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Abstract

This chapter provides a condensed review of the basic principles of magnetic resonance
imaging (MRI) and introduces the reader to some of the concepts and terminology neces-
sary to understand the use of MRI to study the heart. We then proceed to describe a wide
range of MRI cardiac applications, both in vivo and ex vivo, which should interest the bio-
medical engineer. While the capabilities of cardiac MRI are quite extensive, our choice of
topics for this chapter is rather judicious, as cardiac MRI has evolved to the point where
entire books are published on the subject.
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24.1 Introduction

“Magnetic resonance imaging” (MRI) of the heart has rap-
idly become very popular worldwide, because of its clinical
versatility and flexibility, i.e., since it allows one to acquire
information on anatomical structure and function simultane-
ously. An additional benefit of MRI is that patients are not
subjected to any ionizing radiation or invasive procedures
(e.g., catheterization). Recently, many specialized MR tech-
niques have become available for cardiovascular imaging
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and thus may potentially replace other types of imaging
modalities. As such, cardiac MR may become the “one-stop
shop” for imaging, as it is able to: (1) measure myocardial
blood flow; (2) differentiate viable from nonviable myocar-
dial tissue; (3) depict the structure of peripheral and coronary
vessels (magnetic resonance angiography); (4) measure
blood flow velocities (MR velocity mapping); (5) examine
metabolic energetics (MR spectroscopy); (6) assess myocar-
dial contractile properties (multislice, multiphase cine imag-
ing, MR tagging); and/or (7) guide interventional procedures
with real-time imaging (interventional MRI). The capabili-
ties of MRI as a tomographic imaging modality to capture,
with high spatial resolution, the anatomy of 3D structures
were already well appreciated before the first attempts were
made to apply MRI to the heart. Yet cardiac motion, com-
pounded by respiratory motion and turbulent blood flow in
the ventricular cavities and large vessels, initially imposed
formidable barriers to the acquisition of artifact-free images
that could depict cardiac anatomy with sufficient detail. It
has taken well over a decade for cardiac MRI to mature to the
point where it is currently being applied in routine fashion in
the clinical setting. Therefore, in future medical centers of
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excellence, other cardiac imaging modalities such as ultra-
sound imaging and nuclear imaging may be partially eclipsed
by MRI for selected applications.

This chapter provides a condensed review of the basic
principles of MRI and introduces the reader to some of the
concepts and terminology necessary to understand the appli-
cation of MRI to the heart. We then proceed to describe a
wide range of cardiac applications of MRI, both in vivo and
ex vivo, which should interest the biomedical engineer.
While the capabilities of cardiac MRI are quite extensive,
our choice of topics for this chapter is rather judicious, as
cardiac MRI has evolved to the point where entire books are
published on the subject.

24.2 Overview of MRI

MRI works using the principle of nuclear magnetic reso-
nance. That is, in the presence of a strong magnetic field
(typically 1.5-3 Tesla range for clinical systems), protons in
the body are stimulated to emit radio waves. These radio
waves are detected by an antenna, or coil, placed around the
body region of interest and the signals are decomposed to
reconstruct an image. We present a short summary of the
basic concepts here and refer the reader to the overall litera-
ture for an in-depth examination.

24.2.1 Resonance

Inside the MRI scanner protons in the body align with the
magnetic fields, similar to what happens to a compass needle
placed in a magnetic field. These magnetic dipoles, if tipped
away from the direction of the magnetic field, will precess
about the direction of the static magnetic field (Fig. 24.1).
This precession has a rotation frequency, v, that is directly
proportional to the magnetic field strength B,. For hydrogen
nuclei, the precession frequency varies with field strength as:

v, =42.6(MHz/ Tesla)- B, (Tesla).

The precession frequency is also known as the Larmor fre-
quency. Tipping a nuclear magnetic moment away from the
direction of the z axis (B, direction) can be accomplished by
applying an oscillating magnetic field, denoted by By, in a
direction perpendicular to B,. The radiofrequency transmit-
ter should be tuned to a frequency close to the Larmor fre-
quency to elicit a resonant excitation. After a radiofrequency
excitation pulse, the static magnetic field, B, causes preces-
sion of the transverse magnetization component, which can
be detected with an external coil as shown in Fig. 24.2. It is
customary to refer to the magnetic fields which are oscillat-
ing at radiofrequencies and turned on for brief durations as
radiofrequency pulses. A pulse that tips the magnetic
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Fig. 24.1 A single magnetic dipole moment in a static magnetic field
of strength, By. It is customary to align the z axis of a rectangular coor-
dinate system with the direction of the externally applied static mag-
netic field, B,. In this example, the magnetic moment, initially aligned
with the applied magnetic field, was tipped away from the z direction by
an angle a through application of an oscillating magnetic field (not
shown). The oscillating magnetic field is kept on only for the time nec-
essary to tip the magnetic dipole moment by a certain angle, « in this
example. After turning the oscillating magnetic field off, the magnetic
dipole moment precesses about the B, direction at a frequency, v, =yB,,
where y is a constant, the gyromagnetic ratio, and represents a property
of the nucleus. For 'H nuclei, y equals 42.6 MHz/Tesla. The angle ¢
denotes the phase angle of the magnetization component in the x—y
plane, orthogonal to the direction of B,

moment from the z axis into the x—y plane is referred to as a
90° radiofrequency pulse; a pulse that inverts the orientation
of the magnetic moment is called a /180° or inversion pulse.
In general, the degree to which the spins are tipped into the
transverse (x—y) plane is referred to the flip angle.
Immediately after a radiofrequency excitation, individual
magnetic moments that were tipped into the transverse plane
become in-phase, i.e., they have the same phase angle. If all
magnetic moments were to precess at exactly the same
Larmor frequency, this phase coherence would persist.
Residual magnetic field inhomogeneities, magnetic dipole
interactions between neighboring nuclei, molecule-specific
shifts of the precession frequency, and other factors produce
a distribution of Larmor frequencies. The frequency shifts
relative to a reference frequency can be tissue-specific, as in
the case of 'H nuclei in fatty tissue. The spread of Larmor
frequencies results in a slow loss of phase coherence of the
transverse magnetization, i.e., the sum of all transverse mag-
netization components decays with time. The decay follow-
ing a radiofrequency excitation is called free induction
decay, and often has the shape of an exponential function
with an exponential time constant denoted as T, roughly on
the order of ~0.1 to ~10*> ms for 'H nuclei in biological
systems. In the presence of field inhomogeneities and other



24 Cardiovascular MRI

Fig.24.2 The transverse
magnetization component of a
nuclear dipole precesses at the
Larmor frequency, and
produces an oscillating
magnetic flux density that can
be detected with a wire loop
that is part of a resonant circuit.
The induced voltage is
amplified and mixed with the
signal of an oscillator. The low
frequency component from the
mixer is a free induction decay
with frequency, v —v,. Often
two coils, oriented
perpendicular to each other, are
used to detect the signal from
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the Mx and My components of
the transverse magnetization,
which are in quadrature, i.e.,
they have a relative phase
difference of 90°. By detection
of the quadrature components,
it is possible to determine the
sign of the difference v, —v,,
and by combination of the two
signals, after phase shifting one
by 90°, one improves the
signal-to-noise by a factor of
2 . FID free induction
decay, MR magnetic resonance

factors that cause a spread of Larmor frequencies, the trans-
verse magnetization decay is further shortened. To distin-
guish this latter situation, one introduces a time constant,
T,", that is characteristic of the exponential decay of the
transverse magnetization in “heterogenous” environments.
It follows that 7," is always shorter than 7.

After any radiofrequency excitation that tips the magneti-
zation vectors away from the direction of the applied static
magnetic field, By, the nuclear spins will, over time, realign
themselves with the magnetic field to reach the same align-
ment as before the radiofrequency excitation. This time con-
stant is denoted as 7).

24.2.2 The Echo

A loss of phase coherence due to any spread in Larmor fre-
quencies, for example, due to magnetic field inhomogene-
ities, can be (at least partially) reversed by applying a 180°
pulse that flips the magnetization in the x—y plane such that
the faster precessing spins now lag behind and the more
slowly precessing spins are ahead, compared to spins pre-
cessing at the mean Larmor frequency. Once the echo ampli-
tude peaks, the spread of Larmor frequencies again causes a
loss of phase coherence. Multiple 180° pulses can be applied
to repeatedly reverse the loss of phase coherence and thereby
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produce a train of spin echoes, referred to as fast spin echo
imaging. The decay of the spin echo amplitudes is governed
by the decay constant 7,, while a free induction decays with
a characteristic time constant T,", with T," <T,. Importantly,
for cardiac imaging applications, it is useful to note that the
spin echo (and spin echo trains in particular) provides a
method to attenuate the signal from flowing blood, while
obtaining “normal” spin echoes from stationary or slow
moving tissue.

Spin echoes provide an effective means of refocusing the
transverse magnetization for optimal MR signal detection. A
similar, but nevertheless different, type of echo-like effect
can be achieved by applying two magnetic field gradient
pulses of opposite polarity instead of a 180° radiofrequency
pulse. The first gradient pulse causes a rapid dephasing of the
transverse magnetization; the second gradient pulse, of
opposite polarity, can reverse this effect. An echo-type signal
is observed, and peaks at the point where the phase wrap
produced by the first pulse is . This type of echo is called a
gradient echo.

A train of gradient echoes can be created by consecutive
pairs of dephasing and rephasing gradient waveforms. The
acquisition of multiple phase-encoded gradient echoes after
a single radiofrequency excitation is useful for very rapid
image acquisition, but is limited by the T," decay of the
signal.
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A variation of the gradient echo technique that reestab-
lishes phase coherence to the best possible degree before
application of the next radiofrequency excitation (i.e., the
next phase encoding step) can be used to produce a steady
state. This allows the application of radiofrequency pulses
with fairly large flip angles. Instead of relying on T relax-
ation to return the magnetization from the transverse plane to
the B, direction, the magnetization is toggled back and forth
by the radiofrequency pulses between the z axis and the
transverse plane. The attainable signal-to-noise ratio with
this approach is significantly higher than with “conventional”
gradient echo imaging. This type of gradient echo imaging is
referred to in the literature by various acronyms—steady-
state free precession imaging, true FISP, or balanced fast
field echo imaging. In particular, for cardiac cine studies, this
technique has led to a marked improvement of image quality.
Steady-state free precession (SSFP) works best with very
short repetition times which, in turn, impose high demands
on the gradient system of the MR scanner in terms of ramp-
ing gradients up and down.

24.2.3 Image Contrast

Biological tissues and blood have approximately the same
density of 'H nuclei, and spin-density images show poor con-
trast to differentiate (e.g., tissue from blood or fat from mus-
cle). One of the most appealing aspects of MRI is the ability
to manipulate the image contrast, based on differences in the
T, or T, relaxation times. For a gradient echo sequence, the T}
weighting is determined by the combination of flip angle and
repetition time. Reducing repetition time or increasing the
flip angle increases the 7; weighting in the image.

The T," weighting of a gradient echo image is controlled
by the time delay between the radiofrequency pulse and the
center of the readout window, i.e., the echo time TE. The T,
weighting the spin echo signal is similarly determined by the
echo time. In a fast spin echo sequence, one can use multiple
echoes to read out the signal with different phase encodings
for each echo. Controlling the 7 weighting through adjust-
ment of repetition time and the flip angle imposes some lim-
its that can be circumvented by applying an inversion pulse
before the image acquisition and performing the image
acquisition as rapidly as possible. The time between the
inversion pulse and the start of the image acquisition controls
the T, contrast in this case. The image acquisition after the
magnetization inversion is typically performed with a gradi-
ent echo sequence that uses small flip angles, i.e., the 7 con-
trast is controlled by the prepulse and the delay after the
prepulse, instead of the repetition time and the flip angle, «,
of the gradient echo image acquisition. Gradient echo imag-
ing with a magnetization preparation in the form of a 180° or
90° radiofrequency pulse is often the method of choice to
acquire rapidly T;-weighted images of the heart.
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MR contrast agents, such as gadolinium, provide a further
means for controlling the image contrast by injecting a com-
pound with paramagnetic ions that reduce the 7 of blood
and tissue permeated by the agent. The local 7' reduction
depends on: (1) delivery of contrast agent to the tissue region
through the blood vessels; (2) the degree to which the con-
trast agent molecules can cross barriers such as the capillary
barrier; and (3) the distribution volume of the contrast agent
within the tissue. The contrast seen after the injection of such
an agent can be used to determine pathology, such as the
breakdown of the cardiac cell membranes and/or an above
normal concentration of contrast agent in infarcted
myocardium.

24.3 Cardiac MR Techniques
and Applications

24.3.1 Cardiac Morphology

The accurate depiction of cardiac morphology is important
in most imaging applications. Numerous MR techniques
have been developed and they are generally categorized
based on the appearance of the intracardiac blood in the
image, as either black-blood or bright-blood techniques.

Spin-echo (SE) was the first sequence used for the evalu-
ation of cardiac morphology, however it was not until the
advent of ECG-gating that SE imaging became substantially
more important by reducing motion artifacts associated with
the beating heart. SE images are called black-blood images
due to the signal void created by flowing blood, which pro-
vides very good contrast between the myocardium and the
blood. Slower moving blood, particularly adjacent to the
ventricular walls, however, can cause the blood signal to
appear brighter, effectively reducing the quality of the image.
So, presaturating with a radiofrequency pulse and reducing
the echo time (TE) is used to minimize the blood signal and
increase the contrast in the image [1]. Although widely avail-
able, SE imaging is limited due to its poor temporal resolu-
tion and susceptibility to respiratory and other motion
artifacts. Nevertheless, these problems have been overcome
through the development of sequences with shorter acquisi-
tion times, so-called fast (or turbo) SE pulse sequences.
Although soft tissue contrast is not as optimal, these
sequences have become the frontline sequence for depiction
of cardiac morphology (Fig. 24.3).

24.3.2 Global Cardiac Function

Global and regional assessments of ventricular function with
MRI are very well established and have been shown to be
accurate and reproducible compared with other imaging
modalities for the calculation of volume, mass, and derived
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Fig. 24.3 Cardiac anatomy of a canine heart imaged with a 72-
weighted fast spin echo sequence and in-plane resolution of 1.2 mm.
Cardiac structures such as the left ventricle (LV), right ventricle (RV),
and aorta are labeled. The signal from blood in the ventricular cavities
was nulled by a magnetization preparation consisting of radiofrequency

parameters such as stroke volume and ejection fraction [2,
3]. Thus, it is now considered the gold standard for the evalu-
ation of cardiac function and mass in numerous studies com-
paring different imaging modalities [4].

Cine loops are acquired to follow the changes in ventricular
dimensions over the entire cardiac cycle and thus to assess car-
diac function. The acquisition of each image in the cine loop is
broken up into several “‘segments,” and the image segments are
acquired over consecutive heart beats, as shown in Fig. 24.4.
The acquisition of such image segments for each cardiac phase
is subsequently synchronized with the heart cycle by gating of
the encoding steps with the patient’s electrocardiogram. This
technique works well as long as the subject has a regular heart
beat. The final result of the segmented acquisition is a series of
images, one for each phase of the cardiac cycle. These images
can be played as a cine loop, e.g., to assess ventricular func-
tion. To increase the sharpness of the quality of images, clini-
cians ask patients to hold their breath during image acquisition.
The segmented data acquisition approach always involves a
tradeoff between temporal resolution (i.e., number of frames
covering one R-to-R interval) and spatial resolution, as the
image acquisition needs to be performed within a time short
enough to allow for suspended breathing.

Typically, for the measurement of global cardiac function,
bright-blood cine MRI is performed in multiple short-axis
views, covering the heart from base to apex, using a multi-
phase, segmented k-space, gradient echo (GRE) sequence
[5-7]. Yet to date, GRE studies have suffered due to satura-
tion effects in areas of low blood velocity, causing reduced
contrast between blood and myocardium within the ventricu-
lar cavity [8]. In general, this problem causes difficulties in
detection of the endocardial border, most dramatically in
long-axis views of the heart where there is very minimal
motion of blood through the imaging plane, as the majority
of blood is moving within the image plane in these views as

inversion pulses. Furthermore, the use of an echo train (with seven spin
echoes in this case) and a long effective echo time also causes attenua-
tion of the signal from moving blood. These so-called black-blood
imaging techniques are very useful for anatomical imaging to avoid
image artifacts from flowing blood

shown in Fig. 24.5A. Such problems associated with GRE
cine imaging have recently been minimized with the advent
of SSFP sequences (Fig. 24.5).

Although the concept of SSFP imaging has been described
in the literature for many years, only recently has MR hard-
ware developed to the point that these techniques have
become practical and available on clinical scanners (e.g.,
those from multiple vendors) [9, 10]. SSFP sequences have
dramatically improved contrast-to-noise, shortened acquisi-
tion times, and increased both spatial and temporal resolu-
tion in comparison with previous GRE techniques [2, 11,
12]. These improvements have enhanced the detection of the
epicardial and endocardial surfaces (delineation of trabecu-
lation and papillary muscle), both manually and with auto-
mated detection schemes, resulting in improved accuracy
and reproducibility for the quantification of cardiac mass and
volumes [13, 14]. Scan times have been reduced as well,
such that SSFP sequences for an entire 3D data set covering
the heart can be acquired within a single breath-hold.

SSFP techniques are also employed in the emerging area of
real-time MR imaging. Recently, real-time imaging techniques
have been developed and improved such that they will be
employed in future cardiac function studies, as well as in the
emerging field of interventional imaging with MRI. These
real-time sequences continuously acquire images of the heart
with sufficiently high temporal resolution similar to fluoroscopy
[15] without the need for ECG triggering or breath-holding,
therefore making it possible to image patients with severe
arrhythmias or heart disease. In the past, these were difficult
requirements to fulfill with segmented k-space GRE or SSFP
sequences. Furthermore, newly developed sequences imple-
menting image reconstruction techniques with sensitivity
encoding (SENSE) and simultaneous acquisition of spatial
harmonics (SMASH) have reported imaging temporal resolu-
tions down to 13 ms with a spatial resolution of 4.1 mm [16].
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Fig.24.4 Illustration of the principle of segmented acquisition of data,
as that used for imaging multiple phases of the cardiac cycle in ven-
tricular function studies. The image acquisition is synchronized to the
cardiac cycle by triggering of the pulse sequence with the R-wave on
the ECG. The total number of phase encodings is split into five groups
or segments in this example. The same five phase encodings are per-
formed during each phase of one cardiac cycle. During the next R-to-R
interval, five other phase encodings are performed for each cardiac
phase. The R-wave-triggered acquisition of phase encodings is repeated
k number of times to obtain a total of k-5 phase encodings. The tempo-
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ral extent of each cardiac phase is shown in the diagram by the boxes
that contain the symbolic representations of the phase-encoded lines as
vertical lines. The temporal resolution (TR) of the resulting cine loop is
determined by the number of lines per segment (five in this example)
and the repetition time for each phase encoding step. Typical resolu-
tions are on the order of 40-50 ms for resting heart rates, and higher
during inotropic stimulation of the patient’s heart. The image acquisi-
tion is performed while the patient holds his/her breath. In this example
the required duration of the breath-hold would be k heart beats, with k
typically on the order of 10-20, depending on the heart rate

Fig.24.5 Comparison of end-diastolic long-axis views acquired with a
segmented gradient echo sequence (leff) and a steady-state free preces-
sion (SSFP) sequence (right). The SSFP technique provides significantly

higher contrast to noise between intraventricular blood and myocardium,
resulting in improved endocardial border definition throughout the car-
diac cycle, as compared with the older gradient echo sequence



24 Cardiovascular MRI

24.3.3 Regional Myocardial Function

Ventricular volumes and derived parameters such as stroke
volume and ejection fraction are the most commonly used
variables for the assessment of systolic function in the clini-
cal setting, however they have associated limitations related
to the measurement of contractile properties of the heart.
Furthermore, these descriptors of cardiac performance do
not take into consideration the importance of regional con-
tractile dysfunction, the degree and extent of which are
important prognostic factors with ischemic heart disease,
and/or following myocardial infarction [17-19]. It is gener-
ally accepted that quantitative estimates of wall motion and
relative changes in wall thickening (expressed as % of end-
diastolic wall thickness) are useful for measuring regional
function and are also more precise than the subjective visual
wall motion scoring system which is commonly used in the
clinic today [20, 21]. Wall motion changes and thickening
are usually measured along the length of a center line
between the segmented endocardial and epicardial borders
of the heart. They are further divided into myocardial seg-
ments of equal circumferential extent which are positioned
relative to the location of an anatomical landmark such as the
anterior-septal junction of the left ventricle and right ventri-
cle. Dynamic changes in wall thickening can be considered
as the radial component of myocardial strain, defined as the
percent change in dimension from a resting state. Such strain
analyses have proven very useful for the assessment of
regional contractile function in both animals and human
patients [22-24].

Circumferential shortening and radial thickening are two
components of myocardial strain typically assessed by MRI
tagging [25-29]. This approach has a higher sensitivity to the
identification of noncontracting regions of the myocardium
compared to “conventional” cine MRI. As such, cine imag-
ing of the heart can be combined with a series of magnetiza-
tion preparation pulses that null the longitudinal
magnetization along thin parallel stripes in the slice plane.
The stripes or tags appear as black lines on the MR images
and can be applied in two directions in a single slice, forming
a grid pattern. This grid pattern is created immediately after
the R-wave of the EKG and before acquisition of the seg-
mented phase encodings (Fig. 24.4). The grid tags visible in
the resulting images are “imbedded” in the tissue and are
therefore distorted if any myocardial motion occurs. Thus,
intramyocardial displacements and myocardial strain can be
tracked through monitoring visible motion and deformation
of the tag lines, respectively. Figure 24.6 shows an example
of a myocardial grid pattern laid down at end-diastole and, in
a second frame, the same pattern is recorded at end-systole
with evident distortion of the tag lines due to myocardial
contraction. The tag lines, created right after the R-wave,
tend to fade during the cardiac cycle due to 7| relaxation, but
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for normal resting heart rates (e.g., 60—70 beats/min) the tag
lines can persist long enough to allow visualization of car-
diac motion over nearly the entire R-to-R interval.
Importantly, tag lines in the ventricular blood pool disappear
very quickly because of the rapid motion and mixing of
blood in the ventricle; this effect is then useful for clearly
defining the endocardial borders.

24.3.4 Myocardial Perfusion

Myocardial blood flow is assessed using very rapid MR
imaging of the heart during the first passage of an adminis-
tered contrast agent through the heart. 7| changes in the
myocardium are directly proportional to the contrast agent
concentration in the blood or tissue [30, 31], so that through
the use of T;-weighted imaging techniques, myocardial ter-
ritories affected by a coronary artery lesion can be both
qualitatively and quantitatively evaluated. Furthermore, the
myocardial territory affected by a coronary artery lesion
may or may not show a perfusion deficit under resting con-
ditions; however, during an imposed pharmacological
stress, a stenotic vessel cannot respond (dilate) like a
healthy vessel resulting in vascular steal, a phenomenon in
which increased blood flow to the myocardium is supplied
by nonstenotic vessels [32]. Consequently, the relative
blood flow is reduced through stenotic vessels resulting in a
detectable perfusion deficit in the images; as such, both
areas of reversible and nonreversible (scar) defects can be
represented [33].

First pass perfusion imaging in typically performed using
multislice fast gradient-echo imaging with saturation-
recovery magnetization preparation obtained during the
rapid administration (7 ml/s) of a small contrast agent dose
(approximately 0.04 mmol/kg for the extracellular gadolin-
ium agent Gd-DTPA). A saturation-recovery magnetization
preparation consists of a nonslice selective 90° radiofre-
quency pulse, followed by a gradient crusher pulse designed
to dephase the transverse component of the magnetization
[34]. This preparation drives the magnetization into a well-
defined state, permitting the acquisition of a T;-weighted
GRE signal that is independent of the properties of any pre-
vious relaxation delay, thus preventing fluctuations in the
image signal intensities due to variations in the heart rate or
ECG trace. Nevertheless, imaging is typically performed
throughout the duration of 40-50 heart beats to adequately
capture the first pass of the injected contrast agent through
the heart. With currently employed clinical 1.5 Tesla MRI
scanners (with state-of-the-art gradient coils and amplifiers
producing gradient field amplitudes of 20-40 mT/m with
slew rates up to 150 mT/m/s), this imaging can be done in
approximately 3—4 slices for every heart beat, with an in-
plane image resolution of 2 mm or better.
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Fig.24.6 Images with spatial
modulation of magnetization
in the form of vertical and
horizontal stripes in a human
volunteer. The grid-tag lines
spaced 6 mm apart were
created immediately after the
R-wave of the ECG. The
upper left panel shows a
magnified view of the heart
during this initial phase. A
second image is shown on the
upper right for an end-
systolic phase, with the
distortion of the tag lines due
to cardiac contraction clearly
apparent. The tagging
technique is equivalent to the
implantation of
intramyocardial markers.
Tracking of the tag lines over
the cardiac cycle allows
determination of myocardial
strains, and has been shown to
provide a sensitive method for
assessing regional wall
motion abnormalities

Qualitative analyses of perfusion studies can be made by
viewing the sequence of images as a movie loop, and then
visually grading the rate of contrast enhancement in myocar-
dial segments. However, qualitative assessments are highly
observer-dependent and thus are also subjective to misinter-
pretation based on image artifacts or variations in the image
brightness due to the inhomogeneous detection of the MR
signal by the surface coils. Therefore, in the future, a more
quantitative technique based on the time course of signal
intensity in the different myocardial segments of interest can
provide an objective and robust method of analysis
(Fig. 24.7).

End-Diastole
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24.3.5 Myocardial Viability

The ability to distinguish nonviable myocardium is of criti-
cal importance in the management of patients with both
acute and chronic coronary artery disease syndromes, yet
this is complicated by the presence of reversibly damaged
and infarcted myocardium. Until very recently, thalium sin-
gle proton emission computed tomography (SPECT) and
positron emission tomography (PET) were the primary tools
for evaluation of myocardial viability. However, with the
development of delayed contrast-enhanced MRI (ce-MRI),
the cardiac MRI method has quite dramatically and rapidly
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Fig.24.7 A sample of images acquired using a fast 7;-weighted gradi-
ent echo sequence during a bolus injection of 0.04 mmol/kg of the
extracellular contrast agent Gd-DTPA is shown, with the resulting sig-
nal intensity curves for the left ventricular blood pool and several myo-
cardial segments below. The first image in the series (A) shows a
short-axis image of the heart prior to injection of the contrast agent.
Following injection, the contrast agent quickly enters the right ventricle

ascended into the forefront of viability imaging [35, 36]. In
general, this technique has been shown to identify irrevers-
ibly damaged myocardium in both acute and chronic settings
following a myocardial infarction and, in tandem with cine
imaging, can be used to consistently predict reversibly dam-
aged tissue that may benefit from revascularization and/or
other therapies [37, 38]. Furthermore, with the availability of
substantially higher spatial resolution than nuclear tech-
niques, ce-MRI can detail the transmural extent of irrevers-
ibly damaged tissue and detect both small and large
subendocardial defects not identified by either SPECT or
PET [39, 40].

So-called delayed ce-MRI is performed following the
intravenous administration of a gadolinium-chelate contrast
agent; typical dosages for imaging viability are on the order
of 0.1-0.2 mmol/kg. The contrast agents more readily cross
the cell membrane due to the severe myocardial injury and

(B) and left ventricle (C) and then passes through the coronary and
microcirculation (D, E) causing signal enhancement throughout the
myocardium. This example shows a clear perfusion defect in the infe-
rior wall of the left ventricle which can be seen in images D and E
(circled) and also the corresponding tissue curve immediately follow-
ing the first pass of the contrast through the left ventricle

loss of viability [33, 35, 41, 42]. After an appropriate delay
(approximately 10-15 min), the contrast agent achieves
approximate distribution equilibrium, and loss of functional
viability and subsequent leakage of contrast agent result in
T\-weighted signal enhancement because the distribution
volume of the contrast agent is larger in the injured tissue
compared to normal. Such imaging is typically performed
under resting conditions using a breath-hold “inversion
recovery” prepared and 7)-weighted segmented GRE
sequence. The appropriate inversion delay time following
the inversion pulse (approximately 250 ms or less) results in
signal nulling of viable myocardium. Note that, for the best
results, appropriate inversion delay times are iteratively cho-
sen for each patient. This results in images where the normal
viable myocardium is dark, nonviable, fibrotic, or scarred tis-
sue has dramatically increased (hyperenhanced) signal inten-
sity (Fig. 24.8). Typically, one or two signal averages are
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Baseline

3 Months

ce-MRI

Fig. 24.8 Example of an initial and follow-up MRI exam comparing
the region of infarction (arrows) with wall thickness and contractility.
The acute study at 2 days (fop) shows evidence of microvascular
obstruction within the infarct and reduced wall thickening in the ante-

used with an in-plane image resolution of approximately
1.5 mm; this approach as a 2D sequence requires multiple
breath-holds to encompass the left ventricle and can be typi-
cally accomplished in less than 10 min. In addition, 3D
approaches can also be used which cover the entire ventricle
in a single, yet longer breath-hold with comparable, but not
as good, image quality.

While the delayed ce-MRI sequence is the most widely
accepted approach for viability imaging with MRI, there are
other less popular techniques that should be mentioned (e.g.,
imaging with the use of a manganese-based contrast agent).
Manganese is a Ca** analog which is actively taken up by
viable cells, thus in obtaining 7'-weighted images, viable tis-
sue is enhanced (bright) while nonviable tissue remains dark
[43]. Manganese contrast agents are not currently being used
in clinical cardiac imaging; however, this may provide an
effective alternative method in the near future. MRI of
sodium or potassium are also effective methods with poten-
tial for imaging viability, but their use remains strictly a

Diastole

Systole

rior region, shown here by long-axis cine images. During the 3-month
study (bottom), there is no longer a sign of microvascular obstruction
within the infarct territory, diastolic wall thickness has decreased, and
contractility has improved in regions adjacent to the infarcted territory

research tool due to the very limited availability of multifre-
quency MRI scanners for clinical use [44].

24.3.6 Blood Flow Velocity

A recorded MR signal can be represented in terms of a mag-
nitude and a phase component. As such, MRI images can be
analyzed to elicit the spatial variations of the signal magni-
tude, but it is also possible to create maps showing the spatial
variations of the signal phases. Furthermore, it has been
shown that the phase of the signal is sensitive to the velocity
of tissue or blood. The so-called phase contrast MRI tech-
nique uses the phases of the signals to measure relative
velocities. For an in-depth discussion of these methodolo-
gies, we refer the reader to the literature. Yet, an example of
a phase contrast flow velocity measurement in an aorta is
shown in Fig. 24.9, which has been used to calculate pulse
wave velocities for measuring vessel stiffness [45].
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Fig.24.9 Phase contrast I_‘_.’:_{_\‘E
imaging of the aorta in a s
human volunteer. Both the = ;
magnitude and phase images %’-—i}_
are shown. Images were b =

acquired for X cardiac phases,
covering approximately 2.5
heart beats. A region of
interest (white box) was
placed on the phase images in
the thoracic aorta to
determine the variation of
flow velocity in the vertical
direction of the image plane.
The variation of the velocity
is shown in the graph. ROI
region of interest
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24.3.7 Fiber Structure

24.3.7.1 Importance of Myofiber Orientation

The analysis of myocardial microstructure continues to be
considered an important factor in better understanding
underlying pathologies and/or associated arrhythmias. This
is due to the fact that structural fiber arrangement is modified
over the time course of various cardiomyopathies. In the

06 08 1.0 1.2

Time [sec]

healthy heart, it is generally accepted that cardiac muscle
fibers or myofibers are arranged as counter-wound helices
encircling the ventricular cavities and where fiber orientation
is a function of their transmural location [46—48]. Further,
myofibers are predominantly organized in the base—apex
direction at the epicardial and endocardial surfaces, and
rotate to a circumferential direction in the mid-wall. This
counter-wound helical structure is considered to be respon-
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sible for the torsional or wringing motion of the left ventricle
which serves three main mechanical functions: (1) equaliz-
ing myofiber strain and workload; (2) optimizing the volume
of blood ejected during systole (stroke volume); and (3) stor-
ing torsional energy in the intracellular and extracellular
matrix, and when released, increasing ventricular filling dur-
ing diastole [49-56]. Therefore, cardiac fiber orientation can
also be considered as one of the primary determinants of
ventricular pump function.

24.3.7.2 Quantifying Fiber Structure
with Diffusion Tensor MRI

More recently, diffusion tensor MRI (DTMRI) has been
developed and employed as a nondestructive means to quan-
tify 3D ventricular fiber orientation [46, 57-60]. The under-
lying principle in determining cardiac fiber orientation by
DTMRI is that the fastest direction of water diffusion corre-
sponds to the local myofiber orientation. Therefore, by
obtaining a series of diffusion-weighted images, the effec-
tive diffusion tensor of water in the myocardium can be esti-
mated using a relationship between the measured echo
attenuation in each imaging voxel and the applied diffusion
sensitizing gradient [61]. As such, diffusion-weighted pulse
sequences are designed such that molecular displacements in
the direction of the applied diffusion sensitizing gradients
will attenuate the echo signal, thus enabling the estimation of
water diffusivity in a given direction. The strength of the
diffusion weighting or b-value usually ranges from 500 to
1500 s/mm? in cardiac DTMRI. The diffusion tensor, which
is a symmetric 3x3 second rank tensor, is determined for
each imaging voxel and represents the net 3D diffusion in the
tissue. In order to determine the required six independent
parameters of the diffusion tensor, at least seven images
must be obtained for a given slice—six diffusion-weighted
images applied in six noncolinear directions and one diffu-
sion-independent image. However, it is also common to
estimate the diffusion tensor by obtaining many diffusion-
weighted images varying in direction (12—16 directions) and
b-value, where the best fit for the diffusion tensor can be
determined using multilinear regression. Nevertheless, ven-
tricular fiber orientation can be obtained with DTMRI due to
the anisotropic nature of water diffusion in the myocardium
[62]. The fastest direction of diffusion or primary eigenvec-
tor of diffusion has been validated to coincide with the local
longitudinal myofiber orientation, as water diffusion in the
cross fiber directions is restricted by the cellular borders and
laminar sheets in the myocardium [63, 64]. Note that the sec-
ondary and tertiary eigenvectors of diffusion correlate with
the laminar sheet direction and sheet normal, respectively
[58, 65, 66].

From a research perspective, it is also interesting to note
that DTMRI can be used to obtain fiber orientation both
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in vivo or ex vivo [67, 68]. In addition, it has been shown that
DTMRI can successfully be performed on isolated human
hearts if collected within 3 days postmortem from the donor
[69]. Currently, cardiac DTMRI is primarily used as a
research tool, and is not a routinely employed cardiac MR
protocol in a clinical setting. Today, this imaging technique
does not contribute to the diagnosis of cardiomyopathies, or
provide information that can be used to determine patient
treatment options. However, in concert with myocardial tag-
ging, in vivo DTMRI does provide valuable insights into the
myofiber structure—function relationship in the ventricles in
both normal and diseased states as discussed in Sect. 24.3.7.3.
In general, the spatial resolution of diffusion imaging is
dependent on the diffusion sensitizing pulse sequence and
magnetic strength of the scanner. For example, for in vivo
diffusion imaging of large mammalian hearts in a 1.5 Tesla
magnetic field, a spatial resolution of approximately
3x3%3 mm can be expected [70]. For ex vivo diffusion
imaging with high field MRI scanners (3-9.4 Tesla), a spatial
resolution less than 1x 1x1 mm can easily be obtained. An
example of ex vivo DTMRI of a freshly cardiopleged and
isolated human heart is shown in Fig. 24.10. The raw diffu-
sion images are shown along with the fiber orientation pro-
jected into the imaging plane as determined by the primary
eigenvector of diffusion for a mid-ventricular slice.
Furthermore, Fig. 24.11 shows a 2D contour plot of the fiber
inclination angle « of a healthy human heart fixed directly
postmortem using the methodologies described in Eggen
et al. [69].

24.3.7.3 Pathological Changes in Fiber
Structure

It was reported that by using cardiac DTMRI in conjunction
with phase contrast strain-rate imaging, Tseng et al. were
able to determine that a state of fiber disarray exists in hyper-
trophic cardiomyopathy which results in a disordered pattern
of principle myocardial shortening. In the same study, these
investigators observed that a positive correlation exists
between fiber disarray and myocardial hypokinesis [70].
Additionally, several studies have attempted to quantify car-
diac fiber architectural remodeling after the occurrence of
myocardial infarction [71, 72]. In these reports, fiber disar-
rays and increases in diffusivity were evident in the infarcted
regions; this was considered to be consistent with abnormal
wall motion and/or cell death. More recently cardiac DTMRI
has played a key role in developing computational approaches
to investigating the electromechanics of healthy and diseased
hearts, which are becoming necessary for the comprehensive
understanding of cardiac function [73]. Such sophisticated
models have provided important insights into arrhythmia
induction in peri-infarct zones surrounding necrotic scar in
chronically infarcted canine hearts [74].
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Fig.24.10 Diffusion tensor MRI imaging of a freshly excised normal
human heart. The unfixed heart was submerged in saline and all air was
removed prior to imaging. For the determination of cardiac fiber orien-
tation, six diffusion-weighted images were acquired with one
nondiffusion-weighted image (A) at the mid-ventricular level. Three
diffusion-weighted images are shown (B-D) acquired with diffusion
gradients applied in three orthogonal directions. The left ventricular

Fig.24.11 2D contour plot of the fiber inclination angle « in a healthy
human heart fixed directly postmortem. The short-axis image was
obtained from the mid-level of the left ventricle

24.4 MRI and Biomedical Devices

24.4.1 Real-Time Imaging and Cardiovascular
Interventions

To date, X-ray-based fluoroscopic techniques have been the
gold standard for most invasive diagnostic and/or therapeutic
applications relative to the heart. However, with the advent
of ultrafast MRI and the development of MRI-compatible
catheters and guide wires, the goal of achieving real-time
guidance by MRI for cardiovascular interventions is emerg-
ing as a new alternative [75]. More specifically, the use of
MRI for guided interventions would minimize or even elimi-
nate reliance on ionizing radiation and iodinated contrast
agents, an advantage particularly for pediatric patients. To

fiber orientation is projected onto the imaging plane (E) as determined
by the primary eigenvector of diffusion or direction of fastest diffusion.
Imaging parameters were as follows: field of view=180x180 mm,
matrix=196x196, and in-plane spatial resolution=0.9x0.9 mm,
b-value=1000 s/mm?; the slice thickness was 3 mm. LV left ventricle,
RV right ventricle

date, continuous improvements of MRI techniques and MRI
scanner hardware have rendered it feasible to achieve the
relative clinical fluoroscopic image rates of 5-15 images/s
[76]. Thus, it is considered highly probable to use MRI for
guiding interventional cardiovascular procedures, such as
coronary catheterization [77] and cell or gene therapy deliv-
ery [15], with close to real-time image refresh rates. Initial
interventional studies with MRI guidance have demonstrated
the advantages of MRI, including: (1) the ability to image
arbitrarily oriented cross-sections; (2) interactive steering of
the image plane; and (3) excellent soft tissue contrast for the
detection and visualization of lesions [78].

Several other technical advances have also been consid-
ered as crucial for advancing the possibility of performing
interventional procedures under MRI guidance, including:
(1) development of 1.5 Tesla magnets with short bores that
allow access to the groin area for catheter-based procedures;
(2) LCD monitors that can be exposed to high magnetic
fields to allow the operator to perform an intervention and
control MRI scan parameters from a position right next to the
magnet; and (3) development of catheter-based MRI anten-
nae for localized intravascular signal reception and high-
resolution imaging [79].

For MRI-guided cardiac interventions, one of the basic
requirements is to visualize and track the catheters and
devices used in the therapies while they are manipulated
through the heart and vascular spaces [80]. In general, cath-
eter tracking techniques can be divided into two categories—
active and passive. Active tracking of catheters and devices
requires the instrument to receive or send a signal in order to
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identify its relative location. For example, a receiving coil
can be incorporated into the device and thus connected to the
scanner such that the position can be located based on the
frequency of the received signal from the body coil.
MRI-guided active catheter tracking used for real-time 3D
intracardiac navigation, mapping, and ablation has been suc-
cessfully demonstrated in work by Gaspar et al. [81]. Passive
tracking of catheters involves creating a signal void without
interfering with the image quality of the tissue being imaged.
This latter method can be achieved through the choice of
materials incorporated into the catheter or device. For exam-
ple, small amounts of titanium, gold, or copper can be depos-
ited into the catheter tip in order to introduce a susceptibility
artifact such that the tip of the catheter can be continuously
tracked. The details of one passive design of a deflectable
guiding catheter constructed from nitinol and Kevlar is fur-
ther described in Bell et al. [82].

A recent development in the emerging field of MRI-
guided cardiac interventions is the real-time delivery of
transcatheter valves. Recently, McVeigh et al. demonstrated
that a transcatheter bioprosthetic aortic valve could be deliv-
ered via a direct approach through the left ventricular apex in
approximately 90 s with real-time interactive MRI guidance
[83]. Importantly, immediately after the procedure, myocar-
dial perfusion, blood flow through the valve, and ventricular
function were assessed with MRI in order to verify proper
placement of the valve. It is considered that this minimally
invasive MRI-guided aortic valve replacement technique
may prove to be a less morbid approach than conventional
valve replacement surgeries, and thus may have added ben-
efits for the very ill and/or elderly patient population.
Research in swine has also proven the feasibility of a trans-
arterial aortic valve implantation using a commercially
released valve (CoreValve®, Medtronic, Minneapolis, MN,
USA) and a modified delivery system [84].

To date, other reported MRI-guided cardiac interventions
and applications include, but are not limited to [80, 85]: (1)
diagnostic cardiac catheterization; (2) electrophysiological
recording/radiofrequency ablation [81, 86]; (3) balloon dila-
tion and stent placement [87]; and (4) atrial septal defect clo-
sure. For an in-depth discussion of the advantages and
difficulties associated with these MRI-guided cardiac inter-
ventions, we refer the reader to the growing body of related
literature (see also Chaps. 32 and 36).

24.4.2 MR-Conditional Implantable Devices
and Nomenclature

Today, most implantable cardiac devices contain metallic
parts that can interfere with MR cardiac imaging and/or pose
potential safety risks for the patient. Such potential interac-
tions can include mechanical effects from the static magnetic
field that could cause movement or dislodgement of an
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implanted device, or device heating due to the RF field and
gradient magnetic field. For example, when scanning patients
with cardiovascular implantable electronic devices (CIEDs)
such as pacemakers or implantable cardioverter-defibrillators
(ICDs), there is a potential risk of increasing the pacing
threshold because of lead tip heating, due to the RF and gra-
dient magnetic field. Even though there are potential risks of
scanning patients with such devices, it can still be permissi-
ble to conduct an MRI scan under certain conditions.
Importantly, implantable devices with demonstrated safety
in the MR environment within defined conditions are referred
to as MR-conditional, whereas devices that pose no known
hazards resulting from exposure to any MR environment are
termed MR-safe [88]. An MR-safe item is typically com-
posed entirely of electrically nonconductive, nonmetallic,
and nonmagnetic materials; most cardiac implantable
devices do not fall into this category. Lastly, devices which
pose unacceptable risks to the patient, medical staff, or other
persons within the MR environment are termed MR-unsafe.

Until recently, CIEDs such as pacemakers or ICDs were
a strict contraindication to MRI. The potential interactions
of a CIED with the MR environment include, but are not
limited to [89]

* Mechanical movement of the device or lead dislodgment
(static magnetic field interaction)

e Lead tip heating (RF and gradient magnetic field
interaction)

e Current induction leading to rapid pacing (RF and gradi-
ent magnetic field interaction)

* Over-sensing and under-sensing the cardiac EGM (RF
and gradient magnetic field interaction)

* Reed switch interference (static magnetic field interaction)

* Electrical reset or permanent device damage (static, RF,
and gradient magnetic field interaction).

Recently, the risks of these potential hazards have been
minimized by specially engineering CEIDs to be
MR-conditional. In a randomized, prospective, controlled
worldwide clinical trial, patients (n=464) were randomized
to undergo an MRI scan between 9 and 12 weeks postim-
plant (MRI group, n=258) or not to undergo MRI (control
group, n=206) after successful implantation of a specially
engineered dual-chamber pacemaker and leads. MR imaging
was performed under the following conditions: static mag-
netic field strength of 1.5 T, maximum SAR value of 2 W/kg
for each sequence, and a maximum gradient slew rate of
200 T/m/s. In addition, only head and lumbar sequences
were performed such that the isocenter of the RF transmitter
coil was above the C1 vertebra and below T),. The results of
the study demonstrated that no MRI-related complications
occurred during or after MRI, including sustained ventricu-
lar arrhythmias, changes in pacing thresholds or sensed
EGMs, pacemaker inhibition or output failures, electrical
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resets, or other pacemaker malfunctions [90]. This pacemaker
(EnRhythm MRI system, renamed RevoMRI™ SureScan®
system, Medtronic) received Conformité Européenne (CE)
mark in 2008, and was approved for use in the USA in 2011.
Although CIEDs have been specially engineered to be
MR-conditional, the problem remains to be very complex.
For example, the potential hazard of lead tip heating, which
can lead to an increase in pacing threshold, is dependent on
many parameters including [91]:

* Patient size

* Anatomy

* Body composition
* Position in the bore
* Scan sequence

* Lead routing

* Lead design.

Because of these complexities, computer-aided modeling
has been used as a practical and efficient method for exploring
millions of variable combinations in a holistic manner [91].

It should be noted that a device may be MR-conditional,
but that does not necessarily mean it is “MR-compatible.”
MR-compatibility is used to describe the interaction of the
device with the diagnostic quality of the MR image. In the
example of the MR-conditional pacemaker, researchers have
found that high-quality CMR images for the assessment of
cardiac anatomy and function can be obtained in most
patients with an implantable pacing system [92]. Furthermore,
new scan sequences have been proven effective at reducing
artifacts in patients scanned with ICDs [93].

It is foreseen that a new set of MRI safety concerns may
arise when such imaging is performed using intravascular
coils [94, 95]. Such intravascular coils may, for example, be
used to examine vulnerable plaque on vessel walls; localized
heating in the vicinity of the coil could disrupt the plaque, thus
causing catastrophic consequences. Note that heating strongly
depends on the wavelength (MRI frequency), geometry of the
body and the device, and placement of the body and device
with respect to each other and within the MR system. On the
other hand, one could also foresee potentially using this heat-
ing phenomenon to induce therapy itself (e.g., tumor ablation
tolesionformation). For further information on MR-conditional
and/or MR-compatible biomedical devices and additional
contraindications for cardiac MRI exams, we refer the reader
to the growing body of literature on this topic.

24.4.3 Assessment of Biomedical Device
Performance

Cardiac MRI also provides a unique opportunity to test,
in vivo, the performance of implanted devices such as pros-
thetic heart valves and heart pacing devices (those that would
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be considered both MRI-compatible and safe). For example,
in patients with artificial aortic valves, the flow downstream
from the implanted valve may be severely altered. These
changes have been associated with an increased risk of
thrombus formation and mechanical hemolysis. Therefore
the capabilities of MRI velocity mapping would be consid-
ered very useful for the noninvasive evaluation of the flow
profiles in patients with a mechanical valve prosthesis [96,
97]. For example, in one report, Botnar et al. found that peak
flow velocity in the aorta was significantly higher in patients
with valvular prosthesis than in normal patients [98]. In that
same study, the investigators also reported that diastolic
mean flow was negative in patients after valve replacement,
but not in controls. Furthermore, in instances where real-
time MRI is used to guide the placement of a stented artifi-
cial valve, an assessment of the flow profile can be obtained
immediately to determine the relative success of the implant
procedure.

The usefulness of MRI for assessing the function of car-
diac pacing devices has already been proven in experimental
animal studies [99], with early feasibility data obtained in
humans using MR-conditional pacemakers [92]. For exam-
ple, in our laboratory, we have quantified pacing-induced left
ventricular dyssynchrony in swine paced from the right ven-
tricular apex, a standard pacing lead implant site, using MR
tissue tagging. Figure 24.12 demonstrates that right ventricu-
lar apex pacing alters the mechanical activation pattern of the
left ventricle, resulting in circumferential stretch in the lat-
eral and posterior walls and regional variations in circumfer-
ential shortening in end-systole (see also online Video 24.1).
Our lab has also demonstrated intraventricular dyssynchrony
during right ventricular apical pacing in an isolated human
heart [100]. Furthermore, the myocardial strain in a normal
swine heart and healthy human volunteer can be viewed in
real time in online Videos 24.2 and 24.3.

24.5 Quantitative Analyses of Cardiac MR

It is important to note that post-processing of cardiac MRI
studies represents the stage at which the full potential of the
cardiac MRI examination may be best realized. Post-
processing is comprised of two major steps, namely image
post-processing and data post-processing. The first step
largely involves segmentation algorithms to delineate and
extract features and structures of interest from the collected
images. The second step consists mainly of applying mathe-
matical and statistical methods to aid in diagnosis.

For many cardiac investigative protocols, the myocar-
dium is the area of interest for analysis, so one needs to seg-
ment the myocardium from the rest of the image to extract
further information, e.g., utilize contrast enhancement in a
perfusion study or monitor systolic thickening of the wall for
a MR cine study.
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Fig.24.12 Circumferential strain quantified by MR tissue tagging in a
normal porcine heart (A-B) and after 6 weeks of cardiac pacing from
the right ventricular apex in the same heart (C-D). Graphs (B) and (D)
plot the circumferential strain values throughout the cardiac cycle prior
to pacing and after 6 weeks of pacing at the specified probe locations in
(A) and (C) respectively. Pacing from the right ventricular apex caused

24.5.1 Ventricular Function

Quantitative analyses of relative ventricular function are also
based on the segmentation of the myocardium. In general,
this is achieved by drawing contours on the endocardial and
epicardial borders of the myocardium (Fig. 24.13). In gen-
eral, the ventricular volumes of interest are the end-diastolic
and end-systolic volumes, as well as derived parameters such
as the stroke volume and ejection fraction. Although ven-
tricular volumes have been computed from differently orien-
tated views of the heart, analyses of the short-axis views are
most widely used in cardiac MRI due to their proven accu-
racy [101-104]. In the simplest case, myocardial segmenta-
tion is performed only for the images corresponding to the
end-diastolic and end-systolic phases. The end-diastolic
phase is defined as the phase containing the largest blood

D

regional disarray in cardiac strain in the left ventricle at end-systole (C)
and throughout the cardiac cycle (D), in comparison to the same heart 6
weeks prior to the onset of pacing (A-B). Right ventricular apex pacing
induces left ventricular dyssynchrony and results in poor left ventricu-
lar pump function. LV left ventricle, RV right ventricle

pool area in the left ventricle, whereas the end-systolic phase
is identified as the image containing the smallest blood pool
area (Fig. 24.14).

Once the end-diastolic and end-systolic phases are fixed,
the contours are drawn in the images for the end-diastolic
and end-systolic phases for all slices containing left ventricle.
In images for a basal slice of the left ventricle, parts of the
aorta and aortic valve may be visible. It should be noted that
inclusion of contours above the mitral valve plane will sig-
nificantly overestimate the values for myocardial mass and
ventricular volume. Thus, the careful inclusion or exclusion
of slices near the base of the heart for determination of the
volumes at end-diastole and end-systole is of considerable
importance for an accurate determination of the relative ven-
tricular volumes. Once all contours are drawn and verified,
the ventricular volume can be computed by simple slice
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Fig.24.13 Example of myocardial segmentation for two images cor-
responding to the end-diastolic (/eft) and end-systolic (right) phases in
a patient with poor cardiac function. Contours are drawn around the
blood pool demarking the endocardium and the epicardium. A contour
is also drawn around the right ventricular blood pool. For this particular
patient, the cross-section of ventricular cavity with the short-axis view

summation using Simpson’s rule with the slice thickness as
the increment.

Recently, Young et al. [104] proposed an optimization
method for speeding up the process of contour drawing by
placing guide points on the endocardial and epicardial bor-
ders, instead of drawing continuous contours for both bor-
ders. The algorithm then automatically detects the myocardial
borders by interpolation between the guide points. This user-
friendly method reduces the burden of generating contours
compared to the conventional tracing of the contours.
Subsequently, Swingen et al. [105] modified the guide point
technique by including feedback from continuously updated
3D models of the heart, to evaluate both the placement of
guide points and the accuracy of the computed volumes.
They showed that the combined use of short- and long-axis
views results in more accurate estimates of the ventricular
volume and myocardial mass, compared to exclusive reli-
ance on short-axis views [106] (Fig. 24.15).

Common parameters of interest for volumetric analyses
are:

* Left ventricular mass: The myocardial mass is obtained
by multiplying the myocardial volume by the myocardial
specific gravity (1.05). Myocardial volume is calculated
as the difference between the epicardial and endocardial
volumes. The normal mean for left ventricular mass is
92+ 16 g/m? of body surface area.

changed significantly less than in a healthy normal. Also shown are
chords connecting the endocardial and epicardial borders. The chords
are orthogonal to a center line between the two contours. The chords
measure the true thickness of the myocardium as opposed to radial
chords that emanate from the center of the left ventricle

e Stroke volume: The stroke volume is calculated as the dif-
ference between end-diastolic and end-systolic blood or
chamber volumes, and it represents the volume of blood
ejected by a ventricle per heart beat (in the absence of
aortic regurgitation). Unless shunts and valvular regurgi-
tation are present, the calculated stroke volumes of the
two ventricles should be nearly equal. This is a rule of
thumb for verification of the volume computation.

e Ejection fraction: This is the ratio of the ventricular stroke
volume to the end-diastolic volume. The normal range is
between 55 and 65 %. An ejection fraction of less than 40 %
is considered to indicate impaired ventricular function.

* Cardiac output: This is the product of stroke volume and
heart rate. It is a measure of the volume of blood ejected
by the heart per beat. For an average adult, cardiac output
is 4-8 I/min. Cardiac output is often corrected by normal-
ization with respect to the body surface area.

24.5.2 Analyses of Wall Motions and Regional
Myocardial Strains

24.5.2.1 Analyses of Relative Wall Motions

MRI wall motion analyses are typically performed to mea-
sure the changes in thickness of the left ventricular wall,
from diastole to systole [107-112]. Wall motion abnormali-
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ties are commonly associated with many cardiac diseases,
including dilated cardiomyopathy, end-stage valvular dis-
ease, and ischemic heart disease.

The assessment of relative myocardial wall thickness,
thickening, and wall motion abnormalities proceeds from
the MRI segmentation along the endocardial and epicardial
borders. For example, a center line can be drawn between
the myocardial contours [113]; approximately 100 chords
are then drawn orthogonal to the center line at equal inter-
vals to intersect the two myocardial contours (Fig. 24.13).
With the center line technique, the chords are optimally

Delay after R-wave (ms)

placed to measure the exact thickness of the transmural
myocardium [113].
Parameters of interest for wall motion analyses include:

* Mpyocardial thickness: The length of the orthogonal
chords, from the endocardial to the epicardial borders,
measuring myocardial thicknesses.

e Mpyocardial thickening: Differences in end-diastolic and end-
systolic thickness, as a percentage of end-diastolic thickness;
these are measures of relative wall thickening and can be
considered as the radial component of myocardial strain.
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24.5.2.2 Analyses of Regional Myocardial
Strains with Tagged MR Images

Although the time-consuming analysis of tagged MR images
has been a limiting factor for the widespread quantitative
analyses of myocardial strains, a recently developed har-
monic phase (HARP) MR technique permits fast and accu-
rate analyses of strains from MRI-tagging protocols
[114-116]. The resultant analyses based on this technique
are very fast, accurate, and observer-independent since the
myocardial strains are computed from information contained
in the images, not the manual operator task of tracking the
tag line intersections [117]. Figure 24.16 demonstrates a
typical analysis of cardiac circumferential strain in three
phases of the cardiac cycle using the HARP technique from
data obtained from a human volunteer (HARP, Diagnosoft,
Inc., Palo Alto, CA, USA). The circumferential strain values
peak at ~20 % in the mid-wall where myofibers are predomi-
nately oriented in the plane of the cardiac short axis, consis-
tent with the maximal amount of shortening permissible in a
cardiac myocyte.

Fig.24.15 A typical set of TrueFISP slices using a 3D analysis proto-
col (a) with co-registered long- and short-axis images (three of six
short-axis images shown for clarity). Image set with 3D model of the
left ventricle (b)

Fig.24.16 Analysis of
cardiac circumferential strain in
a human volunteer for three
phases of the cardiac cycle
using the HARP technique for
MR tissue tagging analysis
(HARP, Diagnosoft, Inc., Palo
Alto, CA, USA).
Circumferential strain in the
images is indicated by the color
palette. The grid-tag spacing
used in this analysis was 6 mm

15%
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24.5.3 Perfusion Analyses

Mpyocardial perfusion is a measure of blood flow (e.g., ml/
min) per unit mass of myocardial tissue. Myocardial perfu-
sion should ideally match the demand for oxygen in the
myocardium. Commonly, perfusion is assessed at both rest
and during stress to evaluate the capacity of the coronary
circulation to increase blood flow above its baseline level,
and thus match increases in oxygen demand. A ratio of the
perfusion parameters, measured at stress and divided by the
value for rest, will give a so-called perfusion reserve. In
healthy individuals, myocardial blood flow increases approx-
imately three to fourfold above its baseline level with maxi-
mal vasodilation; with disease, the perfusion reserve
decreases, and a flow reserve on the order of 2.5:1 is often
used as the cutoff for deciding whether or not cardiovascular
disease is present.

Analyses of myocardial perfusion can be carried to differ-
ent levels of study, depending on the diagnostic needs and
clinical resources available. One type of qualitative analysis
associated with nuclear imaging is performed by visual com-
parison of the peak contrast enhancement in different myo-
cardial segments during the first pass of the contrast medium
through the left ventricle. The images are often viewed for
this purpose in cine mode; delays in contrast enhancement
and/or a reduced peak contrast enhancement relative to other
myocardial sectors are then interpreted as signatures of
locally reduced myocardial blood flow. However, to do this
accurately, the absence of image artifacts is important if the
analysis is purely qualitative and visual; if this is the case,
then no image post-processing is necessary. Nevertheless, a
qualitative analysis does have limited capabilities to detect
global reductions of myocardial perfusion, especially in
patients with multiple vessel coronary artery disease.

Quantitative analyses of MRI perfusion studies commonly
start with image segmentation, similar to the procedure used
for the analysis of cine studies. First, a technician typically
segments one image with good contrast enhancement along
the endocardial and epicardial borders of the left ventricle.
These contours are then either copied to the remaining images

Mid-Systole  End-Systole
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Fig. 24.17 Example of a typical graphical user interface software for
analysis of perfusion studies. Segmentation contours are drawn by the
user to define the endocardial and epicardial borders. Similar to the
approach used for cine analysis, the analysis is carried out on a sector
basis; in this case, 16 sectors have been defined. The drawn contours can

in the data set, or an automated algorithm is employed to
identify the borders of the myocardium and this self-adjusts
the contour positions. The latter approach is extremely useful
(or even essential), as the number of images in a perfusion
data set can be very large compared to a cine data set. In other
words, the task of simply copying the contours to all other
images would require extensive manual editing of the contour
by the user. Unlike cine images, the myocardial boundaries
can be slightly blurred in perfusion images due to the reduced
spatial resolution and cardiac motion. Segmentation of myo-
cardial perfusion images is therefore considered typically
more challenging than for cine MR studies.

Once the myocardium is extracted by image segmenta-
tion, it is divided into smaller segments or sectors similar to
those defined in cine wall motion analyses and correspond-
ing to the individual coronary supplied territories [118].

be copied to other images for the same slice position in the perfusion
study. After adjustment of the contours in each image, the software cal-
culated the mean signal intensity in each myocardial sector. As a result,
one can obtain graphs depicting the change in signal intensity in each
myocardial sector as a function of image number or time (see inset panel)

The signal intensity averages can be plotted versus the
image number or versus the time from the beginning of the
perfusion scan. Various parameters that will characterize
the contrast enhancement kinetics are computed from these
signal intensity curves for assessing perfusion (see below).
A typical interface with the software tool that can be used
for analysis of MR perfusion studies is shown in Fig. 24.17.

As the perfusion images are acquired quite rapidly
(<250 ms per image), there is often significant noise in the
embedded images. Thus, to extract perfusion parameters, it
is useful to perform some curve fitting, to smooth out these
signal intensity curves. One widely used method for this pur-
pose is the gamma variate function [119] which approxi-
mates the first pass portion of the measured curves quite
well. A gamma variate curve fitted to a signal intensity curve
obtained from an MR perfusion study in a patient study is
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Fig.24.18 Signal intensity curve for a myocardial sector in the lateral
wall. Each of the data points (round circles) represents the mean signal
intensity measured in the images for the user-defined myocardial sector.
The images were acquired with a fast 7\-weighted gradient echo
sequence during injection of a 0.075 mmol/kg bolus of Gd-DTPA, an
extracellular MR contrast agent. The gamma variate function can only
be used to fit the portion of the tissue curve corresponding to the first
pass of the contrast agent. The gray curve represents the best fit of

shown in Fig. 24.18. Nevertheless, there are certain con-
straints for gamma variate analysis, e.g., it is best optimized
only when the first pass portion of the curve is used (from the
foot to the peak of the curve).

To date, a number of parameters have been proposed for a
semi-quantitative assessment of perfusion. Commonly used
parameters are:

e Percent peak enhancement. The peak signal normalized
by the derived average baseline signal, i.e., signal before
arrival of contrast agent expressed as a percentage.

e Upslope: The slope of the first pass segment primarily
from the start of appearance of the contrast (foot) in the
myocardium to the peak.

* Time to peak: The time from the foot to the peak of the curve.

* Mean transit time: The average time required for a unit
volume of blood to transit through the region of interest.
It can be determined as the ratio of blood volume in the
region of interest to the blood flow through the region of
interest. This value can be estimated from the gamma
variate fit to the tissue curve.

* Dynamic distribution volume: The area under the signal
intensity curve, often normalized by the area under the
corresponding curve for the left ventricle.

gamma variate function to be part of the experimental data, covering the
range indicated by the vertical arrows. The gamma variate fit was
extrapolated to the end of the measurement range. In many cases, the
end of the first pass and the appearance of the recirculation component
can be best ascertained from the signal intensity changes observed in
the left ventricular blood pool. Also shown are semi-quantitative perfu-
sion parameters such as the slope, peak signal intensity, and the time
from the foot to the peak (z,)

More recently, the upslope parameter has become the
most widely used parameter for a semi-quantitative evalu-
ation of myocardial perfusion. The upslopes of the tissue
curves are generally normalized by the upslope of the sig-
nal intensity curve for a region of interest in the center of
the left ventricle, with the latter being considered as an
arterial input in such analyses. A ratio, defined as the nor-
malized upslope of the tissue curve measured for maximal
vasodilation, divided by the corresponding upslope value
at rest, has been proposed as a perfusion reserve index
[120-123]. Yet, the perfusion reserve derived from the
upslopes generally underestimates the actual ratio of blood
flow for maximal vasodilation and rest by approximately
40 % [124].

Our research group has shown that accurate myocardial
blood flow estimates can be obtained by MRI methodolo-
gies, in comparison to invasive studies employing radio iso-
tope labeled microspheres [125—128]; note that the latter are
acknowledged as gold standards for the measurement of
blood flow in tissues. MRI perfusion imaging may therefore
play a pivotal future role in assessing novel therapeutic
approaches for treating coronary artery disease, and auto-
mated quantitative analyses of MR perfusion measurements
would play an essential role in this task.
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Fig.24.19 Relative
correspondence between the
cine (left) image showing the
100 chords calculated using
the center line method
(grouped into eight segments
per slice), contrast-enhanced
MRI (ce-MRI) (middle)
showing hyperenhanced scar
region with the transmural
extent of infarction (TEI)
calculated in the eight
segments (right)

24.5.4 Myocardial Scar Size

Myocardial infarct scar sizing and the identification of dys-
functional but potentially viable myocardium are the major
prognostic indicators for the recovery of function after a
myocardial infarction and have important clinical implica-
tions [129-132]. As such, myocardial infarct sizes measured
using delayed ce-MRI has been shown to correlate well with
histological measurements in both acute and chronic settings
[35, 133]. Furthermore, ce-MRI offers distinct advantages
over other imaging modalities that either rely on the func-
tional recovery of wall motion abnormalities to identify via-
bility [17] or which are not able to accurately depict smaller
subendocardial infarctions [40]. Because of these advantages,
ce-MRI is increasingly being used to quantify scar sizes in
the acute and chronic setting and to predict the recovery of
regional myocardial function using measurements of the seg-
mental “transmural extent of infarction” (TEI) [37, 38, 134,
135]. Importantly, the exact measurement of given infarct
size with ce-MRI is of particular interest because both early
revascularization and lytic therapy have been shown to lead
to a reduced incidence of transmural infarctions, and also
myocardial infarcts tend to be patchy [136, 137].

For the ce-MRI images, pixels containing nonviable myo-
cardium have signal intensities statistically greater (hyperen-
hanced) than a baseline sample from a remote normal region.
Typically, hyperenhanced pixels have been classified as
those with signal intensities greater than the mean + standard
deviations of a remote normal region [138, 139]. This thresh-
old, whether manually or statistically defined, is highly sub-
jective and highly dependent on the image quality and the
noise present. Regions of signal hypoenhancement, associ-
ated with microvascular obstruction [33, 134] in the acute
infarct case are typically manually segmented and included
as scar. The TEI can also be computed for each segment as
the ratio (%) of scar to nonscar pixels (Fig. 24.19). Overall
scar size is computed by summing the myocardial scar vol-
ume in each slice throughout the heart. Finally, infarct extent
can be calculated as the scar volume divided by the myocar-
dial volume.

M.D. Eggen and C.M. Swingen

TEI analysis

24.6 Summary

For the biomedical engineer, cardiac MRI represents an
opportunity to study the function of the heart and use these
insights to design better biomedical devices. Due to the
increasing relevance of cardiac MRI in the clinical arena, it
will become even more important to address the challenges
inherent in the use of cardiac MRI in patients with implanted
devices, although recent advancements have been made. It
should be noted that numerous topics such as MR coronary
angiography and plaque imaging, although of great interest,
have been left out of this overview of cardiac MRI.
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