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Foreword

Cardiovascular magnetic resonance imaging is maturing as a clinical tool in contem-
porary cardiovascular medicine. This imaging modality has become an important part
of hospital-based practice. Yet, magnetic resonance imaging promises to offer even
more to the cardiovascular practitioner in the future as instrumentation evolves and the
manifold potentials of magnetic resonance technology as applied to the cardiovascular
system advances.

Magnetic resonance imaging already excels as a modality for definition of cardiovas-
cular anatomy. Magnetic resonance imaging in particular offers information difficult to
obtain from other sources regarding complex congenital cardiovascular anomalies and
rigorous and quantitative aspects of regional ventricular function. Vascular angiography
by magnetic resonance imaging has in many cases replaced traditional contrast angiog-
raphy as the diagnostic modality of choice for non-coronary atherosclerosis and other
vascular diseases. While the assessment of luminal stenosis by coronary magnetic res-
onance angiography remains challenged by resolution, and cardiac and respiratory
motion, this technique can reliably assess the anatomic course of coronary anomaly.
New 3-dimensional volumetric technique combined with parallel imaging may advance
this challenging application in the future.

Beyond anatomy, magnetic resonance imaging can offer metabolic information
through spectroscopy and add molecular and cellular information. Indeed, the use of
paramagnetic nanoparticles already discloses phagocytic capacity of cells in vivo. It is
likely that many more magnetic resonance probes of cellular and molecular function
will evolve in the coming years to advance magnetic resonance imaging beyond
anatomy and perfusion studies to glean important biochemical and molecular informa-
tion about the heart and vessels.

In addition to providing a rapidly evolving tool for cardiovascular diagnosis, mag-
netic resonance imaging may become increasingly important in guiding cardiovascular
interventions. Already used in electrophysiologic laboratories, the use of MR technol-
ogy in hybrid diagnostic/therapeutic applications will doubtless find a place in cardio-
vascular practice going forward.

The state-of-the-art compilation of expert contributions in this volume edited by
Dr. Raymond Y. Kwong resumes normal and pathologic anatomy of the cardiovascular
system as assessed by magnetic resonance imaging. Functional techniques such as
myocardial perfusion imaging, assessment of flow velocity, and other functional assess-
ments receive important emphasis in this collection. The exciting area of atherosclerosis
plaque imaging and targeted magnetic resonance imaging likewise receive emphasis in
this volume. Taken together, Cardiovascular Magnetic Resonance Imaging covers all of
the important aspects of magnetic resonance imaging of the cardiovascular system and
lays a firm foundation for following its future evolution.

The proliferation of specialized imaging modalities for the cardiovascular system
such as magnetic resonance imaging, radionuclide techniques, ultrasonographic exam-
inations, and emerging optical modalities have led to a fragmentation of skills among
various specialists. A multi-disciplinary work such as that represented by

vii



viii Foreword

Cardiovascular Magnetic Resonance Imaging represents a goal for future integration.
Dr. Kwong has assembled authors with expertise in cardiology, radiology, physics, and
engineering, as well as physiology and biochemistry to explicate the various aspects of
this complex field. As we move forward in cardiovascular imaging, we must not lose
sight of our goal to answer the patient-based question in the most effective and expedi-
tious manner. We must not lose sight of the cardiovascular imaging examination as a
consultation. We must strive to deploy our technology in the most cost effective manner.
Cross-training of cardiovascular imagers in multiple modalities will foster the ethos of
performing the best examination to answer the question rather than using the tool at
hand. The future flourishing and realization of the full potential of cardiovascular imaging
technologies will require rethinking of traditional departmental and disciplinary bound-
aries. The vision for the future for non-invasive cardiovascular imaging in general, and
magnetic resonance in particular, will benefit immeasurably from an interdisciplinary
and seamlessly integrated approach.

As amply demonstrated in Cardiovascular Magnetic Resonance Imaging, this modality
will provide an important bulwark of such an integrated program in cardiovascular
imaging. The information assembled here will help the practitioner use this important
modality in the most informed manner to answer the clinical question at hand.

Peter Libby, mp

Mallinckrodt Professor of Medicine,
Chief, Cardiovascular Medicine,
Harvard Medical School,

Brigham and Women’s Hospital,
Boston, Massachusetts



Preface

Since the successful invention of the first Magnetic Resonance Imaging (MRI)
system by Damadian et al. for cancer diagnosis three decades ago, the medical use of
MRI has developed rapidly applicable to a wide range of diseases. Since the first
attempt to image the heart with MRI in the early 1980s, extensive hardware and soft-
ware advance had overcome the initial obstacles of gating a rapidly beating heart and
long acquisition times. Over the past years, cardiovascular MRI has become a crucial
tool in many routine clinical cardiac diagnoses, with the advantage of providing not
only structural but a multitude of functional or physiologic data which are adjunctive or
even superior to conventional imaging tools.

Cardiovascular Magnetic Resonance Imaging comprises the efforts of a team of
international authors from different disciplines who contributed a broad range of expertise
to the current field of cardiovascular MRI. Throughout the production of this book, the
emphasis has been on comprehensive, scientifically accurate, and clear explanations of
the many components of this rapidly advancing field. We aim to maintain a balance
between technical basis, cardiac physiology, clinical validation, and available prognostic
implications to enhance the educational value of this reference textbook. Radiologists,
cardiologists, internists, and residents and fellows with interests in cardiovascular MRI
may benefit from the range of materials discussed in this book. The accompanying CD
aims to provide an improved interactive learning experience by including many clinical
case presentations.

While plenty remains to be explored in unleashing the full potential of magnetic
resonance technology in imaging the heart, the field of cardiovascular MRI has expe-
rienced steady growth with balanced emphases in both technical improvement and
clinical application. The first edition of the Cardiovascular Magnetic Resonance
Imaging is intended to serve as a practical introductory resource in helping our readers
overcomes the starting challenges in this field.

To better illustrate the versatility of cardiac MRI, we designed the front cover of
this book to include multiple cardiac MRI techniques. Going in a counter-clockwise
fashion: cine steady-state free precession imaging in a patient with severe mitral
regurgitation; delayed enhancement imaging of myocardial infarction with the heart
contained in a restraint device in a large animal; quantitative analysis of regional left
ventricular function by displacement encoding stimulating echo technique (DENSE);
and a 3D high-resolution visualization of the ascending aortic blood flow in a normal
subject (courtesy of Drs. Michael Jerosen-Herold, FrederickChen, Anthony Aletras,
and Michael Markl, respectively).

I wish to express my appreciation to the editors at Humana Press for the opportunity to
undertake this project and for their outstanding help and support in bringing
Cardiovascular Magnetic Resonance Imaging to fruition. I am especially grateful to my
mentors and colleagues around the world in the field of magnetic resonance imaging who
have contributed these important chapters. I hope you would enjoy reading this book.

Raymond Y. Kwong, Mp, MPH
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1 Basic MRI Physics

Anthony H. Aletras
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INTRODUCTION

Magnetic resonance imaging (MRI) basic physics can be described at many different
levels, ranging from purely descriptive all the way to quantum mechanics. Here, MRI
physics is dealt with mostly in a descriptive manner, and simple mathematics are intro-
duced only if necessary. The simple vector-based model for representing the magneti-
zation is presented because it can deal with most aspects of MRI without the additional
complexity of quantum mechanics. In this chapter, nuclear magnetic resonance (NMR)
signal generation and its properties are discussed first. Subsequently, image formation
in terms of localizing the NMR signal in three dimensions is presented.

SPINNING

Clinical MRI is based on imaging mostly water (and to a lesser extent the fat), which
is abundant in physiological tissues. The water molecule contains two hydrogen atoms,
which eventually will generate the MRI signal. The hydrogen atom (Fig. 1) consists in
turn of a negatively charged electron and a nucleus, which contains a single positively
charged proton. The MRI signal is generated from this nucleus, hence the use of the
word nuclear in NMR.

In its simplest representation, one can consider the nucleus/proton as a tiny magnet (with
a north and a south pole like any magnet) that spins along its axis (Fig. 2). These tiny tissue
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2 Cardiovascular Magnetic Resonance Imaging
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Fig. 1. The hydrogen atom consists of an electron and the nucleus, which contains one proton.
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Fig. 2. The proton behaves like a spinning magnet with a north and a south pole; hence, we refer to
it as a spin.
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Fig. 3. (A) Spins are randomly oriented in the absence of an external magnetic field. (B) In the pres-
ence of an external magnetic field Bo, the spins align parallel or anti-parallel to it. (C) The difference
between the parallel minus the anti-parallel spins represents the spins that will create detectable mag-
netic resonance signal.

magnets, which are called spins, are normally oriented randomly (Fig. 3A), but when
brought close to a strong magnet (i.e., within a strong external magnetic field) they align
along (parallel) or in the opposite direction (antiparallel) of it (Fig. 3B). The parallel orien-
tation is slightly favored over the antiparallel, resulting in a small excess of spins along the
parallel direction (approximately 1 in 1 million). These excess spins are the only ones that
will eventually yield a signal (Fig. 3C) that can be later turned into images. This makes MRI
a relatively insensitive method, and it is fortunate that there is an abundance of water in the
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Fig. 4. (A) Spins, represented by p vectors, are randomly oriented in the absence of an external mag-
netic field. (B) The external magnetic field is represented by a long vector, B,. The spins (represented
by the short vectors p) align parallel or anti-parallel to B,. (C) The difference between the parallel
minus the anti-parallel vectors/spins will create detectable magnetic resonance signal.

body to compensate for this cancellation between spins. One can increase this small excess
number of spins that produce signal by increasing the strength of the external magnet.

To avoid displaying small magnets in the figures that follow, each magnet is repre-
sented by a vector. The north pole of each magnet will correspond to the arrowhead and
the south pole to the arrow tail. The length of each vector will correspond to the strength
of each magnet. Therefore, Fig. 3 can now be redrawn as Fig. 4. Note that to distin-
guish these magnets, the letter L is assigned to each spin and B, is used to describe the
external magnetic field. A typical clinical scanner has a magnetic field strength of B, =
L.5 T. For comparison, the earth’s magnetic field is 0.00005 T. The magnet’s B, field is
created in such a way that it has the same strength over the volume of the body that we
wish to image; in other words, it is a homogeneous magnetic field.

This description has ignored the actual spinning of the tiny tissue magnets/spins for
the sake of simplicity but at the expense of accuracy. A better way to describe these
spins is actually to take into account the spinning, which results in an arrangement of
spins on the surface of a parallel and an antiparallel cone relative to the magnetic field
B, (Fig. 5A) with properties as described. To help with the representation of the three-
dimensional (3D) cones onto the two dimensions of the page, we put the cones into a
3D coordinate system and align the main static field along the z-axis of that system.
This also results in the alignment of the two cones also along the z-axis. This Cartesian
3D coordinate system is called the laboratory frame of reference.

Note that the spins in Fig. 5 are not stationary but rather are precessing about the
main magnetic field B,; in other words, they run along the surface of the two cones like
spinning tops. Because the parallel cone has a few more spins on it, one can redraw only
those excess spins that have the potential to generate MRI signal (Fig. 5B). The speed
with which the spins precess about the external magnetic field increases as the strength
of B, increases. This is described by the following relationship, the Larmor equation:

Vo =B, (1)

The Larmor equation states that the type of nucleus involved, as described by its gyro-
magnetic ratio Y, is important for determining the speed of precession. For the hydrogen
nucleus, it is 42.58 MHz/T, which results in a precessional speed (i.e., frequency) of approx-
imately v, = 64 MHz (or 64 million rotations on the cone surface per second) for a typical
clinical MRI scanner (1.5 T). The importance of this spinning/precession will become
evident. It is most important to remember that spins want to precess about an external static
magnetic field and that the frequency of precession is given by the Larmor equation.
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Fig. 5. (A) The spins actually precess on the surface of a parallel and an anti-parallel cone. (B) The
excess spins precess on the surface of the parallel cone. (C) Each spin p has components along the
z-axis and on the base of the cone. The components lying on the base of the cone add up to zero. (D)
The components along the z-axis add constructively to form the main magnetization vector M.

The excess spin cone seen in Fig. 5B can be further simplified if we notice that the
vector components lying on the base of that cone cancel out (Fig. 5C). This happens
because the spins randomly and uniformly occupy the surface of the cone since there is
no particular reason for them to concentrate at one particular point of the cone surface.
As a result, each of the vector components at the base of the cone has its counterpart
pointing in the opposite direction; the net sum of all adds to zero. Because all compo-
nents at the base cancel out, only the components along the z-axis remain. These con-
structively add together to form the net magnetization vector M (Fig. 5D).

From this point on, we will be dealing with the net magnetization vector M rather
than the individual spins. As we use the net magnetization vector M to describe the
MRI physics, do not forget that there is an inherent tendency for M to precess about
magnetic fields in the same way that individual spins precess about magnetic fields. It
is only when M is fully aligned with the z-axis (i.e., along with the main magnetic field
B) that this precession is not visible to us.

What we have done so far is to place our patient inside the MRI scanner, which provides
the static main magnetic field B,,, and to align the net magnetization vector M of the patient’s
tissue water along that field. We still have not collected information or signals from the patient.
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THE MAGNETIC RESONANCE SIGNAL

The creation of the magnetic resonance (MR) signal is based on bringing the net
magnetization vector M down onto the transverse xy-plane, away from the z-axis. This
is done by applying a secondary magnetic field B,. This magnetic field B, is applied for
a brief period of time, on the order of a few thousandths of a second (about 1-5 ms),
and this is why it is considered a pulse. B, is part of a pulse of radio frequency (RF),
which is similar to what commercial radio stations emit to deliver news and music.

The magnetic field B, has one other characteristic that makes it different from B,: it
is not static but rather it rotates with a frequency v, perpendicular to the main magnetic
field B,. Therefore, B, is rotating onto the xy-plane of the laboratory frame of reference
as seen in Fig. 6A. The rotation of B| needs to be at the same frequency (i.e., rotational
speed) that the spins precess. In other words, B, needs to be on-resonance with the
spins, which precess at the Larmor frequency:

vV =V, 2)

The net magnetization M has to precess about the newly introduced rotating mag-
netic field B; while at the same time continuing to precess about the static magnetic
field B,,. The path that the net magnetization M will follow while the resonance condi-
tion (Eq. 2) is satisfied can be seen in Fig. 6B.

This beehive trajectory is not easily seen as the result of two independent precessions
of M about the two magnetic fields. To better visualize this motion, the rotating frame of
reference is introduced. This new frame of reference views things as if one is seated onto
the B, vector and is rotating with it (Fig. 6C). Of course, as a result, in the rotating frame
of reference B, seems not to be moving at all, and it is aligned with the x-axis. Note that
nothing really changes; it is only our perspective of things that changes. It is the equiva-
lent of jumping onto a merry-go-round and not seeing the rotation of the horses anymore
compared to standing off of the merry-go-round. Also, any precession of M about B,
which happens at the same rotational speed because it is on-resonance, is also invisible
to us while in the rotating frame of reference; because v is zero, it is as if By, is not there
anymore (see Eq. 1). This is why when drawing the rotating frame of reference we do
not include By, in it. From now on, whenever B, is not present know that we are inside
the rotating frame of reference; any other notation is irrelevant.

In the rotating frame of reference (Fig. 6C), the precession about B, is the only
motion visible to us. Because the net magnetization M must precess about B, and
because M is perpendicular to B, the first part of this precession is a rotation on the zy-
plane. If B, is removed while M crosses the transverse plane, that is, while M is on the
y-axis, then we can detect the signal it creates (Fig. 6D). The B, has caused M to
rotate from the z-axis to the y-axis; that is, a 90° rotation has occurred, and therefore
B, is called a 90° RF pulse.

Signal detection is easier to see in the laboratory frame of reference (Fig. 6E) in
which M precesses; do not forget that M behaves as a rotating magnet, and because of
its rotation it can induce a voltage onto a loop of wire according to Faraday’s law. This
voltage is the MR signal, and we can record it at will. Note that because of the rotation
of M at the Larmor frequency the signal we record at the loop of wire (i.e., our antenna)
has a sinusoidal waveform as seen in Fig. 7A. This signal is called the free-induction
decay (FID); for now, we ignore the fact that it is decaying with time, that is, that its
size (also known as amplitude) diminishes with time.
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Fig. 6. (A) The RF pulse is represented in the Laboratory Frame of Reference as a vector B; spinning
onto the xy-plane with a frequency v,. (B) While B, is applied, the net magnetization vector pre-
cesses both about B, and B, in a beehive manner towards the xy-plane. (C) In the Rotating Frame of
Reference (which rotates at a frequency of v,) the RF pulse vector B, appears to be stationary. Also,
By, is invisible in the Rotating Frame of Reference. Therefore, the net magnetization vector M appears
to precess/rotate only about B,. When M reaches the y’-axis, B, is removed so as to accomplish a
total of 90° rotation of M. (D) In the Rotating Frame of Reference the net magnetization produces a
signal onto a wire antenna. (E) In the Laboratory Frame of Reference the net magnetization produces
an oscillating signal onto the wire antenna due to the rotation of M (Faraday’s law).

Note that Fig. 7A shows the signal in the laboratory frame of reference (Fig. 6E)
(i.e., at our antenna). If one observed the signal in the rotating frame of reference (Fig. 6D),
then the waveform would be as seen in Fig. 7B, which is the equivalent of listening to
the music of a radio station from our radio’s speaker rather than trying to listen to it by
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Fig. 7. (A) The oscillating free induction decay is the signal recorded within the laboratory frame of
reference (Fig. 6E). (B) The non-oscillating free induction decay is the signal recorded within the
rotating frame of reference (Fig. 6D).

foolishly placing an antenna in our ear. Again, it is all a matter only of how we perceive
things. However, to be able to listen to the music (i.e., observe in the rotating frame of
reference) we do need the radio receiver. Part of the MRI scanner is such a radio
receiver. The signal, rather than being directed to a speaker, is saved in digital form to
the computer’s memory.

This sequence of events to create an FID is called the one-pulse experiment, and it is
depicted in a pulse sequence diagram (Fig. 8). This is the most rudimentary experiment
and consists of just switching on the 90° RF pulse for a short period of time, then
switching it off, followed by turning on the receiver to acquire the MR signal, then
turning it off.

RELAXATION TIMES: T}, T,, AND T,*

The MR signal in Fig. 7 is decaying with time until we can no longer observe any
signal. This is happening as a result of two processes. First, the spins themselves are
small magnets, and they interact with each other. This creates microscopic changes in
the overall magnetic field that the spins experience; as a result, according to the Larmor
equation, spins that constitute the net magnetization vector M (Fig. 9A) will precess
with slightly different rotational speeds (Fig. 9B). Some spins will move faster, some
slower, resulting in the slow decomposition of the net magnetization vector because the
spins no longer precess in a coherent synchronized manner.
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Fig. 8. The one pulse experiment pulse sequence diagram.
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Fig. 9. (A) Following a 90° RF pulse along the x-axis, the magnetization vector M lies onto the
y-axis. (B) The spins that comprise M will precess at faster and slower speeds due to spin-spin inter-
actions. Dephasing will set in. (C) After some time, complete dephasing will occur so that the net
sum of all spins is zero.

In other words, as time goes by, the spins will acquire a different rotational angle (or
phase) relative to each other because of their slightly different rotational speeds (or fre-
quencies). This is called dephasing, and it is the result of increasing randomness (or
increasing entropy). These spin-spin interactions cause the eventual obliteration of the
MR signal (Fig. 9C); in fact, the spins return to the randomness they had before the RF
was pulsed (Fig. 5C). This type of relaxation mechanism, which depends only on spin-
spin interactions, is referred to as T, relaxation.

However, the signal in Fig. 7 also decays as a result of an imperfectly homogeneous
static magnetic field B,,. The effect is similar to that seen in Fig. 9 in that the macro-
scopic B, inhomogeneity causes the individual spins to precess at different frequencies;
as a result, M is destroyed because of dephasing. Note that no matter how good a static
magnetic field we can create, the introduction of the human body into the field causes
local inhomogeneity. Usually the MRI scanners have hardware that can be used for try-
ing to correct these local inhomogeneities to some extent by what is called shimming of
the field. The relaxation mechanism, which depends on spin-spin interactions and the
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additional B, field inhomogeneities, is referred to as T,* (T,-star) relaxation. It is
important to note that both 7, and T>,* only occur while the net magnetization vector M
is on the xy-transverse plane (Fig. 9). While M is along the z-axis, these two relaxation
processes do not happen.

The signal loss over time that is seen in the FID is dependent on T,* relaxation, and
it follows an exponential decay:

M (1) = MXYU:O)e_”TZ 3)

Equation 3 states that the magnetization observed at time zero (My y, _)) on the
transverse plane will decay exponentially according to the elapsed time ¢ and a time
constant T,*. For example, the myocardium has a 7,* of approximately 20 ms. After
time 3 7,*, 95% of the signal will be lost; after 5 T,*, 99.3% of it will be lost. This
shows that the acquisition window (Fig. 8) for the one-pulse experiment should be
adjusted accordingly in length because after 60 ms essentially no signal is acquired.

When the field inhomogeneities are not considered, the relaxation occurs more
slowly, at a rate that is determined by a T, time constant (rather than T,*). This is also
an exponential decay but a slower one according to T,, which is about 50 ms in the
myocardium.

—tIT,
MXY(I):MXY(I:O)e v 4)

In this case, the signal could potentially be acquired over a longer period of time
(150 ms). Unfortunately, the magnetization in the one-pulse experiment is experiencing
T,* relaxation, not T,. We can use a different experiment, the spin echo, to acquire an
MR signal that decays with T, and exploit the longer acquisition windows. Spin echoes
are described in the next section.

So far, we have seen how the signal decays when the magnetization is on the transverse
plane. We have not seen yet how the net magnetization vector recovers along the z-axis
to its original state. This occurs via energy exchange between the spins and their
surrounding environment (i.e., the lattice), hence the term spin-lattice relaxation. In
other words, the spins release their excess energy to the lattice. This is a process that occurs
along the z-axis only, and it is independent of the spin-spin relaxation, which occurs on the
transverse plane. One can think of the net magnetization M growing along the z-axis as
time goes by (Fig. 10). Remember that following a 90° RF pulse the entire M was on the
xy-plane, and no magnetization remained along z; this is why M grows along the z-axis
from zero to its maximum starting value. Spin-lattice relaxation occurs at a relatively
slow rate according to the time constant 7':

Mz(t)zMzo:w) [I-e HTIJ (5

Equation 5 states that the magnetization along the z-axis increases exponentially
with time until it reaches its maximum after a long time. For the myocardium, T is
about 900 ms. After 3 T, the magnetization reaches 95% of its maximum value; after 5
T,, it reaches 99.3% of its maximum. This means that we have to wait approximately
3 seconds or longer if we want to start the one pulse experiment again. Given that our
signal is lost within only 60 ms because of 7,*, this is indeed a long time to wait before
the experiment can be repeated.
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Fig. 10. T, relaxation: over time, the magnetization recovers along the z-axis from zero to its
maximum value.
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Fig. 11. The spin echo pulse sequence diagram. Note that the time-points A-F correspond to
Figures 12A—-12F.

SPIN ECHOES

We saw that the one-pulse experiment results in acquiring an FID, which reflects
T,* decay. True T, decay can only be observed by creating and acquiring a spin echo
rather than an FID. Figure 11 presents the pulse sequence diagram that describes this
process. Observe that the signal is not acquired right after the 90° RF pulse (time-point B)
but rather a waiting period (TE/2) is introduced, followed by an 180° RF pulse, which
is in turn followed by the acquisition at the right time.

Let us see how the net magnetization responds to this type of a pulse sequence
(Fig. 12). Note that the time-points A—F in Fig. 11 correspond to the letters A—F used
in Fig. 12. Initially, M is aligned along the z-axis (Fig. 12A), and it responds to the 90°
B, pulse, which is along the x-axis, by moving onto the y-axis of the transverse plane
(Fig. 12B). On the transverse plane, M experiences signal loss caused by spin-spin
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Fig. 12. (A) A 90° pulse along the x-axis forces the magnetization vector to move onto the zy-plane
towards the y-axis. (B) Once the RF pulse is over all the spins are coherently adding up to form the
net magnetization vector along the y-axis. (C) As time elapses, the spins dephase due to B, field
inhomogeneities (spin-spin interactions are ignored for this example). The faster spins acquire posi-
tive phase while the slower spins lag behind and acquire negative phase. (D) A 180° pulse along the
x-axis is applied. (E) The spins rotate onto the other side of the xy-plane. (Figure 13 shows why this
happens) The spins continue to move with their respective speeds. (F) At time equal to TE all the
spins rephase along —y.

interactions and additional loss caused by dephasing as a result of static magnetic field
(B,) inhomogeneities. Because spin-spin-related signal loss will always occur (accord-
ing to T,), we choose not to depict it here, but rather we focus our attention only on the
extra dephasing caused by static field inhomogeneities (Fig. 12C); that is, we are con-
centrating on the “star” that turns 7, into 7,*. Some spins that comprise M will move
faster (red; running clockwise) and some slower (blue; running counterclockwise);
dephasing occurs during the TE/2 waiting period (Fig. 12C). Then, a 180° B, pulse
along the x-axis is introduced (Fig. 12D), causing the dephasing spins to be rotated
onto the other side of the xy-plane, as seen in Fig. 12E.

Let us discuss why such a rotation occurs by means of Fig. 13, and we will return to
Figs. 11 and 12 in the next paragraph. First, take the red/faster spin closer to the y-axis
(Fig. 12D) and copy it in Fig. 13A so that we can see how it responds to the 180° pulse.
This spin can be decomposed into its x- and y-axis components as seen in Fig. 13B. The
x-axis component is aligned with the 180° RF pulse (Fig. 13C) and does not move.
However, the y-axis component (Fig. 13C) will have to rotate/precess about B, by
180° because it is perpendicular to it and ends up along —y (Fig. 13D). If we now
recombine the x and y components (Fig. 13E), we can see the ending position of the
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Fig. 13. (A) One of the fast moving spins is copied here from Figure 12C. (B) This spin vector has
two components: one along the x-axis and one along the y-axis. (C) The 180° pulse along the x-axis
forces the y component to rotate towards —y. The x-component does not move at all. (D) At the end
of the RF pulse the two components are along x and —y. (E) These two components add together.
(F) The ending position of the vector after the RF pulse is over.

spin (Fig. 13F) as a result of the 180° pulse. Similarly, we can apply the same rules to
determine where the rest of the spins will end up.

Returning to Figs. 11 and 12, following the removal of the 180° pulse, the spins
continue to rotate faster (red) or slower (blue) (Fig. 12E). If we wait for the same
amount of time that it took them to dephase initially (i.e., TE/2), then they will rephase
along —y, and the field inhomogeneity-related dephasing will no longer be visible
(Fig. 12F). The time for rephasing the signal is the echo time (TE), and it is measured
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from the 90° RF pulse. This is the formation of a spin echo at time TE. The 180° pulse
causes the apparent sign change (from positive to negative) to any phase accumulated
prior to its application, so that the net phase adds to zero. Note that dephasing will
take place after TE, and the signal will decay past TE (Fig. 11, signal axis). Only the
top of the spin echo reflects true T, decay over the time TE. So, to measure the 7', of
tissues, multiple experiments are usually run at different echo times, and the amounts
of decay of the acquired spin echoes are plotted against time before fitting the data
with an exponential curve.

GRADIENTS AND GRADIENT ECHOES

Gradient echoes are also a secondary type of signal, similar in that respect to spin
echoes. However, gradient echoes are not created by 180° RF pulses but rather with the
application of gradient magnetic fields. A gradient magnetic field refers to a magnetic
field that adds to or subtracts from the main static magnetic field B, a small amount of
field strength. The amount added or subtracted depends on the particular location in
space of the tissue of interest, and it is proportional to the distance from the center or
the magnet (i.e., the isocenter). There are three different gradient magnetic fields one
can apply at will: Gy, Gy, and G,. These can be seen in the rotating frame of reference
in Fig. 14A-C, respectively.

Let us take Gy as an example (Fig. 14B) to try to understand how gradients work. In
the absence of any gradient field, the spins would experience the same static magnetic
field no matter where they are located in 3D space. In this case of the rotating frame of
reference, the magnetic field strength would be zero because we choose to ignore B,
(unlike the laboratory frame of reference, for which B, is visible). By applying a gradi-
ent magnetic field (Fig. 14B) along the y-direction (i.e., Gy), what we do is modify the
magnetic field such that at y = O the field is still zero; at y = 1 the field is slightly posi-
tive; at y = 2 the field is twice as positive as it was at y = 1; at y = 3 the field is three
times as positive as it was at y = 1; and so on. Similarly, at y = —1 the field is slightly
negative (i.e., spins would rotate in the opposite direction as at y = 1 but with the same
rotational speed); at y = —2 the field is twice as strong as it was at y = —1; at y = -3 the
field is three times as strong as it was at y = —1; and so on.

One can see now that, according to the Larmor equation, there is a particular
rotational speed (also known as the precessional frequency) associated with each
particular point on the y-axis. Given a spin’s frequency of precession, one can figure out
where on the y-axis that particular spin is located. Conversely, given a location on the
y-axis one can predict what the precessional speed will be for a spin at that location.
The gradient strength is measured in Tesla/meter, which shows basically how rapidly
the field changes when moving from y = 0 to y = 1. Typical gradient strengths on
state-of-the-art MR scanners are 0.040 T/m. One can see that this is relatively small
compared to the static magnetic field of 1.5 T. However, such strength is sufficient to
create a spread of frequencies; that is, spins at different locations on the y-axis will be
precessing at different speeds. It is important to realize that the change in the field,
when G, is applied, occurs as we move up and down the y-axis, but that we always are
adding or subtracting to the main field B, along its direction, which is along the z-axis.
A similar description to can be visualized for G or G,

Do not forget that a gradient magnetic field is a known inhomogeneity we chose to
impose on the tissues we are imaging. Indeed, with gradients, we force the B, field to
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Fig. 14. (A) A Gy gradient magnetic field modifies the z-oriented static field depending on x-position.
(B) A Gy gradient magnetic field modifies the z-oriented static field depending on y-position. (C) A
G, gradient magnetic field modifies the z-oriented static field depending on z-position.

change across space; that is, we create a deliberate (and known) B\ inhomogeneity.
This may not make much sense right now because we know that this will cause further
signal decay to 7,*, but we will show how we can use gradients both for creating gra-
dient echoes and for imaging.

For the more mathematically inclined, the Larmor equation (Eq. 1) in the laboratory
frame of reference in the presence of gradient fields becomes

Vo =Y(B, + Gyx + Gyy + G,2) (6)

One can see how the gradients Gy, Gy, and G, add to the main magnetic field B,
depending on their strength and the distance of the tissue from the isocenter, that is,
according to the tissue’s xyz-location in space.

Gradient echoes can be created by gradient pulses with the sequence seen in Fig. 15
(the time-points A—F in Fig. 15 correspond to the labels A—F of Fig. 16). Note the addi-
tion of three more time axes that reflect the strength of the gradient fields along the x-,
y-, and z-directions. The tissue is excited by a 90° B, pulse (Fig. 16A), which brings the
net magnetization vector M from the z-axis down to the y-axis (Fig. 16B). Note that the
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Fig. 15. The gradient echo pulse sequence diagram. Note that the time-points A-F correspond to
Figures 16A—16F.

net magnetization of each location along the x-axis has been individually drawn in Fig. 16
so that we can monitor separately what happens at each location. A significant B, inho-
mogeneity is then introduced by turning on a brief negative Gy gradient pulse (Fig. 15,
time-point B). This causes additional dephasing of the signal to that expected by T,*
alone. In fact, for a typical MR scanner, gradient dephasing is about 1000 times larger
than the dephasing attributed to 7,*. As a result, by the time the negative gradient pulse
is over (Fig. 15, time-point C), the signal is obliterated (Fig. 16C) as a result of spins
moving faster (red) and slower (blue) in response to the negative gradient pulse.

Do not forget that we have control over the polarity and the strength of the gradients.
So, we next turn on the Gy gradient with the same strength but with positive polarity
(Fig. 15, time-point D). This causes dephasing in the opposite direction, in other words,
rephasing. Spins that were fast now become slow and vice versa (Fig. 16D) because it
is the gradient polarity that determines their speeds. If we wait until the positive gradi-
ent is applied for the same amount of time and at the same absolute strength as the neg-
ative gradient, then full rephasing will occur, and the top of a gradient echo will be seen
(Fig. 16E and Fig. 15, time-point E). The time interval from the 90° RF pulse to the top
of the gradient echo is called the echo time, TE. Of course, if the positive Gy gradient
pulse continues to play out (Fig. 15, time interval E-F), then the spins will continue
dephasing, and signal destruction will occur (Fig. 16F). An entire gradient echo then
will have been formed.

It is important to note that, even though we managed to refocus at the top of the echo
any dephasing done by the negative and positive Gy, gradient pulses, we have not been
able to rephase any dephasing caused by T,*. This is because we do not have any means
for changing the polarity of the T,*-related B, inhomogeneities in a gradient echo
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Fig. 16. (A) The spins at different locations along the x-axis are aligned with z initially. The RF pulse
is applied along the x-axis. (B) After the RF pulse has ended, the spins are all aligned parallel to the
y-axis. (C) The application of the negative gradient lobe forces some spins to move faster and some
slower. This results in dephasing. (D) The positive gradient lobe forces the previously fast moving
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experiment. Therefore, we expect the top of the gradient echo to reflect T,*-related
signal losses. Compare this to the spin echo that reflects 7,, and you now have the tools
for measuring both of these time constants. The 7| time constant can be measured by
either an inversion or saturation recovery pulse sequence.

IMAGING

So far, we have been able to acquire a signal from the patient that we have put into
the static magnetic field. However, the signals we collect from the patient’s head or
arms or heart cannot be distinguished from one another. Rather, we have been acquir-
ing with our antenna the net sum of all the signals that originate from the different tis-
sues of the patient. When all is said and done, we have no means for distinguishing the
exact origin of these signals. This is because we have not encoded in any particular way
the magnetization in space; that is, we have not given the magnetization any unique
characteristics based on where it is situated in space.

To localize the signal in 3D space, one has to provide three distinct processes that will
provide a one-to-one correspondence between location and some other measurable
characteristic of the tissue. For MR imaging, these three processes are slice selection,
frequency encoding, and phase encoding. These processes will be described in the
sections that follow. The Fourier transformation, which is essential for extracting spatial
information from the encoded MR signal, will also be described. Note that, for illustra-
tion, the image that we will collect will be an axial one, that is, perpendicular to the long
axis of the body. However, any 3D image orientation may be acquired with appropriate
control of the scanner, which is a major advantage of MRI. For clinical scanners, the
patient is introduced to the magnetic field B, such that the head-feet direction is parallel
to B, and therefore along the z-axis. The typical gradient echo imaging pulse sequence is
shown in Fig. 17; this is the sequence that will be used in the following sections to intro-
duce the principles of imaging with MR. Note that this is not a complete gradient echo
imaging sequence because some details have been omitted for the purpose of this basic
presentation.

SLICE SELECTION

The first step in encoding the signal in space is slice selection. So far, we have been
exciting with RF all the magnetization vectors in the body of the patient such that the vec-
tors are rotated from the z-axis down to the y-axis (e.g., Fig. 16B); this is done irrespec-
tive of where these vectors are located. The goal with slice selection is not to excite all
spins but rather only those spins within a particular plane (i.e., within a slice) of imaging
interest. Such slices could be selected to go across the head, the heart, or any other tissue.

Within the slice of interest, we want the magnetization to be rotated down to the
y-axis and eventually to produce a signal. In any other point in space, the magnetization
should remain along the z-axis and therefore will not yield a signal. Slice selection is
accomplished by applying a gradient field along the z-axis (Fig. 14C) at the same time that

Fig. 16. (Continued) spins to move slow and the previously slow moving spins to move fast. This
results in rephasing. (E) When the positive gradient lobe is applied for the same time as the previous
negative lobe then full rephasing occurs. The effects of the two gradient lobes cancel out. (F) The
positive gradient lobe continues to be applied and further dephasing is observed.
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Fig. 17. The gradient echo imaging pulse sequence diagram.

the RF pulse is played out (Fig. 17, beige color). The gradient field along the z-axis causes
spins at different planes parallel to the transverse plane to precess at different frequencies.

Only the spins in a plane where the precessional Larmor frequency v, is equal to the
frequency v, of our RF pulse will respond to the RF pulse and be brought on the trans-
verse plane. In other words, only the spins in the plane that is on-resonance with the RF
pulse (Eq. 2) will produce a signal. Do not forget that we have full control of the RF pulse
frequency, so we can select any such plane parallel to the xy-plane. How thick a plane we
excite is set both by the gradient strength G,, and the characteristics of the RF pulse.
Without going into details, the stronger G,, gets, the thinner the slice we can select.

In our imaging experiment, we have so far managed to localize in one dimension by
allowing only magnetization from one particular slice along the z-axis to participate in
signal formation. As a result, the signal we collect will be similar to the one seen in Fig. 7
but much smaller in size (or amplitude) because all the remaining slices that were
excluded by slice selection no longer contribute to the signal acquired. We now need to
encode the signal along the remaining two dimensions, x and y.

FREQUENCY ENCODING

If we apply a gradient pulse during the time we acquire the MR signal (Fig. 17, dark
blue areas), we effectively encode the signal in space in a manner that we can exploit so
that we can determine the signal’s origin. A gradient pulse that is played out at the same
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Fig. 18. A bird’s eye view of the imaging slice: The application of a readout gradient along the x-axis
forces the spins to precess at different frequencies according to their x position. Note that the y posi-
tion of a spin plays no role in this process.

time as the acquisition window (i.e., during the time we “read out” the signal) is called a
readout gradient. In fact, the gradient echo we introduced in Figs. 15 and 16 is an exam-
ple of an MR signal that is acquired in the presence of a readout gradient applied along
the x-axis (Gy). We can see that our imaging pulse sequence (Fig. 17) also acquires a
gradient echo because the Gy gradient pulse is used in the same manner. The Gy readout
gradient pulse is frequency—encoding the MR signal. We already know how the dephas-
ing with a negative gradient pulse followed by rephasing with a positive gradient pulse
creates a gradient echo, so there is no need to explain this further. Rather, the next para-
graphs will focus on why the gradient echo contains spatial information and how that
information is extracted.

Let us assume that we are imaging an object that resembles a slice of bread that lies
on the transverse plane (Fig. 18). Note that this is a bird’s eye view from the z-axis
down to the xy-plane. The application of a readout gradient Gy (Fig. 17, time interval
DF) forces the magnetization at different points of the x-axis to precess at different
speeds (Fig. 18, speeds of black, red, green, blue, orange that are progressively higher).
Therefore, the magnetization at different rows has now a unique characteristic, that is,
a different precessional frequency that can be potentially used to localize the signal
along the x-axis.

It is not difficult for us to see these different frequencies, which correspond to the
rows in Fig. 18, because they are separately drawn. For instance (Fig. 19A, black trace),
the vectors corresponding to the magnetization at x = 3 would form (as a result of their
spinning) a sinusoidal wave with, for example, a rotational speed of 300 rotations per
second (i.e., a “black” frequency of 300 Hz) and a signal intensity (i.e., amplitude) of
4 units because there are 4 “disks” with magnetization vectors in that row. Then, the
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Fig. 19. The signals originating from the rows of spins in Fig. 18. The colors correspond 1-1 with
those of Fig. 18. Spins along the x-axis that are further away from the isocenter emit a sinusoidal
waveform that has a higher frequency (e.g. E). The sum of all sinusoids (F) is what we observe.

magnetization at x = 4 (Fig. 19B, red trace) would correspond to a faster rotating sine
wave (red frequency, 400 Hz) with an amplitude of 5, the magnetization at x =5 (Fig. 19C,
green trace) to an even faster sine (green frequency, 500 Hz) with an amplitude of 6, at
x =6 (Fig. 19D, blue trace) to a sine with blue frequency of 600 Hz and amplitude of 5,
and finally at x = 7 (Fig. 19E, orange trace) to a sine with orange frequency of 700 Hz
and amplitude of 4. Note how the frequency of the sine becomes higher further away
from zero (as expected because of the higher precessional speed caused by the progres-
sively stronger field) and how the amplitude of the sine is modulated by how many
disks of magnetization correspond to each row within our object.

Because the sinusoidal waveforms from the different locations are separately drawn
in Fig. 19A-E, it is easy for us to see the different frequencies generated by the pre-
cessing magnetization vectors seen in Fig. 18. However, the picture becomes more
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Fig. 20. (A) The sum of all sinusoidal waveforms originating from spins along various x-axis posi-
tions (Fig. 19F) contains the spatial information within it. (B) The Fourier transformation extracts the
spectral information from the detected signal. Note that the x-axis represents frequencies in Hz.
(C) Frequencies can be converted into position along the x-axis because the encoding strength of the
readout gradient is known.

difficult to visualize if we take into account that we actually observe the sum of all
these spinning vectors, that is, the sum of all the color sinusoids seen in Fig. 19A-E. In
other words, we observe the net sum seen in Fig. 19F, and we are then asked if we can
decipher that it contains all five waveforms seen in Fig. 19A-E. If we could do this,
then we could pinpoint with certainty the origin of the signal along the x-axis.

Fortunately, a mathematical tool exists that can reconstruct the original signals from
their sum. This tool is the Fourier transformation, and to us it will be just a black box
that can take a signal (e.g., such as the gradient echo) and tell us what sinusoidal wave-
forms exist in it. In other words, the Fourier transformation can tell us what frequency
(also known as spectral) components are contained within the signal.

In this case, the Fourier transformation would take the signal seen in Fig. 20A (which
we copied for ease of visualization from Fig. 19F) and create from it Fig. 20B. In Fig.
20B, we see the frequencies of the sine waves that exist within our gradient echo.
Notice that following the Fourier transformation the horizontal axis has changed into a
“frequency” axis. It is therefore said that the Fourier transformation converts a signal
from the time domain (Fig. 20A) to the frequency domain (Fig. 20B). Each bar in Fig.
20B corresponds to a frequency of one of the sinusoidal waveforms present within the
gradient echo (Fig. 20A). Because we know that 300 Hz corresponds to a location at
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x =3 on the x-axis, 400 Hz corresponds to a location at x = 4 on the x-axis and so on, we
can scale accordingly the frequency axis into a position axis (Fig. 20C). Notice that each
of the bars shows the correct amplitude of the x-axis location it represents (Fig. 18).

Therefore, we have managed to obtain a plot that shows how many spins contributed
to our signal at any given location of the x-axis. In other words, we have now a projec-
tion of our object onto the x-axis. We still need to find out how we can extract informa-
tion along the last remaining axis, the y-axis. Then, our image of this slice of bread will
be complete.

PHASE ENCODING

Because frequency encoding has worked nicely for determining where the signal
originates from the x-axis, it is tempting to say that one also could use frequency encod-
ing along the y-axis, and this way an image could be formed. Unfortunately, if we were
to apply the same frequency encoding simultaneously along both the x- and y-axis, then
we would only manage to differentiate our signal’s position along a single axis that is
tilted halfway between x and y. In other words, we could not separate along the two dif-
ferent axes the effect of frequency encoding. This makes sense because magnetization
at x = 3 and at y = 3 will both precess at 300 Hz according to our previous example.
Once added, there is no way to differentiate the two. Phase encoding is introduced to
overcome this problem.

Phase encoding is based on the principle that information about the signal’s point of
origin on the y-axis can be represented by the phase (also known as the angle, meas-
ured in degrees) of the magnetization vector. Both in the one-pulse experiment (Fig. 8)
and the gradient echo imaging pulse sequence (Fig. 15), right after the 90° RF pulse is
applied along the x-axis, the magnetization lies along the y-axis. If we set the y—axis as
our point of reference the y-axis, then all the magnetization vectors following the RF
pulse have a phase (or angle) of 0° relative to it (Fig. 16B). If a short Gy, gradient pulse
(along the y-axis) is played out immediately after the RF pulse but also before the
acquisition begins (Fig. 17, e.g., green Gy, pulse, light blue shaded area), then the mag-
netization vectors will precess at different speeds according to their position on the y-
axis for that short period of time.

As a result, at the end of the Gy pulse the magnetization vectors will be at progres-
sively larger angles relative to the y-axis (i.e., they will have acquired more phase) the
further away from zero they are located (Fig. 21). (This is equivalent to having runners
of different capabilities starting to run at the same time from the start of a circular track
and observing where they are located at a particular point in time later. Instead of log-
ging their performance by means of the distance they run, we log their performance by
means of the arc they run, i.e., how much phase each runner acquired.) Note that after
the end of the Gy phase-encoding gradient pulse the magnetization vectors no longer
precess at different speeds (Fig. 21). Information about their position onto the y-axis
has been encoded onto their phase.

Because position on the y-axis has been encoded onto the phase of the magnetization
at each location, one would expect that it would be easy to extract this information
when we finally acquire the MR signal. Unfortunately, the Fourier transformation can be
of no help with such a data set. The reason is obvious if one observes that when two
vectors are added it is not possible to tell from their sum what the original vectors were.
Figure 22 demonstrates this point: the sum of the two blue vectors as well as the sum of
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Fig. 21. The phase encoding gradient pulse, which is applied along the y-axis, forces the magnetization
vectors to precess at different frequencies. At the end of the pulse the magnetization vectors precess
with the same frequencies but have acquired phase proportional to their position along the y-axis.
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Fig. 22. Knowing the sum of two vectors cannot directly be used to find out which two vectors were
added together. There is an infinite number of pairs of vectors that can yield the same sum.

the two red vectors both result in the same vector (black). In fact, one can think of an
infinite number of two-vector combinations that can produce the same result. It is the
equivalent to the futile attempt of trying to determine the exact path of a journey from
its starting and ending points alone. The solution to unscrambling the y-axis position-
encoded information from the phase of the magnetization vectors lies with converting
this phase information into frequency information, which the Fourier transformation
can deal with.

Let us consider the effects of the phase-encoding gradient pulse seen in Fig. 17 in
more detail. Let us also assign some phase numbers for illustration purposes. Aty =1,
there are five disks of magnetization vectors (Fig. 21), and we assume that for the black
phase-encoding gradient pulse strength (Fig. 17, black Gy phase-encoding waveform,
light blue shaded area) the resulting phase accumulated is 10° (Fig. 23, y = 1, black
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arrow). Then, at y = 2, 20° of phase would have accumulated (Fig. 23, y = 2, black
arrow); at y = 3, 30° of phase would have accumulated (Fig. 23, y = 3, black arrow); at
y =4, 40° of phase would have accumulated (Fig. 23, y = 4, black arrow); at y =5, 50°
of phase would have accumulated (Fig. 23, y = 5, black arrow); last, at y = 6, 60° of
phase would have accumulated (Fig. 23, y = 6, black arrow). This is the direct result of
the progressively stronger magnetic field that the spins are experiencing away from y = 0.
Note that at locations y = 5 and y = 6 the length of the arrow is adjusted to represent
intensity of 3 and 1 magnetization disks, respectively (see Fig. 21). In Fig. 23, you can
also see the sum (calculated via trigonometry) of all these vectors from all locations,
which is a vector of length 14 and phase of 30°.

If we now repeat the experiment seen in Fig. 17, but this time we use instead the red
phase-encoding gradient strength (i.e., double what we had with black), then the results
will appear in Fig. 24 (red arrows) without much surprise: the corresponding phase
accumulations are double (20°, 40°, 60°, 80°, 100°, 120° at y =1, 2, 3, 4, 5, 6, respec-
tively) because the red gradient pulse was twice as strong as the black pulse of the pre-
vious experiment. We receive and record the sum of all vectors for the red experiment,
which is 18 in length and sits at 59° (Fig. 24, sum, red arrow).

If we repeat the experiment for a third time with the green phase-encoding gradient
pulse (Fig. 17), which is three times stronger than the black, then again without any
surprise at y = 1, 2, 3, 4, 5, 6 we will have phase accumulation of 30°, 60°, 90°, 120°,
150°, 180°, respectively (Fig. 25, green arrows). The net sum of all vectors is computed
to be 21 units of length at 87° (Fig. 25, sum, green arrow).

In a similar manner, repeating the experiment for a fourth time with the blue phase-
encoding gradient pulse (four times stronger than the black) results in phases of 40°,
80°, 120°, 160°, 200°, 140° for locations y = 1, 2, 3, 4, 5, 6, respectively (Fig. 26, blue
arrows). The net sum of all blue vectors from this experiment is 23 in length and sits at
115° (Fig. 26, sum, blue arrow).

So far, we have repeated the same experiment four times but with increasing phase-
encoding gradient strengths (Fig. 17, black, red, green, blue Gy) and have recorded the
four different results (Figs. 23 black, 24 red, 25 green, and 26 blue). Let us consolidate
these results into one figure (Fig. 27). At y = 1 (Fig. 27, y = 1), we see that these four
experiments result in phase accumulation at a rate of 10° per experiment; at y = 2
(Fig. 27, y = 2), the four experiments result in phase accumulation at a rate of 20° per
experiment; at y = 3 (Fig. 27, y = 3), the four experiments result in phase accumulation
at a rate of 30° per experiment; at y = 4 (Fig. 27, y = 4), the four experiments result in
phase accumulation at a rate of 40° per experiment; at y = 5 (Fig. 27, y = 5), the four
experiments result in phase accumulation at a rate of 50° per experiment; last, at y =6
(Fig. 27, y = 6), the four experiments result in phase accumulation at a rate of 60° per
experiment.

By looking at Fig. 27, one realizes now that we are talking about how fast phase
accumulates at any given location on the y-axis across our four experiments. In other
words, we have a “speed” concept that has been introduced by repeating the experi-
ment multiple times at increasing phase-encoding gradient strengths. This represents an
increasing frequency of rotation at any given location across the experiments (Fig. 27,
orange speed arrows). It may seem strange that we are now talking about rotational
speed (i.e., frequency) across experiments instead of across time, but nonetheless it is
the same concept. Do not forget that a spinning vector creates a sinusoidal waveform;
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Fig. 28. (A) The two dimensional raw data matrix (k-space) holds in its rows the echoes from indi-
vidual experiments executed with different phase encoding gradient steps. (B) A Fourier transforma-
tion of k-space (Fig. 28A) results in an image. (C) The center of k-space holds the bulk image contrast.
(D) If only the center of k-space (Fig. 28C) is Fourier transformed then the image lacks detail.
(E) The outer portions of k-space hold the details of the image. (F) If only the outer portions of
k-space (Fig. 28E) are Fourier transformed then the image contains only the edges and detail of the
object being imaged.

the faster it spins, the higher the frequency of the sinusoid. These spinning vectors,
which have different rotational speeds across the four experiments, create sinusoidal
waveforms of different frequencies that can provide information about location on the
y-axis. Of course, we do not see the individual frequencies, but rather we observe the
net sum (Fig. 27, sum of all locations) of these waveforms. In a similar way to that of
frequency encoding (Figs. 19 and 20), the Fourier transformation can be used along the
y-direction to unscramble these sinusoids and yield information regarding where mag-
netization vectors are located along the y-axis. This second Fourier transformation
along the phase-encoding direction will provide us with the image of the slice of bread
we placed in the magnet.
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It is interesting to note that each of the four experiments provides us with a phase-
encoded gradient echo, that is, one row of data. The data from multiple phase-encoded
experiments (four in our example) are placed in a two-dimensional (2D) matrix (i.e.,
stacked into multiple rows). This matrix is called k-space (Fig. 28 A), and its 2D Fourier
transformation (2D-FT) results in an image (Fig. 28B) that we managed to extract from
our patient by manipulating the different magnetic fields (B, Gy, Gy, and G,) of the
MR scanner.

The area around the center of k-space corresponds to the low spatial frequencies of
the image. If only the area around the center of k-space (Fig. 28C) undergoes a Fourier
transformation, then the resulting image will show bulk tissue contrast and will lack
detail (Fig. 28D). On the other hand, if only the outer portions of k-space (Fig. 28E) are
Fourier transformed, then the reconstructed image will depict only the edges and detail
of the structures therein (Fig. 28F) (i.e., the high spatial frequency content).

An MR image can depict many different properties of the biological tissues that are
imaged. For example, we can use the basic imaging principles in conjunction with a
spin echo and acquire images that reflect the T, characteristics of the tissues. Or, we
can use our imaging physics as we just described in conjunction with a gradient echo
and long TE times to reflect the T,* characteristics of the tissues. The possibilities are
endless, and the remainder of this book introduces how these basic imaging principles
are used to perform advanced cardiovascular MRI.
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OVERVIEW

Cardiac magnetic resonance imaging (MRI) has many potential advantages over
conventional cardiac imaging techniques. These include a lack of ionizing radiation,
free choice of imaging planes, the capability for tissue characterization, qualitative and
quantitative evaluation of the motion of both the blood and the myocardium, and assess-
ment of regional perfusion. These capabilities have been realized through the imple-
mentation of many MRI techniques, which have many associated imaging options.
Although this range of options to choose from when performing a cardiac MRI exami-
nation can be daunting, it provides a great deal of flexibility that can be used to tailor
the examination to the patient and the particular clinical question to be addressed. Some
of the current clinical indications for cardiac MRI are summarized in Table 1.

Optimal performance of a clinical cardiac MRI examination depends on appropriate
choices of the imaging methods to be employed and of the corresponding values of the
technical parameters of these methods. Although there are particular considerations
involved in setting up different specific imaging methods, there are some considerations
and tradeoffs that are common to almost all MRI methods.

In particular, there are tradeoffs to be considered related to the finite amount of time
that is available for performing the examination because of both time pressure from clin-
ical demand for use of the MRI system by other patients and the limited capacity of the
patient to remain still within the system. In addition, if the patient is unstable, then the
examination should be kept as short as possible, consistent with answering the clinical
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Table 1
Some Current Clinical Indications for Cardiac MRI

Masses Anatomy, tissue characterization, vascularity

Extent and characterization of masses (can identify fat)
Congenital heart disease Anatomy, flow, function (no radiation)

Connections, shunts, stenoses, surgical planning and follow-up
Cardiomyopathy Anatomy, tissue characterization, function

Hypertrophy (flow obstruction), fibrosis, inflammation
Ischemic heart disease Anatomy, function, perfusion

Ischemia, coronaries (limited), MI consequences such as scarring,

dysfunction, pseudoaneurysm, aneurysm

Surgical/trauma follow-up  Anatomy, flow, enhancement

Hematoma, infection, aneurysm, dehiscence, thrombosis, leak

Valve disease Anatomy, flow, function
Stenosis, regurgitation, masses, calcification (limited)
Pericardial disease Anatomy, motion, enhancement

Effusion, constriction (adhesions), compression, masses

question, because of the difficulty of fully monitoring and supporting patients inside the
MRI system. The limited time available for data acquisition often leads to the need to
choose between using that time for optimizing spatial resolution and sampling and opti-
mizing temporal resolution. Optimizing spatial resolution in turn often comes at the cost
of diminished signal-to-noise ratio (SNR), leading to another tradeoff to be considered.

A cardiac MRI examination typically consists of the acquisition a fairly standard set
of images with common methods and in common orientations, supplemented with
“optional” imaging that is particularly useful for the specific clinical condition in ques-
tion. Ideally, the examination should be monitored by a physician, who can help choose
these optional imaging methods as well as optimize the choice of imaging parameters. The
physician can also modify the examination as needed to better evaluate any unexpected
findings that may show up during the acquisition of the standard images.

A standard cardiac MRI examination will start with initial screening of the patient
and setting up of cardiac gating (and possible intravenous access for contrast administra-
tion). This will be followed by MRI with initial quick “scout” localizing images and a
stack of relatively rapid “survey” images through the chest (in one or more orientations)
to obtain an initial overview of the heart and the associated intrathoracic anatomy. After
identifying the location of the axes of the ventricles in three dimensions, basic static and
cine images are acquired of the heart in standard short- and long-axis orientations, as
well as various optional images, as indicated by the specific clinical questions.

In this chapter, we present a systematic approach to the performance of a clinical
cardiac MRI examination, focusing on some of the associated technical considerations.
Other chapters present more details on the imaging methods themselves and their appli-
cations to specific clinical conditions.

MAGNETIC RESONANCE IMAGING SAFETY

The single most important technical aspect of cardiac MRI is safety. Safety-related
aspects of MRI include the possible effects of the powerful magnetic field of the MRI
system on metal objects in or near the patient and possible heating produced by the
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strong radio-frequency (RF) field used in imaging, as well as potential claustrophobic
sensations that can induced by the relatively restricted space around the patient inside
the MRI system.

The magnetic fields inside the MRI system are typically on the order of 1.5 T,
approximately 30,000 times stronger than the Earth’s magnetic field. Just as the Earth’s
field produces a torque in magnetizable objects, like that which orients a compass needle
to point north, magnetizable objects in the MRI system will experience a torque that
tends to align them with the field of the system. Furthermore, near the entrance to the
MRI system, where there is a strong gradient of the magnetic field strength, such objects
will experience a strong attractive force into the magnet.

Although most surgically implanted metal objects, such as orthopedic bone implants,
are made of only weakly magnetic metal alloys, many bits of metal traumatically intro-
duced into the body (e.g., from industrial or battle injuries) may experience significant
magnetic forces, which can produce discomfort or injury. A particular area of concern
is the possibility of metallic fragments near the eye (e.g., from metal grinding or other
industrial exposure), which could cause nerve damage and loss of vision if induced to
move by the magnetic field. In addition, there are some medical metal implants that
may experience significant magnetic forces on them, including some aneurysm clips
and some of the early Starr-Edwards heart valves. There are published lists of medical
devices that may be hazardous to bring into the MRI system (/). Many implanted car-
diac pacemakers are sensitive to magnetic fields and may have their function altered by
exposure to even a weak magnetic field, such as that in the vicinity of an MRI system.

Furthermore, many metallic objects in the normal uncontrolled medical environ-
ment, such as gas canisters, intravenous poles, or scissors, may be quite magnetizable
and can cause injury to the patient (or damage to the MRI system) if they are inadver-
tently brought close to the system. The rapid change in the strength of these forces with
distance from the magnet means that there may not be much warning as the objects are
brought closer to the MRI system before they are abruptly “jerked” into the magnet.

To avoid these problems, all metal objects to be used in (or around) the MRI suite must
first be carefully screened for magnetic risk, and all metal objects must be removed from
both the patient and the medical personnel before they are allowed near the MRI system.

A different effect of the magnetic field is to cause the appearance of apparent changes
in the electrocardiogram (ECG) caused by weak electric fields produced by the move-
ment of the electrically conducting blood through the strong magnetic field. Although
these electric fields are not harmful in themselves, they can interfere with the ability to
monitor the patient’s ECG while they are imaged.

The RF magnetic fields used in MRI can be on the order of tens of kilowatts, strong
enough to induce currents that can cause heating sufficient to damage tissue if they are
concentrated in a small area by “antenna” effects. Such antenna-like effects can be pro-
duced in loops of wire, such as the ECG monitoring leads used for cardiac gating or the
thermistor leads in thermodilution catheters, and have caused burns in patients. To min-
imize the risk of such injury, any monitoring leads should be as short as possible, with-
out any loops, and only ECG leads designed to be used with MRI (with distributed
resistances to avoid concentrating any heating effects because of resistive losses at the
contact with the skin) should be employed. If a patient has a pulmonary artery monitoring
line in place, then it should be exchanged for one without electrical leads before
placing the patient in an MRI system.
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Another potential risk to patients with pacemakers or other implanted electronic
devices is that the pulsed RF fields not only could damage the device or injure the tis-
sue in which it is implanted, but also could possibly directly stimulate the tissue inap-
propriately. Again, there are published lists of implanted devices that may make it
hazardous to undergo imaging. Even without such local antenna effects, the potentially
harmful heating effects of the RF excitation pulses lead to limits on the corresponding
specific absorption rate allowed in MRI.

Claustrophobia is another potential hazard of MRI, affecting on the order of 4% of
patients. The confined space inside the MRI system can even bring out feelings of
claustrophobia in some patients who do not expect them. The resultant tachycardia and
tachypnea can make it difficult to get good images, even if the patient tries to go on
with the examination despite feelings of claustrophobia. Fortunately, many patients
who are initially reluctant to go into the system can be helped to relax sufficiently to be
examined with suitable reassurance by the operator and physician; keeping the eyes
closed (perhaps with the aid of a small towel or a “sleep mask™) can also often help.
However, in some cases, sedation (e.g., with an oral benzodiazepine) or even anesthe-
sia can be necessary if the information sought from the MRI examination is really
needed for clinical management.

CARDIAC GATING

Gating is an essential component of cardiac MRI to overcome blurring of images
caused by myocardial contraction and flow effects from pulsatile blood. It allows accu-
rate assessment of cardiac structure and function by coordinating image acquisitions
with the cardiac cycle and the use of k-space segmentation to speed imaging. The most
effective form of cardiac gating is electrocardiographic gating, by which imaging is
triggered off the QRS complex of a three- or four-lead ECG. Segments of k-space data
that make up a single image from MRI are obtained at the same point within the car-
diac cycle over a series of sequential heartbeats, which serves to eliminate blurring
caused by cardiac motion within a single image (Fig. 1) (2,3).

A satisfactory ECG trace must be obtained before scanning is commenced for optimal
high-resolution diagnostic images, and time spent in achieving this is well rewarded in
image quality. The skin may need to be shaved or cleaned to ensure that ECG elec-
trodes are in good electrical contact with it. Lead placement is an important part of
obtaining a diagnostic ECG trace, and this does not mirror standard diagnostic ECG
positions for the limb leads. Leads should be closely spaced to minimize potentially
interfering voltage differences between them when the patient is placed within the
magnet, which can distort the ECG signal obtained. Optimal lead position also varies
depending on the location, orientation, and size of each individual’s heart. The goal is
to obtain a well-defined and relatively high-amplitude QRS complex in which the R
upstroke of ventricular depolarization is significantly larger than the T wave of the car-
diac cycle, so that image triggering will occur consistently at the same point within the
cycle. For safety reasons, the ECG leads should not be allowed to form loops, because
of the risk of burns from the induction of a current by the strong RF power used in MRI.

Furthermore, care should be taken to recheck the ECG signal once the patient has
entered the bore of the magnet as interference from voltages produced by the flow of
the blood in the magnetic field (the magnetohydrodynamic effect) can distort the signal
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Fig. 1. Gradient echo FLASH image: (A) with cardiac gating; (B) without gating.

obtained (see Fig. 2), so that the R wave may no longer be clearly defined. This effect
becomes more pronounced at higher field strengths as the weak physiologic ECG volt-
age (on the order of 1 mV or less) is forced to contend with proportionally stronger
flow-induced voltages. Another potential source of interfering voltages in MRI is the
magnetic gradient pulses used in imaging, which may induce voltages with amplitudes of
200—400 mV. The position of the ECG monitoring electrodes may need to be readjusted
until an adequate trace is achieved.
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Fig. 2. ECG signal from (A) outside the bore of the magnet and (B) within the bore of the magnet,
demonstrating distortion of the signal, with more prominent T waves.

Fig. 3. Signal from the peripheral pulse, with demonstration of triggering with each pulse cycle.

Other problems that may be encountered with ECG gating in MRI are inappropriate
triggering from voltage peaks produced by RF pulses during the examination and from
flow potentials, as described previously. The current use of fiber-optic transmission of
ECG signals significantly reduces artifacts from RF pulses, first described by Felblinger
and colleagues in 1994 (4). One way of overcoming inappropriate triggering is “vector-
cardiography,” first described in 1999 (5); the QRS complex is identified not only by
timing and magnitude but also in a “three-dimensional” voltage vector orientation by
the monitoring equipment, such that any electrical signals with a different vector to the
QRS complex will be ignored, even if they have a relatively larger magnitude.

Arrhythmias may lead to inadequate or inappropriate triggering if the imaging soft-
ware does not recognize the R wave and can lead to image blurring and artifacts caused
by inconsistent anatomical configuration of the heart if there is a substantial variation
in the R-R interval. Increasing the number of averages obtained may help to improve
images if an arrhythmia is present. If there is a significant cardiac arrhythmia, then an
arrhythmia rejection setting can be selected in which cardiac cycles with R—R intervals
that fall outside a range specified by the operator are not used for image acquisition.
This will tend to increase overall acquisition time, which can be problematic in the set-
ting of a breath-hold sequence. Low-voltage ECG traces may also lead to inadequate or
inconsistent triggering.

Peripheral triggering, which can be obtained from MRI-compatible optical fingertip
pulse monitors, provides a less-preferred but often adequate alternative if a satisfactory
ECG signal cannot be obtained (Fig. 3). Images can be significantly more blurred
because triggering off the peripheral pulse wave is delayed in relation to the R wave of
the QRS complex.

Another theoretical alternative that has been described is “wireless” gating, by which
periodic changes of the magnetic resonance (MR) signal from the beating heart during
the cardiac cycle can be used as information to synchronize the MRI data acquisition
for acquiring a crisp image without the need for electrodes and leads; however, this is
not used in current clinical practice.
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Fig. 4. Prospective ECG gating, with image acquisition commencing after triggering from the R
wave and terminating before the end of each cardiac cycle.

Cardiac MR image acquisition can use either prospective gating, by which the QRS
complex triggers data acquisition at the start of each cardiac cycle, typically over sev-
eral cardiac cycles (see Fig. 4) (6), or retrospective gating, by which there is continuous
acquisition over several cardiac cycles, and postprocessing with suitable data interpola-
tion leads to image reconstruction at selected time-points (phases) in the cardiac cycle,
with the number of phases per cardiac cycle predetermined by the operator (7) based on
the heart rate and the rate of data acquisition.

Prospective gating leads to better temporal resolution images; however, acquisition
time may be longer. A portion at the end of each cardiac cycle is lost because data
acquisition is generally interrupted near the end of diastole to await the onset of the
next QRS complex, and the end portion of the cardiac cycle (usually 50-100 ms) is not
sampled to allow for variation in length of each R—R interval. In addition, there may be
an interval delay (trigger delay) between recognizing the R wave and commencing data
acquisition. Also, as there is a period of the cardiac cycle when signal is not acquired,
there is the tendency for tissues to recover magnetization during this period, which may
cause the first image acquired after triggering to be brighter than the remaining images,
which can be a disadvantage for cine images performed to assess ventricular wall
motion. Dummy excitation pulses can be used during this period to prevent this magne-
tization recovery. Assessment of cardiac volumes and function is also affected by the
method of ECG gating, with lower ejection fractions generally calculated with prospec-
tive vs retrospective ECG gating as portions of the cardiac cycle are not imaged (§).

Retrospective gating leads to more temporal blurring because there is interpolation
onto a set number of equally spaced phases for image reconstruction in each cardiac
cycle, despite possible differences in the actual duration of each R-R interval. However,
it is a more robust technique, with the advantages that it has more uniform signal inten-
sity in time (because there is no interruption of the train of excitation pulses) and it can be
used to image the whole cardiac cycle (because there is no need to stop image data acqui-
sition before the end of diastole to wait for the next QRS detection). It is less sensitive to
arrhythmias and is particularly useful for cine imaging, for which a smooth transition
between cardiac cycles is preferable for assessing regional and global wall motion.

The k-space segmentation regarding cardiac MRI begins with the raw data (lines in
“k-space”), or phase-encoding steps, which must be acquired to reconstruct a complete
image. These can be grouped into segments, with one such segment, containing an
operator-specified number of phase-encoding steps, treated as if they were all acquired at
the same time, acquired every cardiac cycle. Such segments are acquired at approximately
the same time-point in each consecutive cycle until sufficient raw data lines are obtained
to reconstruct the image. Segments of raw data can be used to make either serial images
at a single location over different phases of the cardiac cycle (single section, multiple
phase), as with cine imaging for assessment of wall motion, or for multiple static
images, with each obtained at a different phase in the cardiac cycle (multiple section,
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single phase), as is useful for assessment of myocardial scar tissue on delayed-
enhancement images. With improving MR technology, stronger gradients have enabled
faster imaging, and it is now possible to acquire multiple imaging sections over different
phases of the cardiac cycle (multiple section, multiple phase) (9).

For example, if a total of 256 phase-encoding steps are specified by the operator and
there are 32 segments, then 256/32 = 8 phase-encoding steps are acquired for images of
a particular cardiac cycle phase over consecutive cardiac cycles. Each of the set of
phase-encoding steps acquired within a segment is also known as a view, so that in the
example, 8 views per segment would be obtained. If only 1 view for each image were
acquired in each heartbeat (e.g., with a repetition time [TR] of 10 ms), then this would
allow for the acquisition of more images per cardiac cycle and temporal resolution
effectively equal to the TR. However, acquisition times needed to acquire 256 phase-
encoding steps (at least 256 cardiac cycles) would be too long for breath-hold scan-
ning, leading to blurring from respiratory motion. With an increase in the number of
views per segment to 8, as in this example, temporal resolution would be eight times
poorer (80 ms), but total acquisition time is decreased by a factor of 8 (32 cardiac
cycles) with equivalent spatial resolution as more phase-encoding steps are completed
within a heartbeat, and breath holding for the entire sequence becomes feasible.

As with many factors in MRI, there is a tradeoff between spatial and temporal res-
olution if overall acquisition time is to be kept as short as possible, which is vital for
breath-holding sequences. Higher spatial resolution images will require more phase-
encoding steps and subsequently a larger number of views per segment. This will
lead to a decrease in temporal resolution as more time is taken to acquire each seg-
ment. As the R—R interval is finite, only a limited number of segments can be acquired
with each cycle, and in the context of cine imaging, the number of cardiac phases
that can be imaged will be decreased. To continue the example, using k-space seg-
mentation of 8 views per segment, each segment will take 80 ms to acquire. If a
patient has an R—R interval of 800 ms, then a maximum of 800/80 = 10 phases can be
acquired. In reality, fewer than 10 phases will be achievable because the last 50-100 ms
of the cardiac cycle will be rejected to allow for differences between the lengths of
each cycle. If more phases of the cardiac cycle are to be acquired in the same overall
time, then the number of phase-encoding steps will need to be decreased, at the cost
of spatial resolution.

Patient heart rate is also an important factor. In patients with slower heart rates, if the
number of views per segment is kept low for high temporal resolution, acquisition
times may extend beyond a reasonably achievable breath hold, as the same number of
R-R intervals is still required to acquire enough data for an image. To keep total acqui-
sition time low, the options in a bradycardic patient are either to increase the number of
views obtained in each segment, at the cost of temporal resolution, or to decrease the
number of views used to make up each image, decreasing spatial resolution or field of
view. For higher heart rates, we can decrease the number of views per segment to
achieve imaging of a comparable number of phases per cardiac cycle in a comparable
total imaging time. Similarly, we can speed the process of acquiring data covering the
heart by interleaving acquisitions at multiple levels, but at the cost of decreased tempo-
ral sampling or increased imaging (and breath-holding) time.

One method of improving the effective temporal resolution (or temporal sampling
rate) in gated cardiac MR images is to use view sharing (/0). With this technique,
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views from one segment are combined with views from the next segment to artificially
create a new, intermediate cardiac phase. For example, with single-section, multiple-
phase imaging, if there are 10 segments in a cardiac cycle of 800 ms (disregarding time
for arrhythmia rejection and triggering with prospective gating), each with 8 views per
segment, with each view having a TR of 10 ms, then the sequence has a temporal reso-
Iution of 8 x 10 = 80 ms and 10 phases per cardiac cycle. Using view sharing, the last
4 views of 1 segment could be combined with the first 4 views of the next segment to
create new intermediate phases between each existing phase. This would improve the
nominal effective temporal resolution of the sequence, even though in reality the same
number of views is acquired whether or not view sharing is used, and the true temporal
resolution remains the same. However, the number of reconstructed phases within a
cardiac cycle would be increased.

RESPIRATORY MOTION

Aside from cardiac motion, respiratory motion is another important cause of image
blurring and “ghosting” artifact in the phase-encoding direction (Fig. 5). Respiratory
motion is significant, with the most motion occurring in the craniocaudal direction, but
there is also a degree of anterior-posterior and transverse motion of the diaphragm.
This in turn changes the position and shape of the heart with respiratory phase, with
motion of approximately 1 cm in the craniocaudal direction reported in the literature (/7).

There are several ways of combating respiratory motion in clinical practice. The most
widely used in standard cardiac sequences is breath holding by the patient during image
acquisition. Although this can potentially eliminate respiratory motion, the length of
each acquisition is limited by the individual’s breath-holding capability, which in the
elderly or debilitated may mean brief acquisition times of less than 10 seconds. Also,
there may be variation in degree of breath holding with each breath, leading to changes
in position of the heart and potential misregistration artifact if a series of contiguous
images is acquired over sequential breath holds (/2). There may even be variations in
diaphragm position during a single breath hold. Imaging with breath holding at end-tidal
expiration is one technique that can be used to reduce variability in diaphragm position
between and within breath holds because it is a relatively reproducible condition (/3).
However, this practice may not be feasible in patients with limited respiratory reserve.

Alternatively, if the patient is unable to comply with breath-holding instructions,
increasing the number of averages used to construct an image has been used to improve
SNR and reduce respiratory motion artifacts (/4). However, this increases overall scan
time, and there are now more sophisticated methods of minimizing respiratory motion
artifact that may be preferred.

Respiratory gating can be performed, with monitoring of respiratory motion during
data acquisition. This can be implemented with either acquisition during a consistent
part of the respiratory phase (typically the end-expiratory phase) or postprocessing of
continuously acquired data, with rejection of data acquired outside a specified respira-
tory window. This may involve the use of a bellows, which is comprised of a strain
gage physically wrapped around the patient’s chest to monitor chest wall motion, which
provides a crude reflection of respiratory motion.

A respiratory navigator provides an alternative method of gating that directly tracks
diaphragmatic motion. This is based on the acquisition of signal from a column of
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Fig. 5. (A) Breath-hold gradient echo FLASH image; (B) same image with free breathing.

material centered on the moving diaphragm, which is positioned so it is perpendicular
to its interface with the lung and parallel to its direction of motion (/5). The column
excitation is commonly achieved by the intersection of consecutive slice-selective planar
excitations with intersecting 90° and 180° excitations.

Detecting the echoes obtained from the navigator column with a readout gradient
oriented along the column provides an accurate depiction of the moving edge.
Acquiring these navigator echoes during the imaging sequence allows for continuous
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monitoring of diaphragmatic motion during data acquisition. This information can then
be used in one of two ways: (1) with the patient free breathing and with data acquisi-
tion triggered by a set navigator acceptance window; and (2) using a multiple breath-
hold technique, with signal from the navigator column fed back to the patient so that
the patient can hold his or her breath at the same diaphragmatic position every respira-
tory cycle. Although the second technique has potential advantages in decreasing acqui-
sition time, in practice the need for patient training and reliance on breath-holding
capabilities means that there is no effective gain in time over the free-breathing naviga-
tor technique (16).

With the free-breathing technique, little patient cooperation is required. The main
disadvantage compared with breath holding is the overall increase in scan time, but for
sequences for which acquisition time is beyond a breath hold (e.g., high-resolution
coronary magnetic resonance angiography [MRA]), use of a navigator free-breathing
technique is clearly advantageous. As with ECG gating, this may be retrospective or
prospective, with data acquisition triggered only when the diaphragm position falls
within a defined navigator acceptance window.

There are several important components when planning a navigator-dependent
sequence. The first is appropriate positioning of the navigator column or columns as
this will determine the amount of diaphragmatic motion detected. Sachs and colleagues
reported better image quality with the use of three orthogonal navigator columns; how-
ever, this was at the expense of scan time (/7).

Regardless of the number of navigator columns used, these must be positioned over
a diaphragmatic edge where the edge will move along the column during the respira-
tory cycle. Columns are typically positioned to intersect the right dome of the
diaphragm. Care must be taken to ensure that the columns (and the slice-selective
excitations used to produce them) do not extend into a region of interest as signal loss
from the navigator pulse excitation will interfere with visualization of affected
tissue (Fig. 6). The column cross section should be small to improve edge detection
of the diaphragm.

Once the column positions are set, a “scout” sequence of column excitations is per-
formed to assess the patient’s diaphragmatic excursion over a series of respirations, and
a two-dimensional (2D) histogram can then be obtained to summarize the frequencies
at which different levels of the patient’s diaphragm are measured over time (Fig. 7).
The navigator acceptance window is then selected based on the appearance of the his-
togram. The acceptance window is centered on the highest point of the diaphragm,
which occurs at end expiration, when there is a short period of relative diaphragmatic
immobility. The width of the acceptance window is typically on the order of 4-5 mm,
with wider windows leading to improved scanning efficiency (with acceptance of a
larger portion of the respiratory cycle) but with increased image blurring and vice versa
for narrower windows.

One problem inherent in the free-breathing navigator technique is respiratory drift,
by which diaphragmatic position may alter over time as a patient becomes more relaxed
or agitated. This may cause the edge of the diaphragm to move progressively out of the
navigator acceptance window with successive respirations, such that there is the poten-
tial for little or no triggering of data acquisition throughout the respiratory cycle. Again,
as with many facets of MRI, there is a tradeoff between the narrowness of the acceptance
window and overall acquisition time.
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Fig. 6. (A) Navigator column placement (defined by the intersection of two separate columns) at the
dome of the right hemidiaphragm; (B) loss of signal in the image at the sites from which navigator
echoes are obtained.
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Fig. 7. (A) Graph depicting diaphragm position in the y-axis and time in the x-axis with use of a res-
piratory navigator; (B) histogram summarizing the frequency of diaphragm positions during a
navigator-dependent sequence.

The application of correction factors in the navigator sequence may help to improve
its accuracy and improve scan efficiency. Real-time prospective slice following attempts
to correct for motion of the heart through tracking of the diaphragm. However, this is
complicated by the different amounts of motion in different locations of the heart dur-
ing the respiratory cycle, with relatively less motion occurring at the base of the heart
compared with its inferior surface. Use of the slice-following technique allows the use of
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a wider acquisition window without significant loss of image quality and, with greater
acceptance during each respiratory cycle, allows for faster overall scan time (/8).
However, correction factors are specific to the individual and therefore may require an
initial preparatory sequence to determine the degree of motion of a patient’s heart at
different respiratory phases (/9). Retrospective motion correction postprocessing tech-
niques are now also being realized (20).

Another form of respiratory gating that has been described is utilizing the ECG vari-
ations that can be encountered with each respiratory cycle to provide information about
respiratory phase (27). However, this is not used in current clinical practice.

IMAGE POSITIONING

Unlike standard views of the thorax in the axial, sagittal, or coronal planes, cardiac
MR images are generally obtained along the long and short axes of the heart. The ability
to obtain views in any orientation without the limitations imposed by finding an adequate
window for insonation is one of the main strengths of MRI over echocardiography.
Similar to echocardiography, views in the left ventricular (LV) short axis, horizontal and
vertical long axes, and through the LV outflow tract are typically obtained in a routine
cardiac MR study and allow assessment of cardiac chamber morphology and function.
These views can be easily obtained with a knowledge of basic cardiac anatomy.

Multiplanar scout images are initially obtained to ensure that the heart and LV in
particular are well centered within the imaging field of view for optimal visualization.
From these images, a stack of breath-hold axial images can be obtained (Fig. 8). These
form the basis for setting up images along the cardiac axes and provide an overview of the
thorax in case of associated or incidental pathology. A vertical long-axis or two-chamber
scout view can then be obtained by planning off a selected axial view depicting the left
atrium, mitral valve, and LV and obtaining a single image perpendicular to this that
passes through the estimated plane of the LV apex (Fig. 9A). From this two-chamber
scout, a horizontal long-axis or four-chamber scout view that includes the LV axis can
then be obtained, again by acquiring a similar image perpendicular to the two-chamber
view that passes through the mitral valve, and the estimated position of the LV apex
(Fig. 9B). A short stack of short-axis views can then be acquired orthogonal to both the
two-chamber and four-chamber scout views at the level of the LV and right ventricular
bases (Fig. 9C).

True two-chamber, four-chamber, three-chamber, and short-axis views of the heart
can then be obtained from this series of planning images. A true four-chamber view can
be acquired by planning an image perpendicular to a short-axis view through the ven-
tricular bases, which is also perpendicular to the interventricular septum and is below
the level of the aortic valve (Fig. 10A). A two-chamber view can be acquired by bisect-
ing the mitral valve and the LV apex on the four-chamber view (Fig. 10B), and a three-
chamber view can be acquired off a scout short-axis view that is parallel to the LV
outflow tract (Fig. 10C).

Alternatively, two-, three-,and four-chamber views can be planned from a midventricular-
level short-axis scout image, with scan planes centered on the center of the LV, with each
scan plane separated from the other two by 60°. The two-chamber plane will pass parallel
to the two points where the right ventricle meets the septum, the three-chamber view will
be oriented 60° anticlockwise to this as viewed from the apex, and the four-chamber view
will be oriented another 60° anticlockwise (Fig. 10E). True short-axis views can be
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Fig. 8. Axial double-inversion recovery steady-state free-precession images for further image plan-
ning and overview of the chest.

obtained by planning these completely orthogonal to both true four- and two-chamber
views (Fig. 10D). Various different imaging sequences, including cine imaging for assess-
ment of cardiac motion and function or delayed contrast-enhanced images for assessment
of myocardial scar tissue, can then be obtained using the same image positions. This is
vital for correlating areas of structural and functional abnormality and allows for
sequential comparisons for patients who undergo multiple studies during the course of
their management.

Aside from selecting appropriate positioning of images along the orientation of the
cardiac axes, care must be taken to select an appropriate field of view to balance the
demands of adequate spatial resolution with acquisition time. The phase-encoding
direction should be placed along the direction in the plane where the patient’s diameter
is shortest, which for most patients is in the anterior-posterior direction when obtaining
sagittal or axial views. This allows a reduction in the number of phase-encoding steps,
with a subsequent saving in scan time, which is particularly important for breath-hold
sequences. However, if the number of phase-encoding steps is decreased too much,
aliasing or “wrap” of structures outside the chosen field of view will occur in this
direction. This could potentially obscure the region of interest (Fig. 11).

The orientation and position of the field of view are also important factors to consider
to minimize aliasing. Orientation in the phase-encoding direction should try to parallel
the orientation of the heart and anterior chest wall in planning images. Every effort
should be made to have the field of view well centered, such that peripheral structures
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Fig. 9. Setup and acquired “scout” images to determine true cardiac axes: (A) near two-chamber
scout; (B) near four-chamber scout; (C) short-axis image stack through the ventricular bases.
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Fig. 10. (Continued)
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Fig. 10. Setup and images obtained along the true cardiac axes: (A) four chamber; (B) two cham-
ber; (C) three chamber; (D) short axis; (E) alternate method of acquiring long-axis views from a
midventricular short-axis scout view (setup for four chamber long axis on left and two chamber long
axis on right).

remain within the prescribed region, preventing them from causing artifact from alias-
ing. This is particularly important in sequences for which parallel imaging is used,
which are more sensitive to aliasing, and for which the artifact will appear in the center
of the images obtained (22).

Aside from the standard cardiac views described, there may be additional or alterna-
tive views required for specific indications. For example, cardiac MRI is commonly
used if arrhythmogenic right ventricular dysplasia is suspected. Dedicated high-resolution
images targeting the right ventricular wall are required if arrhythmogenic right ventric-
ular dysplasia is to be identified or definitively excluded. Images should be obtained as
perpendicular as possible to the right ventricular free wall as it is thin and not well
visualized if obliquely intersecting views are acquired. These can be planned from
scout sagittal images through the right ventricle (Fig. 12).

Another important indication for cardiac MRI is for the evaluation or follow-up of
congenital heart disease. Supplementary views may commonly be required because of
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Fig. 11. (Continued)

atypical anatomy in these patients. For example, a view oriented appropriately to the
interatrial septum may be useful in the assessment of atrial septal defect or patent fora-
men ovale. It is often important in congenital heart disease to evaluate the right ventric-
ular outflow tract; this evaluation can be obtained by systematically acquiring orthogonal
long-axis views beginning with a long-axis view through the right ventricle (Fig. 13).
Three-dimensional (3D) contrast-enhanced MRA is useful for the evaluation of the
aorta and pulmonary arteries. It is also highly effective for the assessment of collateral
vessels or shunts, with the use of rapid sequential time-resolved short echo time (TE)
and low flip angle gradient echo imaging (23). There is again a tradeoff between maximal
anatomic coverage and minimal acquisition time, and this is an important consideration
in choosing the plane of coverage of the 3D slab. If the aorta is the focus of the study, then



52 Cardiovascular Magnetic Resonance Imaging

Fig. 11. (A) Aliasing with folding of chest wall into the region of interest; (B) angling the scan field
of view to follow the chest wall to prevent peripheral structure aliasing; (C) corrected image from (a)
after adjusting field of view.

an oblique sagittal plane parallel to the orientation of the aortic arch is recommended
(Fig. 14). If the pulmonary arterial system requires assessment (e.g., in the evaluation
of main or branch pulmonary artery stenosis), then a coronal plane will provide maximal
anatomic coverage.

BRIGHT BLOOD AND DARK BLOOD IMAGING

A striking aspect of cardiac MRI is that blood can appear either bright or dark in the
images, depending on how they were acquired. This is largely caused by the different
effects of motion on the MR signal with different signal acquisition methods (including
time-of-flight [TOF] and phase shift effects) (24), although the distinctive relaxation
times of blood can also play a role, particularly in steady-state free precession (SSFP)
or contrast agent-enhanced imaging. These effects can be exploited to produce useful
image contrast between the blood and the heart wall and can even provide qualitative or
quantitative assessment o