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PREFACE

The first edition of this book was published at a time when
MR was becoming an important imaging technique for the
diagnosis of cardiovascular diseases. Since that time, CT
has also been recognized as an important technology for the
evaluation of the cardiovascular system. Although the first
images of the beating heart using CT were produced in the
late 1970s and the first images of the heart using MR around
1982, both techniques remained immature and unfamiliar
for cardiovascular diagnosis for two decades or more. Tech-
nological advances in the past several years have rendered
both techniques highly effective and for some applications,
unique in the evaluation of the cardiovascular system. These
techniques can provide precise depiction of cardiovascular
morphology and quantification of physiology.

The first edition was published in 2003. This second edi-
tion appears after a relatively short interval. This approach
was dictated by rapid technological advances and increased
recognition of clinical applications of cardiovascular MR.

Furthermore, during this interval, multi-detector CT has
emerged as an important diagnostic modality, especially for
the evaluation of ischemic heart disease.

Our goal in preparing this book is to provide fully updated
information on the use of MR and CT for the assessment of
cardiac and vascular diseases. Similar to the first edition,
we recognized the rapid advance in both MR and CT tech-
nology and the constantly evolving concepts on their clinical
use. Consequently, we again embarked upon a schedule for
writing this book that spanned less than a year from concep-
tion to completion of the manuscript.

The authors include basic scientists, cardiologists, and
radiologists from around the world. These experts have had
a long involvement in fostering the development of cardio-
vascular MR and CT.

Charles B. Higgins, MD
Albert de Roos, MD
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niques are changing rapidly, and CVMR is currently

in an exciting and crucial phase for its final clinical
acceptance. The main technical limitations are overcome by
development of improved scanner hardware, software, and
image processing tools. In this chapter, basic and advanced
CVMR techniques will be discussed in the context of clinical
application. Based on a virtual patient examination, relevant
techniques will be discussed. The focus will be on techniques
for functional evaluation of heart disease. Special attention
is given to reduced data acquisition methods, because these
techniques are causing a revolution within the field of
CVMR. MR techniques for perfusion imaging, visualization
of delayed enhancement, coronary artery MR angiography,
and vessel wall imaging will be discussed in more detail in
other chapters and will be briefly discussed here.

Cardiovascular magnetic resonance (CVMR) tech-

COILS

Clinical cardiac exams can be performed using the standard
body coil, although image quality is suboptimal. The main
problem is the limited in-plane spatial resolution of around
3 mm?. High spatial resolution is especially important for
accurate assessment of wall motion abnormalities due to, for
example, myocardial infarction. In the past, reliable images
were obtained using the body coil for assessment of global
and regional myocardial wall motion (Fig. 1.1). When an
imaging center is particularly interested in CVMR, using a
standard surface coil is useful, such as a single circular coil
with a diameter of approximately 14 cm, which improves
substantially image quality and spatial resolution. The best
alternative is a dedicated cardiac phased array coil con-
structed of multiple elements. This type of coil is now com-
mercially available from most scanner manufacturers (Fig.
1.1). The main advantage is the further improved image qual-

1



2 | Basic Principles

Figure 1.1. Practical setup of a dedicated cardiac phased array
coil and vector ECG. The standard body coil is integrated with
the magnet bore. (Courtesy of Philips Medical Systems, Best, The
Netherlands.)

ity, spatial resolution, and the larger field of view. An addi-
tional advantage is that phased array coils allow application
of the SENSE technique (1). SENSE represents a revolution-
izing technology in CVMR; its principle is based on parallel
imaging with use of all coil elements. Each coil has a differ-
ent sensitivity profile, which can be exploited to unfold un-
dersampled acquisitions and to reduce the density of the
acquired k-space data, thus speeding up scan time (see later
for details). Using SENSE, currently, a twofold increase in
imaging speed can be obtained as standard; in an experimen-
tal setting higher factors were reached. In general, SENSE
contributes significantly to the clinical acceptance of
CVMR, because it reduces MR scan time, making it compa-
rable to ultrasound or computed tomographic (CT) examina-
tions.

CARDIAC MOTION COMPENSATION

Cardiac motion compensation is performed by synchroniz-
ing the image acquisition to the electrocardiogram (ECG)
signal. Image formation in MR is based on filling “k-space”
during data acquisition (see Appendix); this concept will not
be explained further in this context, because many thorough
and comprehensive publications are available on this topic
(2-6). ECG-triggering is aimed at filling k-space in multiple
steps, based on the timing within the cardiac cycle (Figs.
1.2 to 1.6). For example, to construct a movie of a cardiac
slice, approximately 20 cardiac phases (time frames) are
needed to obtain a sufficiently high temporal resolution. In
general, a time resolution of less than 40 milliseconds per
cardiac phase image is needed to enable selection of the end-
systolic time frame, for calculation of, for example, the end-
systolic volume and ejection fraction. For high resolution,
clinical imaging, these 20 cardiac images per slice cannot
be obtained at once. Therefore, ECG-triggering was devel-

QRS of ECG
N\

Figure 1.2. Schematic diagram of the basic principle of a gra-
dient echo MR sequence [GRE, or fast-field echo (FFE)] in relation
to the timing within the cardiac cycle. After each radio frequency
(rf) excitation pulse (a), one line in k-space is acquired (gray area).
In total, four heart beats are shown, resulting in an image of 4
k-lines. Suppose an image of 120 k-lines is required, the procedure
needs to be repeated 30 times, leading to a total of heart beats
of 120. With a heart rate of 60 beats-per-minute, the acquisition
can be completed during continuous breathing within 2 minutes.
White squares indicate heart phase image segments; typ, time
between each heart phase (temporal resolution).

oped, to synchronize the partial k-space filling to the cardiac
cycle. Suppose we need 128 k-lines for the first cardiac phase
image, but we can only acquire 12 k-lines for that image
per heart beat, then 11 heart beats are needed to complete
k-space filling for that image. This would take a breath-hold
of approximately 11 seconds at a heart rate of 60 beats per
minute. Of course, all 20 cardiac phases are acquired at once,
so within 11 seconds a full movie of a cardiac slice can be
obtained.

Currently, two types of ECG triggering methods are avail-
able. The first is prospective triggering, meaning that image

(04 o
v T v

TR

Figure 1.3. Schematic diagram of the basic principle of a turbo-
field echo (TFE) MR sequence in relation to the timing within the
cardiac cycle. After each rf excitation pulse («), one line in k-space
is acquired, which is repeated two times in this case (turbo-factor
2), leading to a total of two acquired k-lines per heart phase
image segment per cardiac cycle (gray area). In total, four heart
beats are shown, resulting in an image of 8 k-lines. Suppose an
image of 120 k-lines is required, the procedure needs to be re-
peated 15 times, leading to a total of heart beats of 60. With a
heart rate of 60 beats-per-minute, the acquisition can be com-
pleted during continuous breathing within 60 seconds. White
squares indicate heart phase image segments; typ, time between
each heart phase (temporal resolution); TR, repetition time be-
tween rf excitations.
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Figure 1.4. Schematic diagram of the basic principle of an echo-
planar MR sequence (EPI) in relation to the timing within the
cardiac cycle. After each rf excitation pulse (a), in this example
five lines in k-space are acquired (EPI factor 5), leading to a total
of five acquired k-lines per heart phase image segment per car-
diac cycle (gray area). In total, 4 heart beats are shown, resulting
in an image of 20 k-lines. Suppose an image of 120 k-lines is
required, the procedure needs to be repeated six times, leading
to a total of heart beats of 24. With a heart rate of 60 beats-
per-minute, this can be performed during a breath-hold of 24
seconds. White squares indicate heart phase image segments; typ,
time between each heart phase (temporal resolution).

acquisition starts at a fixed delay after the QRS-complex of
the ECG and stops around 80% of the cardiac cycle. Conse-
quently, the 20 cardiac phases are distributed during this
80% of time. The last 20% of the cardiac cycle is not imaged.
This technique is suitable to image systolic heart function.
When one is interested in the last part of the cardiac cycle
to evaluate diastolic heart function, a different method can
be applied. Retrospective ECG gating acquires image data
irrespective of the ECG, while the ECG is recorded in paral-
lel. Once the MR acquisition is finished, the computer calcu-
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Figure 1.5. Schematic diagram of the basic principle of a turbo

field echo-planar MR sequence (TFEPI) in relation to the timing
within the cardiac cycle. After each rf excitation pulse (), in this
case five lines in k-space are acquired (EPI factor 5), which is re-
peated two times per shot (turbo-factor 2), leading to a total of
10 acquired k-lines per heart phase image segment per cardiac
cycle (gray area). In total, 4 heart beats are shown, resulting in
an image of 40 k-lines. Suppose an image of 120 k-lines is re-
quired, the procedure needs to be repeated three times, leading
to a total of heart beats of 12. With a heart rate of 60 beats-
per-minute, this can be performed during a breath-hold of 12
seconds. White squares indicate heart phase image segments; typ,
time between each heart phase (temporal resolution); TR, repeti-
tion time; tyot, Shot duration.
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Figure 1.6. Schematic diagram of the basic principle of a turbo
field echo-planar MR flow sequence (TFEPI flow) in relation to
the timing within the cardiac cycle. After each rf excitation pulse
(), in this case five lines in k-space are acquired (EPI factor 5),
which is repeated two times (turbo-factor 2), leading to a total
of 10 acquired k-lines per heart phase image segment per cardiac
cycle (gray area). In total, 4 heart beats are shown for the flow
sensitive image, as well as 4 heart beats for the flow compensated
image, resulting in images of 40 k-lines for each image type. Sup-
pose the images require 120 k-lines for a sufficiently high spatial
resolution, the procedure needs to be repeated three times, lead-
ing to a total of heart beats of 24. With a heart rate of 60 beats-
per-minute, this can be performed during a breath-hold of 24
seconds. White squares indicate heart phase image segments; typ,
time between each heart phase (temporal resolution); TR, repeti-
tion time; tghor, Shot duration.

lates afterward (retrospectively) the appropriate cardiac
phases, based on the stored ECG and k-space data. The last
part of the cardiac cycle can also be imaged. This technique
has been applied clinically, mostly in conjunction with MR
flow mapping (see later), because it allows estimation of,
for example, diastolic filling pattern or regurgitation volume
in patients with mitral valve insufficiency. Recently, retro-
spective gating became available in combination with faster
scan techniques, such as echo-planar imaging and balanced
gradient echo acquisitions (see later), so now the standard
is retrospective ECG triggering for most CVMR imaging
purposes.

A major problem for clinical application of cardiac
CVMR is the practical worry of obtaining a reliable ECG
signal from a patient inside the MR scanner. In about 2%
to 5% of clinical cases no reliable ECG signal may be ob-
tained. The electrical ECG signal is distorted by the interac-
tion of the magnetic field and the pulsating blood flow
through the aortic arch (magneto hemodynamic effect). Re-
cently, a new approach was launched to correct this problem.
The vector ECG (VCQG) is based on the three-dimensional
orientation of the QRS complex and T wave of the ECG and
the distorting component (7). The MR acquisition can be
triggered by the QRS-complex only and not by mistake by
the T-wave or ECG distortions or by the signal induced by
gradient switching. The VCG, in conjunction with the dedi-
cated cardiac synergy surface coil and SENSE, has revolu-
tionized clinical application of CVMR (Fig. 1.1). Today no
practical limitation for CVMR exists, except for the conven-
tional MR exclusion criteria, such as unstable or sensitive,
implanted metal objects or pregnancy.



4 | Basic Principles

RESPIRATORY MOTION
COMPENSATION

A second source of image distortion is respiratory motion.
A decade ago, MR acquisitions were so time-consuming that
it was impossible to perform breath-hold imaging. At that
time, an inventive technique was introduced called ROPE
(respiratory ordered phase encoding) (8) or PEAR (phase
encoding artifact reduction), which was based on a special
k-line reordering technique, combined with a respiratory
tracking device around the abdomen. By positioning ac-
quired k-lines during breathing in the periphery of k-space
(the part that is less sensitive to motion), breathing artifacts
were decreased. This type of artifact reduction improved
image quality but was not yet optimal because of the indirect
relation between abdominal movement and the actual heart
motion.

Due to development of faster MR imaging techniques,
such as echo-planar imaging and turbo-field echo imaging,
it became possible to acquire image data during a short
breath-hold of around 15 seconds. The general disadvantage
of breath-hold acquisitions is that the reproducibility of the
breath-hold level is not optimal. In a multislice, multiple
breath-hold acquisition this may introduce errors in, for ex-
ample, the summed end-diastolic volume of different slices
that were acquired during different breath-holds. Without
proper patient instruction, this can lead to high variability
in the measurements or, even worse, to inaccurate clinical
data. So when using breath-hold acquisitions, carefully in-
structing the patient to hold his breath in expiration is neces-
sary, which minimizes the previously mentioned problem of
breath-hold level reproducibility.

Some high-resolution MR acquisitions require longer ac-
quisition times than possible during a breath-hold. For exam-
ple, coronary artery MR angiography can be performed dur-
ing a short breath-hold, but the optimal quality can be
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Figure 1.8. The MR acquisition is gated to a predefined accep-
tance window (two solid horizontal lines) based on the traced
respiratory signal (curved solid line) around end-expiration.
K-space data are acquired continuously, but only data are stored
that fulfill the requirement that (a) before data acquisition, the
navigator was within the acceptance window (leading navigator);
or that (b) before and after data acquisition, the navigator was
within the acceptance window (leading and trailing navigator).
Other acquired image data are deleted. This is the principle of a
real-time prospective respiratory navigator.
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obtained by using the respiratory navigator technique only
(9,10). Respiratory navigation is based on a one-dimensional
image positioned at the interface between lung and liver,
and the motion of the diaphragm can be tracked. Usually,
the navigator beam is positioned on the right hemidiaphragm
(Fig. 1.7) and is acquired before and after every MR data
acquisition block (Fig. 1.8), with an acquisition duration of
only 30 milliseconds. The acquisition is then gated to the
automatically traced breathing signal derived from the respi-
ratory navigator. A window around the end-expiration posi-
tion of the diaphragm is defined, determining the positions in
which MR data is accepted. For example, a 3-mm acceptance
window means that in end-expiration a 3-mm motion is ac-
cepted. Respiratory navigators can also be used for slice
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Figure 1.7. The respiratory navigator pencil beam (A, white line; B, white dot) is positioned on the right hemidiaphragm at the
interface between lung and liver, based on a survey image in the coronal (A) and sagittal (B) planes. The one-dimensional navigator
image is acquired repeatedly over time, thereby constructing an image of diaphragmatic motion (C). The edge between lung and liver
is traced automatically, yielding a breathing curve similar to that represented in the diagram of Figure 1.8.



