interval, and adjusted to null the signal from
blood. The images are acquired at every other heart-
beat, and are quite useful for rapid morphologic imag-
ing. A fat-saturation prepulse can also be applied.
The rapidity of acquisition is such that breath holding
is not required. These produce excellent depiction
of the overall myocardial structure, as well as the
relationships of the great vessels. They also provide
excellent depiction of the walls of the great vessels
and myocardium.

Occasionally, segmented fast spin-echo images
are acquired when higher spatial resolution and/or

FIGURE 1.1. Axial (A) and sagittal (B) half-Fourier acquisition single-shot turbo spin-echo (HASTE) images



CMR Techniques

improved T1- or T2-weighting is desired, such as
when characterizing cardiac masses. These acquisi-
tions take approximately 7 to 10 seconds per image
and require breath holding. They can be performed
either with or without fat saturation.

Morphologic Imaging Using
Bright-Blood Sequences

Bright blood imaging was usually performed with
gradient-recalled echo pulse sequences, which
resulted in bright intracavitary signal due to the
inflow of moving blood. However, slow flow could
result in poor depiction of the interface between the
blood pool and myocardium.

Steady state free precession (SSFP) sequences
have resulted in significant improvement in bright
blood imaging. With these sequences, image con-
trast is not as dependent on inflow effects, but
rather on the different physical characteristics of
tissues. Specifically, signal intensity is dependent
on the T2/T1 ratio of the tissue being imaged'® (not
including effects from prepulses), and this results in
bright signal for intracavitary blood, and a relatively
dark appearance for myocardium. Images can be
rapidly acquired typically in less than 300—400ms
per image. These sequences do not require breath
holding and are similar to HASTE sequences in that
they are a form of single-shot imaging. For cardio-
vascular structures, one image is typically acquired

Vv
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each heartbeat (at the same cardiac phase), and a
stack of 30 images can be acquired in approximately
30 seconds (Figure 1.2) (Case 66, series 3 and 5)
SSFP sequences are very useful in the evaluation of
disorders producing intraluminal abnormalities. For
example, they can be used for the evaluation of aor-
tic dissection and for localization of the pulmonary
veins prior to MR angiography.

Cine Imaging

The same steady state free precession (SSFP)
technique used to produce bright blood static
images may be adapted for cine acquisition. In this
instance, multiple images are obtained at a single
slice location in rapid succession during different
phases of the cardiac cycle and can be displayed
as a continuous movie loop.' 2° Cine imag-
ing allows evaluation of ventricular wall motion
abnormalities, dynamic changes in wall thickness,
and measurement of chamber sizes. It also allows
assessment of valvular morphology and function
(Figure 1.3) (Case 66, series 33).

The standard cine sequence is a segmented, ret-
rospectively gated acquisition, in which the data
is acquired throughout the cardiac cycle and is
“time stamped” to allow assignment to the proper
cardiac phase. The segmented acquisition indi-
cates that data from several heart beats is com-
bined to yield the image. As such, irregularities in

FiGURE 1.2. Axial (A) and sagittal (B) steady-state free precession (SSFP) images
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FIGURE 1.3. Four-chamber (A) and short-axis (B) cine images using SSFP

the patient’s heart rate and rhythm may degrade
image quality.

In cases of arrhythmia, prospectively triggered
acquisitions may be helpful. Since changes in heart
rate predominately affect the length of diastole
rather than systole, this strategy by beginning with
the R wave and acquiring a predetermined length
of time (usually up to early or mid diastole), can
remove some of the artifacts that result from irreg-
ular cycle lengths. Unfortunately, prospectively
triggered acquisitions often result in the loss of the
terminal phase of diastole, and correspondingly,
measurements of ventricular ejection fraction and
chamber volumes from these acquisitions may be
slightly imprecise. If gating is unsuccessful, or the
arrhythmia is severe, or the patient cannot breath-
hold adequately, real-time cine acquisitions may be
necessary. These acquisitions also employ steady
state free precession sequences, albeit in a single-
shot rather then segmented fashion. Although these
acquisitions have lower spatial and temporal
resolution, they may provide sufficient information
for diagnosis. In addition, real-time cine acquisitions
can be helpful in the detection of dynamic proc-
esses, as they can be acquired during inspiratory
and expiratory maneuvers.

Perfusion Imaging

These sequences are designed to demonstrate con-
trast media passage through the myocardium in a

manner that reliably reflects myocardial blood flow.
It is desirable to have multiple slices during each
heartbeat in order to ensure sufficient ventricular
coverage, with high temporal resolution.'? 2! 22
The sequences used by different manufacturers
differ, but the general strategy is to utilize a
saturation prepulse to accentuate T1-weighting,
and thus accurately depict the passage of a Tl
shortening contrast agent such as gadolinium.?
These sequences are very gradient intensive, such
that only high performance magnets are capable of
executing these sequences with adequate temporal
and spatial resolution. In the implementation used
throughout this teaching file, a saturation recovery
gradient-recalled echo sequence has been used.
Each slice takes approximately 160ms to acquire
(120ms for image acquisition, 40ms to allow
partial recovery of magnetization) and therefore 4
slices require a total of 640 ms. Given that the R-R
interval is approximately 640ms when the heart
rate is 94 beats per minute, 4 slices can be obtained
in most patients unless tachycardia is present.
Perfusion imaging is most often used for the
detection of obstructive coronary artery dis-
ease, where it is performed with pharmacologi-
cal vasodilation (e.g. adenosine). The underlying
principle is similar to that in nuclear perfusion
imaging, where a vasodilator is used to accentu-
ate regional differences in myocardial blood flow.
During adenosine infusion, myocardial blood flow
increases approximately 4-fold downstream of
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FIGURE 1.4. First-pass perfusion MR image acquisition. Images are acquired serially at multiple slice locations (usu-
ally four to five short-axis views for left ventricular coverage) every heartbeat to depict the passage of a compact con-
trast bolus as it transits the heart. Example images of one slice location are shown at several representative timepoints:
before arrival of contrast (frame 1); contrast in RV cavity (frame 12); contrast in LV cavity (frame 22); peak contrast
in LV myocardium (frame 30), showing normal perfusion in the septum (open arrowhead) and abnormal perfusion in
both the anterior and inferolateral walls (solid arrowheads); and the contrast wash-out phase (frame 50)

normal coronary arteries, but does not increase
(or increases minimally) downstream of severely
diseased arteries because the arteriolar beds are
already maximally vasodilated (Figure 1.4) (Case
25, series 21.3). However, there are some differ-
ences as compared with nuclear perfusion imaging,
MR perfusion imaging is a first pass imaging study
that directly images the passage of contrast, and
therefore is performed using an abbreviated adeno-
sine protocol (~3 minutes). Also, MR perfusion
imaging has higher spatial resolution than nuclear
techniques, and can depict a perfusion defect that
is only subendocardial. MR perfusion imaging has
the additional advantage of providing a more linear
depiction of myocardial blood flow in response to
vasodilatation, without the plateau phenomenon

seen with nuclear agents.>* Although research
studies often emphasize analysis of the upslope
curves and other complex post-processing of the
perfusion data, recent reports using visual analysis
demonstrated comparable sensitivity and specifi-
city.? 26 This is the approach used throughout this
Teaching File.

Perfusion imaging can also be used in the evalu-
ation of suspected intracardiac shunts, as well as in
the characterization of cardiac masses.

Viability Imaging

It is important to note that normal myocardium
as well as infarcted and scarred myocardium will
demonstrate contrast enhancement. However, they
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FIGURE 1.5. The volume of distribution for gadolinium is increased in both acute and chronic infarcts. (From Shah
et al, Myocardial Viability. In: Edelman et al, eds. Clinical Magnetic Resonance Imaging (3rd ed.). New York, NY:

Elsevier; 2006)

have different contrast kinetics in that contrast will
washout of normal myocardium at a much more
rapid rate than it will from infarcted or scarred
myocardium.?’ In addition, areas of infarction,
whether acute or chronic, will have a larger rela-
tive amount of extracellular space and therefore
a greater volume of distribution for gadolinium
contrast than will normal myocardium (Figure
1.5) Accordingly, areas of prior infarction will
have higher concentrations of contrast on delayed
images (5 to 10 minutes after intravenous admin-
istration).?® The delayed-enhancement sequences
used for infarct detection are designed to maxi-
mize the differential signal intensity between nor-
mal myocardium and infarcted myocardium.?
The standard delayed-enhancement imaging
sequence incorporates a segmented gradient echo
read-out and an inversion prepulse to produce heavy
T1-weighting.® The inversion pulse serves to flip
the magnetization 180 degrees. The recovery of
magnetization back to baseline by areas that have
a higher gadolinium concentration will be more
rapid (as they have a lower T1 value) than those
with a lower concentration of gadolinium such
as normal myocardium. Therefore, the increased
concentration of gadolinium in an area of scar will
be reflected by more rapid return above the zero-
crossing line and back to baseline longitudinal mag-
netization (Figure 1.6) The time after the inversion
pulse at which normal myocardium is at the zero-

crossing line will result in maximum suppression of
signal from normal myocardium (the myocardium
is said to be “nulled”), and will result in maximum
conspicuity of the area of infarction. At this time
point, infarcted regions will be well above the zero-
crossing line and therefore, will appear bright on
these images (Figure 1.7) (Case 3, series 50).

The standard delayed-enhancement sequences
are segmented acquisitions, acquired at every other
heartbeat in order to allow normal myocardial
regions to recover longitudinal magnetization before
the next inversion pulse is applied. Therefore, they
are constructed from the data of multiple heartbeats.
They typically take approximately 8 to 12 seconds
to acquire. For patients with significant arrhythmia,
or difficulty with breath holding, single-shot
delayed-enhancement images using an SSFP inver-
sion recovery sequence can provide a reasonable
alternative in a fraction of the imaging time.’! 3
These images are slightly lower in contrast to noise
ratio, and have a mildly reduced sensitivity for the
detection of infarction, but provide a satisfactory
option in these circumstances (Case 3, series 30).

Single-shot delayed-enhancement imaging may
also be obtained with a long inversion time (550 to
600ms). These are quite useful in the detection of
thrombi.'> On these images, thrombi will appear dark
in contrast to normal myocardium and infarcted myo-
cardium, which will be grey and bright in image inten-
sity, respectively (Figure 1.8) (Case 11, series 39).
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FIGURE 1.6. (A) Inversion recovery curves of normal and
infarcted myocardium assuming T1 of normal myocardium
is 450 msec and infarcted myocardium is 250 msec. The
time at which the magnetization of normal myocardium
reaches the zero crossing is defined as the inversion time
to "null" normal myocardium. (B) Image intensities result-
ing from an inversion prepulse with various inversion
delay times. Note that image intensities correspond to the
magnitude of the magnetization vector and cannot be nega-
tive. (C) Difference in image intensities between infarcted
and normal myocardium as a function of inversion time.
The optimal inversion time is when the maximum inten-
sity difference occurs. (From J Cardiovasc Magn Reson
2003;5:505-514, with permission)

Although predominately associated with the
assessment of myocardial infarction and viability,
the same delayed-enhancement sequences can also
be helpful in a variety of other circumstances, such
as the detection of viral myocarditis, identifica-
tion of cardiac involvement by sarcoidosis, and
the differentiation of ischemic from non-ischemic
cardiomyopathy.® 3334

Flow-Sensitive Imaging Using
Velocity-Encoded Sequences

In this form of imaging, velocity-encoding phase
shifts result from the sequential application of bipo-
lar magnetic field gradients, which are composed
of two lobes with opposite polarities. These
opposed gradients will produce a phase shift with
the first pulse that will be reversed by the second
pulse. Therefore, stationary spins will acquire
equal and opposite phases in the two gradients,
and will have no net phase at the end of the
sequence. However, flowing spins will acquire
a net phase change, which will be dependent on
their velocity in the direction of the flow-encoding
gradients.7 Gradients can be varied in ampli-
tude or duration to sensitize the pulse sequence to
fast or slow flow. The maximum velocity encoded
by the sequence is termed the Venc and is selected
by the operator.

Aliasing occurs when the maximum veloc-
ity sampled exceeds the upper limit imposed by
the chosen Venc, resulting in apparent velocity
reversal. To avoid aliasing the velocity threshold
must be correctly selected (Case 20, series 43).
Aliasing results in artifactual reduction of the
measured flow, in direct proportion to the extent
of aliasing, and therefore accurate flow measure-
ments require its recognition. It is recognized in
the velocity images where the voxels of assumed
peak velocities have an inverted signal intensity
compared with that of surrounding voxels.

The optimal Venc should just exceed the antici-
pated velocities to be measured. Setting the Venc
too high will lead to increased noise or inaccuracy in
the velocity or flow measurement. With sequences
currently available, phase-contrast measurement
can be performed in a breath hold using retrospec-
tive cardiac gating. Both the magnitude and phase
images are often reviewed (Figure 1.9) (Case 20,
series 46 and 47).
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1. Overview

FIGURE 1.7. Inversion recovery delayed-enhancement images demonstrate an infarct in the right coronary artery territory

These sequences are typically used in two
situations—quantification of gradients across
stenotic valves, and for measurement of blood
flow. The peak gradient across a stenotic valve
can be calculated using the Bernouilli equation,
AP = 4 V2 where velocity V is in meters per sec-
ond, and the gradient is given in mm Hg. On most
scanners, the velocities are given in cm/sec, and
must be converted to m/sec for the calculation.

Flow is simply the sum of the velocities through
a given area over time. These measurements are
typically performed during post-processing using
a dedicated workstation.

MR Angiography

Although previously noncontrast time-of-flight
sequences were used, currently MR angiography

A

FIGURE 1.8. Short-axis single-shot inversion recovery delayed-enhancement images obtained with inversion times
of 300ms (A), and 600ms (B). Note that the mural thrombus adherent to an anterior wall infarction appears high in
signal intensity on the image where myocardium is nulled as it is well below the zero-crossing line. It is low in signal

on the image with a long inversion time
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A

FIGURE 1.9. Magnitude (A) and phase (B) images from a velocity-encoded study of a bicuspid aortic valve

is most often performed using thin section T1-
weighted spoiled gradient-echo image acquisi-
tions during the arterial passage of intravenously
administered contrast.>®**  Synchronization
of image acquisition with the arterial passage
of contrast is most often performed by using
fluoroscopic monitoring of the contrast passage,
with scan initiation triggered after visualization
in the appropriate region (Case 15, series 40).
Alternatively, a timing bolus technique may be
used.* In this technique, a small (2cc) bolus of
contrast is administered and sequential images
are obtained at a predetermined location at a rate
of one per second. The arrival time of the contrast
bolus is then used to calculate the appropriate
time for scan triggering (Case 16, series 12).
Multiple thin slices are obtained in a 3-D volumet-
ric technique, and are then assembled into maximum
intensity projection images, as well as volume ren-
dered images. Multi-planar review of the obtained
images is also performed, in order to visualize the
vessels in cross-section and to evaluate the vessel
walls. This review is facilitated by the acquisition of
the image data in isotropic voxels, which allow refor-
mation into any desired plane without image degra-
dation. The plane of imaging is freely selectable with
MR angiography, but by convention, thoracic studies
are usually performed in either the axial or sagit-
tal plane. An oblique sagittal plane that provides a

“candy cane” view of the thoracic aorta may be used
to minimize breath hold time by reducing the thick-
ness of the imaging slab. Abdominal, pelvic, and
extremity studies are usually obtained in the coronal
plane (Figure 1.10) (Case 16, series 13).

The in-plane image resolution, the slice thick-
ness, and the volume of coverage are all freely

FiGure 1.10. Volume-rendered image from a contrast-
enhanced MR angiogram
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selectable parameters. Increasing in-plane resolu-
tion will increase imaging time, as will dimin-
ishing slice thickness for a given volume of
acquisition. Therefore, in situations where breath
holding is required such as in chest and abdomen
MR angiography, the duration of the acquisi-
tion becomes the limiting factor. A breath-hold
exceeding 25 seconds becomes problematic for
most patients, and imaging should generally be
completed within this time frame. In circum-
stances where cardiac motion is likely to result in
image degradation, such as imaging of the aortic
root, the sequences can be acquired with electro-
cardiographic gating. In this situation, imaging
can be timed to when cardiac motion is minimal
(i.e. diastole), however, since data is acquired
only during a portion of the cardiac cycle, voxel
size is usually increased to maintain the same
breath hold duration.

The use of MR angiography has been well val-
idated in a variety of vascular regions, most nota-
bly for evaluation of renal artery stenosis where
it compares favorably with digital subtraction
angiography.*® % It is also been well accepted for
abdominal, pelvic, and lower extremity runoff
imaging for comprehensive multistation evalu-
ation of the peripheral vasculature in patients
likely to require revascularization.**% It has
advantages over conventional catheter and CT
angiography in that no radiation or potentially
nephrotoxic contrast is required. The examina-
tion can be performed in 30 minutes. No arterial
puncture is required.

Parallel Imaging Acquisition Techniques

Although the different scanner manufacturers have
their own proprietary implementations, all support
parallel imaging techniques. These allow a reduction in
image acquisition time, or improvement in spatial
resolution with the same imaging time, but at a
cost of mildly reduced signal-to-noise. This reduc-
tion is roughly proportional to the square root of
the acceleration factor used, so that at the usual
implementation of an acceleration factor of 2, the
resultant signal-to-noise of the accelerated image is
approximately 70% of the nonaccelerated image.® *
These techniques can be applied to all of the imag-
ing sequences previously described, and are most
helpful in cardiac imaging.

1. Overview

Summary

Cardiac MR imaging has made tremendous
progress in the past decade. Multiple different
sequences are available and provide the ability to
interrogate cardiac structure, function, and viabil-
ity with unparalleled precision. These sequences
individually and in combination provide a diverse
palette from which to choose. Recommendations
for specific choices that will comprise a “Standard
Cardiac Exam” follow in the next chapter.

CMR Safety

The CMR imaging environment has the potential
to pose serious risks to patients and facility staff
in several ways. Injuries can result from the static
magnetic field (projectile impact injuries), very
rapid gradient-field switching (induction of electric
currents leading to peripheral nerve stimulation),
RF-energy deposition (heating of the imaged
portion of the body), and acoustic noise. The
institution of policies that strictly limit access to
the magnet room minimizes the risks of projectile
injuries from the static magnetic field. For instance,
patients are extensively screened prior to imag-
ing, and all facility personnel undergo dedicated
training in MR safety. The use of MR-safe or
compatible equipment (stethoscopes, wheelchairs,
gurneys, oxygen tanks, infusion pumps, monitors,
etc.) with clear labeling of such in the scanner
area reduces this risk further. The Food and Drug
Administration (FDA) has placed limits on the rate
of change of gradient magnetic fields (e.g. the slew
rate) and the amount of RF energy (e.g., specific
absorption rate [SAR]) that can be transmitted to
patients. All scanners monitor the slew rate and
calculate the SAR to help prevent nerve stimula-
tion and heating. Acoustic noise of 100dB or more
are generated from the vibration or motion of the
gradient coils during image acquisition. The use
of protective hearing devices, such as headphones
or earplugs, reduces noise to levels that do not
result in hearing impairment or patient discomfort.
In practice, continuous communication with the
patient throughout the examination is important for
patent comfort and safety.

Patients with medical devices or implants can
face additional potential hazards, including device
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heating, movement, or malfunction. For example,
ferromagnetic aneurysm clips or electronic
medical devices (e.g., neural stimulators, insu-
lin pumps) are strict contraindications to MRI.
However, there is a specific subset of patients
with a metallic implants or devices that can safely
undergo MRI. A comprehensive list of devices
and implants that are compatible with undergo-
ing MRI scanning can be found elsewhere.?%!
Regarding cardiac devices, it is important to
note that prosthetic valves and coronary artery
stents are now considered safe for MRI scan-
ning.’%>2 Indeed, recently, the FDA approved
the use of MRI immediately after the implanta-
tion of paclitaxel and sirolimus drug-eluting
stents. At most institutions, MRI scans are not
performed in patients with implanted pacemak-
ers or defibrillators because of the potential risk
of device malfunction, excessive device or lead
heating, or induction of currents within the leads.
Recently, however, a few preliminary reports have
emerged, suggesting that MRI can be possible in
patients with modern pacemakers and defibril-
lators in whom the benefits are deemed greater
than the risks.”> In patients in whom devices
have been extracted, but with the leads remaining
(permanent or temporary transvenous), MRI is
contraindicated as the risk of heating or induction
of currents can be higher.

Recently, in several small case series, it has
been reported that a small subset of patients
with end-stage renal disease, receiving gadolinium
contrast, may be at risk for developing nephro-
genic systemic fibrosis (NSF)%. NSF is char-
acterized by an increased tissue deposition of
collagen, often resulting in thickening and tighten-
ing of the skin and predominantly involving the
distal extremities. Additionally, fibrosis may affect
other organs, including skeletal muscles, lungs,
pulmonary vasculature, heart, and diaphragm.
Although a definitive causal link with gadolinium
contrast agents has yet to be established, gadolin-
ium contrasts agents should be utilized cautiously
(and alternative tests considered) in patients with
severe renal disease, particularly those undergo-
ing peritoneal dialysis or hemodialysis, or with
acute renal failure. A policy statement regarding
the use of gadolinium contrast agents in the
setting of renal disease has been published by the
American College of Radiology.>
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The Standard Cardiac Exam

Core Components and Common
Modifications
Interpretation and Reporting

General Applications — Quantitative
Evaluation of Structure and Function
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Core Components and Common
Modifications

Chapter 1 explained that an extensive array of MR
sequences are available for cardiac imaging. Each of
these sequences can provide complementary infor-
mation, often of incremental value. The desire for
the most comprehensive imaging possible, however,
must be counterbalanced with the recognition of the
limited time available for scanning based on patient
tolerance and scanner availability. The judicious use
of resources mandates that the essential information
be acquired in the least amount of time possible.

At a minimum, a standard cardiac MR examina-
tion should provide a comprehensive evaluation of
the structure and function of the heart. Additionally,
in the vast majority of patients, myocardial tissue
characterization—with an assessment of infarction,
scarring, and viability—provides substantial clini-
cal value at minimal time cost.

In light of the above, our standard cardiac
examination includes the following:

1. Localizer scout images. (To localize the heart
within the chest and determine the appropriate
cardiac imaging planes).

2. Cine images in the short-axis plane from
above the mitral valve through the cardiac
apex, as well as in the standard orthogonal
long axis views—2-chamber, 4-chamber, and
3-chamber or left ventricular outflow tract
views. (For the analysis of global cardiac struc-
ture and function, regional wall motion, and the
calculation of volumes and mass. NOTE: Also
refer to “LV Structure and Function” module
as described in the Protocols section of the
Appendix) (Case 1).

3. Delayed-enhancement images spatially mat-
ched to the cine images. (For the evaluation of
myocardial infarction and viability, and tissue
characterization. This corresponds to the “Late
Gadolinium Enhancement” module listed in the
appendix) (Case 3).

At some centers, stress perfusion imaging using
adenosine has become so commonplace as to
become a part of the standard examination.'~* Thus,
this will represent the first proposed modification.
The standard examination would begin as usual and
proceed through the acquisition of Cine images. At
this point, the patient is moved partially out of the
magnet to improve visibility during the administration

17
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Patient Adenosine
entering infusion
scanner 140 ;.Lg/kg/min1
Contrast Contrast
injection®> injection®
vY v
Delayed
. Stress ’ : Rest
Cine CMR perfusion 15-minute interval perfusion enhacr;,\cjﬁqment
A J n
L
Time-0 Continuous ECG and blood pressure monitoring 30-40 min

1Adenosine is administered for approx. 3 minutes
2Contrast injection occurs after 2 minutes of adenosine infusion

3Contrast dose is 0.075 mmol/kg

FIGURE 2.1. Timeline for adenosine stress perfusion MR

of adenosine. Adenosine is administered at a dose
of 140ug/kg/min, for at least 2 minutes, at which
time the patient is then returned to the scanner
bore. Contrast is then administered (dose, 0.075-
0.1 mmol/kg body weight) followed by a saline flush
(~50ml) at a rate of at least 3ml/sec via an antecu-
bital vein. On the console, the perfusion images are
observed as they are acquired, with breath-holding
starting from the appearance of contrast in the right
ventricular cavity. If the scanner software does not
provide real-time image display, breath-holding
should be started no more than 5-6 seconds after
beginning gadolinium injection. Breath-holding is
performed to ensure the best possible image quality
(i.e. no artifacts due to respiratory motion) during
the initial wash-in of contrast into the LV myocar-
dium. Once the contrast bolus has transited the LV
myocardium, adenosine is stopped and imaging is
completed 5-10 seconds later. Typically, the total
imaging time is 40-50 seconds, and the total time
of adenosine infusion is 3 to 3.5 minutes. During
vasodilation, direct access to the patient is limited
only during imaging of the first pass.

Prior to the rest perfusion scan, a waiting period
of about 15 minutes is required for contrast to
sufficiently clear from the blood pool. During
this time, additional cine and or velocity/flow
imaging for valvular or hemodynamic evaluation
can be performed. Subsequently, the perfusion
sequence with contrast is repeated without adenos-
ine. Approximately 5 minutes after rest perfusion,
delayed enhancement imaging can be performed.
The total scan time for a comprehensive cardiac
MR stress test, including cine imaging, stress and

rest perfusion, and delayed enhancement is usually
well under 45 minutes. The timeline is displayed in
Figure 2.1 (Case 25).

Obviously, different clinical circumstances will
result in appropriate modification of the basic cardiac
MR examination, with additional modules added
as needed. For example, in patients with angina
referred for stress perfusion imaging from the emer-
gency department, if this is their first evaluation, we
typically add tomographic imaging of the entire chest.
Single-shot dark-blood and/or bright-blood morpho-
logical imaging is performed to obtain an overview
of the great vessels and juxtacardiac structures in
recognition of the fact that chest pain is not always
cardiac in origin. {Case 66, series 2 and 3}

Likewise, if a stenotic aortic valve is incidentally
discovered during the core exam, velocity-encoded
images through the aortic valve can be added. In
the setting of congenital heart disease, MR angi-
ographic images are frequently added to the stand-
ard morphologic images, and velocity-encoded
flow studies are also usually necessary in this set-
ting. Proposed standard protocols for a variety of
cardiac disorders are included in the appendix.

Interpretation and Reporting

For general clinical reporting, we use the 17-
segment model recommended by the American
Heart Association.* This model divides the basal
and mid-cavity levels into 6 segments each, an
apical level into 4 segments and the true apex into
1 segment (Figure 2.2). For each segment, left
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0=Normal/Hyperkinetic

1 =Mild/Moderate Hypokinesis
2 =Severe Hypokinesis

3 = Akinetic

4 = Dyskinetic

0=None
1=1-25%
2=26-50%
3=51-75%
4=76-100%

FIGURE 2.2. Visual interpretation of cine and delayed enhancement images using the 17-segment model

ventricular systolic function is graded visually
using a S5-point scale ranging from normal wall
motion to dyskinesis. LV ejection fraction is also
provided, and estimated from visual inspection of
all the short- and long-axis views. Occasionally,
LVEF is quantitatively measured by planimetry,
such as in patients undergoing chemotherapy with
potentially cardiotoxic agents.

The delayed enhancement images are also inter-
preted using a 5-point scale.’ For each segment
the area or transmural extent of hyperenhanced
tissue is graded visually. Examples of myocar-
dial segments with various transmural extents of
hyperenhancement are shown in Figure 2.3. It is
important that the delayed enhancement images
are interpreted with the cine images immediately

1-25% HE

Left: 26-50% HE
Right: 51-75% He

76-100% HE

FIGURE 2.3. Typical images showing myocardial segments (dashed white lines) with various transmural extents of
hyperenhancement. (From J Cardiovasc Magn Reson 2003;5:505-514, with permission)
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adjacent. The cine images can provide a reference
of the diastolic wall thickness of each region. This
will be helpful if delayed enhancement imaging
is performed before there is significant contrast
washout from the LV cavity, and there is difficulty
in differentiating the bright signal from the LV cav-
ity from hyperenhanced myocardium (Figure 2.4).

Stress and rest perfusion images are scored for
perfusion defects in 16 segments (segment 17 at
the apex usually is not visualized). Then, a sys-
tematic stepwise approach is used to determine
the presence or absence of coronary artery disease.
Importantly, we use an interpretation algorithm
that includes data from delayed enhancement
imaging to improve the accuracy of detecting cor-
onary artery disease over that of perfusion imag-
ing alone (Figure 2.5).> Using this interpretation
algorithm, a CMR stress test is deemed “positive
for CAD” if myocardial infarction is present on
DE-MRI OR if perfusion defects are present dur-
ing stress imaging, but absent at rest (“reversible”
defect) in the absence of infarction. Conversely,
the test is deemed “negative for CAD” if no
abnormalities are found (e.g. no MI and no stress/
rest perfusion defects) OR if perfusion defects are

Delayed
Enhancement
(2 mins post Gad)

Cine Frame
(prior to Gadolinium)

2. The Standard Cardiac Exam

seen at both stress and rest imaging (“matched”
defect) in the absence of infarction. In the lat-
ter, matched defects are regarded as artifacts and
not suggestive of CAD. When both DE-MRI
and stress perfusion MRI are abnormal, the test
is scored positive for ischemia if the perfusion
defect is larger than the area of infarction.

The interpretation algorithm is based on two
simple principles. First, with perfusion MRI and
DE-MRI, there are two independent methods
to obtain information regarding the presence or
absence of myocardial infarction (MI). Thus, one
method could be used to confirm the results of
the other. Second, DE-MRI image quality (e.g.
signal-to-noise ratio) is far better than perfusion
MRI since it is less demanding in terms of scanner
hardware (DE-MRI images can be built up over
several seconds rather than in 0.1 seconds as is
required for first-pass perfusion).> Thus, DE-MRI
should be more accurate for the diagnosis of MI,3
and the presence of infarction on DE-MRI favors
the diagnosis of CAD, irrespective of the per-
fusion MRI results. Conceptually, it then follows
that perfusion defects that have similar intensity
and extent during both stress and rest (“matched”

Delayed
Enhancement
(20 mins post Gad)

FIGURE 2.4. Short-axis view of a patient with an anterior wall myocardial infarction. Diastolic still-frame taken from
the cine images before gadolinium administration is compared to the delayed enhancement image taken both early
and late following gadolinium injection. Note that it is difficult to differentiate the bright LV cavity from the suben-
docardial infarction in the early (2 mins) delayed enhancement image. The cine frame, by showing the diastolic wall
thickness in the anterior wall, provides evidence that there is subendocardial hyperenhancement in the anterior wall
on the early delayed enhancement image. The late (17 mins) delayed enhancement image provides confirmation that
there is subendocardial hyperenhancement in the anterior wall. (From, J Cardiovasc Magn Reson 2003;5:505-514,
with permission)
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Interpretation Algorithm Examples

Rest
Perfusion

Stress
Perfusion

Coronary
Angiography

START
DE-MRI

“Reversible”

“Matched”
defect w.ﬂ

A B

Ptiet3: Normal coronary arteries

FIGURE 2.5. Interpretation algorithm for incorporating delayed enhancement imaging (DE-MRI) with stress and rest
perfusion MRI for the detection of coronary disease. (A) Schema of the interpretation algorithm. (1) Positive DE-
MRI Study: Hyperenhanced myocardium consistent with a prior myocardial infarction (MI) is detected. Does not
include isolated midwall or epicardial hyperenhancement which can occur in nonischemic disorders. (2) Standard
Negative Stress Study: No evidence of prior MI or inducible perfusion defects. (3) Standard Positive Stress Study: No
evidence of prior MI but perfusion defects are present with adenosine that are absent or reduced at rest. (4) Artifactual
Perfusion Defect: Matched stress and rest perfusion defects without evidence of prior MI on DE-MRI. (B) Patient
Examples. Top row: Patient with a positive DE-MRI study demonstrating an infarct in the inferolateral wall (red
arrow) although perfusion MRI is negative. The interpretation algorithm (step 1) classified this patient as positive
for CAD. Coronary angiography verified disease in a circumflex marginal artery. Cine MRI demonstrated normal
contractility. Middle row: Patient with a negative DE-MRI study but with a prominent reversible defect in the anter-
oseptal wall on perfusion MRI (red arrow). The interpretation algorithm (step 3) classified this patient as positive
for CAD. Coronary angiography demonstrated a proximal 95% LAD stenosis. Bottom row: Patient with a matched
stress-rest perfusion defect (blue arrows) but without evidence of prior MI on DE-MRI. The interpretation algorithm
(step 4) classified the perfusion defects as artifactual. Coronary angiography demonstrated normal coronary arteries.
CAD-=coronary artery disease. (Modified from Klem et al, Circulation 2006;47:1630-1638)

defect) but do not have infarction on DE-MRI
are artifactual and should not be considered posi-
tive for CAD (with rare exceptions?). Concerning
this latter point, it is important to recognize that
the interpretation of stress/rest perfusion MRI is
NOT analogous to stress/rest radionuclide imag-

ing. For instance, “matched” defects on perfusion
MRI are far more likely to represent artifact than
prior myocardial infarction. Additionally, infarcted
regions—particularly those that are large and trans-
mural—often appear “reversible” on perfusion MRI.
This is because infarcted regions will accumulate the



