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Foreword

For this second edition of the highly successful reference book on Clinical
Cardiac MRI the editorial team has been enlarged and several chapters have
been added or rewritten in order to take the developments of the last 7 years
into account. MRI has only recently been established as diagnostic as well as
prognostic method in cardiovascular imaging and is now also used for car-
diovascular intervention.

Cardiovascular diseases are the leading cause of death, counting for about
30% percent of global deaths. The value of an up to date, thoroughly resear-
ched and comprehensive textbook on cardiac imaging written by leading
international experts in the field can therefore not be overestimated.

Clinical Cardiac MRI includes chapters on physics, anatomy, cardiac func-
tions as well as MRI imaging techniques, contrast agents, guidelines for
imaging interpretation and—where applicable-interventions for all common
cardiac pathologies. Additionally 100 life cases can be found in the online
material for the book. These also include less frequent cardiac diseases.

I would like to sincerely thank the editors as well as the authors of this
textbook for their time and expertise and am very confident that this edition
will, as its predecessor, be a very useful tool for everyone involved in cardiac
MRI imaging.

Maximilian Reiser



Preface

By the time a book preface is written, usually most of the work has been
accomplished, chapter proofs have been forwarded for correction to the
authors, while the book index is still waiting to be finished. It is also the
moment the editors get a first glimpse whether the book will match their
expectations. About 7 years after the first edition, and almost two years after we
agreed with Springer to edit a second edition of our textbook on ‘Clinical
Cardiac MRTI’, we are pleased to present you with a new, completely updated
textbook. The decision to write a second version was largely driven by the huge
success of the first edition, with almost exclusively positive comments not only
by reviewers but by the many readers of our book throughout the world,
readers that appreciated our book for being a highly useful guide for daily use,
for the high-quality of the images and the addition of a CD ROM with 50 real-
life cases. Their enthusiasm has been the strongest drive to edit a new version,
while their comments have been most helpful to prepare an improved second
edition.

For the new edition, we welcome Dr. Vivek Muthurangu, from Great
Ormond Street Hospital for Children, London as the fourth member of the
editorial board. Dr. Muthurangu has great expertise in the field of cardiac MR
physics, pulmonary hypertension and cardiac modeling.

At the end of 2004, when the first edition of ‘Clinical Cardiac MRI’ was
released, cardiac MRI had been through five truly exciting years that had
caused a paradigm shift in cardiovascular imaging. Balanced steady-state free
precession bright imaging had rapidly become the reference technique to assess
cardiac function, and moreover yielded promise for other applications such as
coronary artery imaging. Non-invasive comprehensive cardiac tissue charac-
terization was no longer a far off dream. For instance, T2-weighted imaging
offered the possibility of in-vivo imaging of reversible myocardial injury, while
the nature of the underlying disease could often be deduced by the pattern of
myocardial enhancement using (inversion-recovery) contrast-enhanced imag-
ing, thus obviating the need for other, more invasive procedures. Besides its
diagnostic role, cardiac MRI was beginning to show promise as a prognostic
tool that could provide predictive information about future cardiac events.

Ever since MRI was proposed to have a role in the assessment of cardio-
vascular disease, cardiac MRI has experienced some resistance from the
broader cardiology community with regard to its clinical value and the daily use
of this ‘exotic’ technique. Fortunately, things have moved in the right direction.
Cardiac MRI has now become the technique of choice when it comes to the

vii
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Preface

depiction of therapeutic effects (e.g. regenerative cell therapy), and for an
increasing number of clinical indications a cardiac MRI study is becoming a
crucial investigation that guides patients care. This is due in great extent to an
increased visibility and awareness of cardiac MRI at congress meetings and in
scientific journals, and the integration of this technique into appropriateness
criteria and guidelines. Also the availability of dedicated textbooks has helped
toward a broader recognition of cardiac MRI.

For this edition, a new chapter on cardiac modeling has been added; the
chapter on heart failure, pulmonary hypertension and heart transplantation has
been split in two separate chapters, yielding a total of twenty chapters. Some of
the chapters have been extensively rewritten and also extended, aiming to
appropriately highlight the rapidly evolving role of cardiac MRI. In particular,
this was the case for ischemic heart disease and heart muscle diseases. For other
chapters, such as the chapter on congenital heart disease, the emphasis is now
on daily clinical applications to investigate simple and more complex cardiac
malformations. Throughout the textbook, practical schemes are provided
indicating how to apply cardiac MRI for a wide variety of cardiac diseases. And
last, but by no mean least, a series on 100 new clinical cases is available as
online material. These cases cover a wide spectrum of cardiac diseases,
including some less frequent cardiac abnormalities, which have been selected to
underscore the added value of cardiac MRI. The online material has the
advantage of bringing the dynamic features of cardiac MRI (e.g., functional or
stress imaging).

We sincerely hope that readers will receive this edition with the same
enthusiasm as our first effort.

Jan Bogaert

Steven Dymarkowski
Andrew M. Taylor
Vivek Muthurangu
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Abstract
This chapter addresses the use of MRI and to a lesser

1 Basic Physics 1 extent CT in the diagnosis and management of
L1 Spin.......... 1 pulmonary hypertension. The basics of pulmonary
1.2 Resonance -2 hypertension will be addressed, including epidemi-
1.3 The MR SiZ0al covooeeeeeeeoreeeeecoeeeeeeees oo 2 yp sed, 'ng ep
1.4 RelaXation ......cccocovvieveieeiiieeiieeie e e 3 Ology and treatment Strategles' Then dlfferent MRI
hni ill i in the context of their
2 Magnetization Preparation Pulses........................ 4 techniques w be discussed in t e.co te,t ofthe
2.1 Inversion ReCOVETrY.......cccooiminiioininienininenicieceee 4 relevance to pulmonary hypertension. Finally the
2.2 Saturation RECOVETY ........covruevreeeeeeerereeeeeeiereeennans 7 role of CT in pulmonary hypertension will be
2.3 T2 Preparation ... 8 discussed. By the end of the chapter the reader
3 Spatial Encoding and Image Construction........... 8 should have a better understanding of how to use
3.1 K-SPACE i 9 cross-sectional imaging in pulmonary hypertension.
3.2 k-Space Filling Strategies... .12
3.3 Parallel Imaging.........ccccecevevineneiiienincncceceee 15
4  Motion Compensation ...............c.ccceeevirenenieennenne. 16
4.1 Card?ac Gating e . 16 1 Basic Physics
4.2 Multi-Phase AcqUiSitions ..........cccceveeeeerverieneeennenne 17
4.3 Respiratory Gating............cccoceveeiirieniiinininineeeccnns 18 . L . . .
4.4  Single Shot and Real-Time Acquisitions ................. 20 The basic principles of magnetic resonance imaging
MRI) are the same irrespective of the part of the bod
5 Cardiac MRI SEQUENCES .........ooccoroorrrrrrrrro, 2 (MRID)are the P part ot y
5.1 Spin Echo Sequences .........ccccocevevieenenenenieieceee. 20 that is being imaged. However, there are specific areas
5.2 Spoiled Gradient Echo Sequences...... . 22 of MRI physics that are particularly important for
5.3 Balanced Steady-State Free Precession.................... 25  cardiac MRI Specialists to understand. Thus, in
6 Conclusion .................ccoocovveimeieiieeeeeeeeeeeeeeean 28 this chapter we will review both basic MRI physics
7 Key Points............ocooiniiiiiiiiiiieeeeeen 29 (i.e. generation of the MR Slgm}l and sp.atlallencodlnig),
as well as more cardiac-specific topics (i.e. motion
REferenCes...........ccvoiiuiiiiiiiiieceeeeeeeee e 29 Compensation and cardiac relevant MRI Sequences).
The purpose of this chapter is to enable the reader to
V. Muthurangu (5<) better understand and optimize their MR imaging.
Cardio-Respiratory Unit, Great Ormond Street,
Hospital for Children, Great Ormond Street, 1.1 Spin
London, WCIN 3JH, UK
e-mail: v.muthurangu@ucl.ac.uk .. . .
Nuclei with unpaired protons or neutrons (i.e. an odd
S. Dymarkowski roton or neutron numbers) possess a property called
Department of Radiology, University Hospital Leuven, p . . p . prop . y ,
Katholieke Universiteit Leuven, Herestraat 49, quantum spin, which makes them ‘MR aCt1V61: . The
3000 Leuven, Belgium most common of these ‘MR active’ nuclei is "H, but
J. Bogaert et al. (eds.), Clinical Cardiac MRI, Medical Radiology. Diagnostic Imaging, 1
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V. Muthurangu and S. Dymarkowski

Fig. 1 a Proton spinning around its own axis while precessing
around the z-axis (i.e. the direction of the static field). b RF
excitation causing flipping of z magnetization into the x—y plane

other nuclei are used in MRI (e.g. YF, 13C and 23Na).
In the rest of this chapter only the 'H nucleus
(essentially a single proton) will be considered. In
Newtonian terms, nuclei with spin can be thought of
as spheres spinning on their own axis (much like the
earth spinning around the polar axis). As these nuclei
have a net positive charge (due to their proton com-
ponent) they generate a magnetic field as they spin,
giving rise to their popular analogy as bar magnets. At
rest, the protons are randomly arranged in the body.
However, in the presence of an external magnetic
field (By) protons will become aligned. In quantum
terms, nuclei align either parallel or antiparallel to the
By field due to the fact that protons can occupy
multiple energy states. Low-energy protons line up
parallel to By while high-energy protons line up anti-
parallel. At room temperature there is always a small
excess of parallel protons and thus the net magnetic
vector (NMYV) is in the direction of the B field. The
exact excess of parallel protons, and thus the magni-
tude of the NMV, is governed by the Boltzmann
distribution. This states that as field strength increa-
ses, and temperature decreases, the magnitude of
NMV increases. This explains the greater signal at
higher field strengths. Although MR is a quantum
phenomenon from this point forward it is easier to
think of the magnetic moments in purely Newtonian
terms. This is because it simplifies the explanation of
precession, resonance and spatial encoding.

In the presence of a B, field the protons do not simply
line up, they actually precess or ‘wobble’ around the B
axis (Fig. 1a). This is analogous to the motion of a
spinning top, which spins around its own axis, while
also precessing around its surface point of contact. The
precessional frequency (w) of a MR active nucleus is

given by the Larmor equation: @ = y By, where y is the
gyromagentic constant, a nuclei specific constant.
Hydrogen exposed to a 1.5T field precess around the B
axis at approximately 64 MHz. However, as they are
out of phase with each other, the NMV does not precess
and only has a component in the direction of the B,
field. It is in this state that radiofrequency (RF) energy
can be inputted into the system causing the NMV to
move toward a plane perpendicular to the By field.

1.2 Resonance

RF energy is transmitted as an electromagnetic wave
and its magnetic component (the B; field) can interact
with the magnetic moments of spinning protons. If the
By field is assumed to be in the z direction (along the
bore of the MR scanner), then a perpendicular RF pulse
is in the x—y plane. Unlike the By field, the B, field
oscillates and it is this fact that forms the basis of res-
onance. Resonance only occurs if the frequency of the
RF pulse equals the precessional frequency of the
hydrogen nucleus at the given field strength. On
transmission of a resonant RF pulse, protons, which
were previously precessing around the z-axis will line
up and start precessing around the axis of the B, field.
This leads to two important changes in the NMV (M).
Firstly, because the protons have aligned with the B,
field they precess around the z-axis in phase. This is
important, as now M possesses coherent x—y magne-
tization. Secondly, the precession of protons around
both the z and B, axis causes the M to nutate or spiral
into the x—y plane. The spiral motion during nutation is
difficult to visualize and therefore resonance is usually
described in the rotating frame of reference (i.e. the
observer is rotating around the z-axis at the same
frequency as the protons). In the rotating frame of ref-
erence, nutation becomes a simple flip into the x—y plane
(Fig. 1b). The flip angle is dependent on the strength and
duration of RF pulse, with a 90° flip placing all the
longitudinal magnetization into the transverse plane.
The flipped magnetization vector now has a transverse
component, which forms the basis of the MR signal.

13 The MR Signal

Faraday’s law of electromagnetic induction states
voltage will be induced in a conductor exposed to a
changing magnetic field. Longitudinal magnetization
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Fig. 2 T1 relaxation curve—note that at time = T1 the
z magnetization has relaxed back to 0.63 times its original value

does not change and therefore it cannot induce a
voltage. Transverse magnetization on the other hand
rotates in the x—y plane and therefore it will induce a
voltage in a conductor. This is an important point to
note: only the transverse component of M, induces
voltage. As the transverse magnetization rotates at the
Larmor frequency, the induced voltage will also
oscillate at the same frequency. However it is not in
this form that the data is ultimately used. The sinu-
soidally varying voltage undergoes a process called
complex demodulation, which essentially converts the
data into the rotating frame of reference. Thus, the
resultant MR signal has a magnitude (the amplitude of
the varying voltage) and a phase, which after RF
excitation is zero. It can easily be represented as a
hand on a clock face, whose size is equal to the
magnitude and whose position is equal to the phase. It
is within this signal that spatial information must be
encoded. However this signal does not stay the same
indefinitely, but rather relaxes back to its resting state.
It is this relaxation that forms the basis of MRI
contrast.

1.4 Relaxation

Relaxation is the process by which magnetization
returns to its resting state after RF excitation. There are
two processes involved, both of which are dependent on
the atomic arrangement within tissues. Thus, the rate of
relaxation is tissue specific and can be used to develop
tissue contrast. Longitudinal relaxation (or recovery) is
due to transfer of energy from high-energy protons to

the surrounding lattice (spin-lattice relaxation). This
causes the NMV to flip back into the z direction; during
this process longitudinal magnetization recovers
exponentially (Fig. 2). The rate of longitudinal recov-
ery is dependant on the rate constant T1. As T1 depends
on the atomic structure of the tissue, it is a tissue-spe-
cific constant. In tissues with a short T1 (such as fat)
longitudinal magnetization will be recovered more
quickly than in tissue with alonger T1 (such as muscle).
This is important in the generation of T1-weighted
contrast, which will be discussed later in this chapter.
The nature of the exponential recovery curve means
that when time equals T1, 63% of z magnetization will
have recovered. Recently T1 mapping has become a
great interest in cardiac MRI. In T1 mapping, multiple
images are acquired at different times after an excita-
tion pulse (or more usually after an inversion pulse
which will be discussed in more detail later in this
chapter). This allows reconstruction of the T1 recovery
curve and calculation of the tissue T1. The reason that
T1 mapping has become of great interest is that there is
evidence to suggest that after contrast administration
the tissue T1 correlates with the amount of myocardial
fibrosis. This will be addressed in more detail in
“Heart Muscle Diseases”.

The other relaxation process is transverse relaxa-
tion and is due to dephasing of the individual spins
leading to a reduction in coherent transverse magne-
tization. This is due to the interaction between the
magnetic fields of adjacent protons (spin—spin inter-
actions) and results in different protons precessing at
different rates. In the rotating frame of reference, this
variation in frequency is seen as dephasing. Thus, the
coherent magnetization vector in the x—y plane starts
to fan out resulting in a reduction in the net transverse
magnetization. Transverse relaxation results in expo-
nential decay of coherent transverse magnetization at
a rate governed by T2 (Fig. 3). Thus, when time
equals T2, transverse magnetization will have
decayed to 37% of its original value. Much like T1,
T2 also depends on the atomic structure of the tissue,
and is therefore an independent tissue-specific con-
stant. In tissues with a long T2 (such as tissue with a
high water content) transverse magnetization will
persist longer than tissue in tissue with a shorter T2
(such as fat). This is important in the generation of
T2-weighted contrast, which will be discussed later in
this chapter. However, there is a second process that
results in loss of transverse magnetization. This is By
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Fig. 3 T2 and T2* relaxation curves—note that the transverse
magnetization has fallen to 0.37 times its original value at
time = T2/T2*

0.693°T1

Time

Fig. 4 Inversion recovery curve—note that z-axis magnetiza-
tion passes through 0 at time = 0.693 times the T1 of the tissue

field inhomogeneity, which also results in dephasing.
This accelerated dephasing is encapsulated in the time
constant T2". The T2" value is dependant on the
underlying T2 and any field inhomogeneity and is
therefore not purely a tissue constant. One way to
improve field homogeneity is to shim. Shimming is a
process by which either metal is used to distort the
magnetic field (passive shimming) or shim coils are
used to generate a corrective magnetic field (active
shimming). These techniques can be used together
and active shimming is vital for some newer cardiac
MR sequence. In the same way that one can measure
the T1 of myocardium, one can also measure myo-
cardial T2 or T2*. Quantification of T2 is useful when

trying to quantify myocardial edema, while T2* is
useful when assessing iron overload (iron causes local
field inhomogeneity). Mapping T2 or T2* is done
by acquiring multiple images at different times after
the excitation pulse. This allows reconstruction of the
T2/T2* decay curve.

With prior knowledge of tissue T1 and T2, timing
parameters (i.e. TR and TE) can be altered to provide
specific tissue contrasts. Other ways to change con-
trast are to add exogenous contrast agents or to pre-
pare magnetization prior to imaging. The next section
will discuss in detail the use of magnetization prep-
aration to change MR contrast.

2 Magnetization Preparation Pulses

Magnetization preparation is the process by which the
magnetic vector is manipulated prior to imaging in
order to produce specific tissue contrast. This tech-
nique is used heavily in cardiac MRI and the most
common techniques are described below.

2.1 Inversion Recovery

The most commonly used form of magnetization
preparation is inversion recovery (IR). IR depends on
the fact that different tissues have different T1 char-
acteristics. In IR sequences, an 180° RF pulse (or
inversion pulse) is used to flip the magnetization into
the opposite direction along the z-axis. From this
position the magnetization relaxes back to its original
state following the T1 curve of the tissue (Fig. 4). At
a time of approximately T1 * Ln2 (0.693) the longi-
tudinal magnetization will pass through zero (i.e. the
magnetization will be completely in the x—y plane).
As different tissues have different T1 characteristics,
each tissue will pass through zero (or the null point) at
different times. During RF excitation (which is
applied some time after the IR pulse) only tissues with
non-zero longitudinal magnetization will produce an
MR signal. Therefore if the time between inversion
and imaging (TI) is chosen carefully, signal from a
given tissue can be completely abolished. All IR
sequences work on this principle, and that different
tissues can be nulled by choosing specific TI's.
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Fig. 5 a Short axis view
through the atria with no fat
saturation. b STIR sequence
in the same image plane—
note that the anterior and
pericardial fat are nulled
because of the inversion pulse
(TT = 160 ms)

Fig. 6 a SPIR dark blood
sequence—note the
inhomogeneous nulling of
the fat when using spectrally
selective inversion pulses.

b Non-fat saturated dark
blood image in the same
image plane

2.1.1 Short Tau Inversion Recovery

Fat suppression can be an important requirement in
cardiac MRI. A robust method of fat suppression is
STIR (Simonetti et al. 1996), which relies on the short
T1 of fat compared to other tissues. Therefore, the fat
magnetization will pass through null point of an IR
sequence before the tissue of interest. If imaging is
performed at the null point of fat, the signal from the
fat will be suppressed. As the T1 of fat is around
230 ms, a TI of between 150 and 170 ms can be used
to robustly suppress fat. Of course the magnetization
from other tissue (such as muscle) will also be
recovering and thus the signal produced will be lower
than if no inversion had been performed. This is
particularly true for tissue with short T1’s. Never-
theless STIR is frequently used in cardiac MRI due to
its robustness and the fact that it can be combined
with most imaging sequences (Fig. 5).

2.1.2 Spectral Inversion Recovery
The problem with STIR is the loss of signal to noise
ratio (SNR); this can be overcome by the use of SPIR

sequences (Kaldoudi et al. 1993). Spectral selective
pulses rely on the fact that water and fat precess at
slightly different frequencies (approximately 220 Hz
difference at 1.5T). Therefore a special RF pulse can
be used that only excites fat. In SPIR a spectrally
selective 180° pulse is used to invert only the fat
magnetization. The water magnetization is unchanged
by the spectrally selective 180° pulse. The fat mag-
netization is then allowed to recover and a TI is
chosen that coincides with the null point of fat. Unlike
STIR, at the onset of imaging all of the water mag-
netization is in the longitudinal axis and therefore
there is no loss in SNR (Fig. 6). However, SPIR
techniques are very susceptible to magnetic field
inhomogeneity and shimming is important. In real-
world applications of SPIR an inversion pulse of
between 90 ° and 180° is used.

2.1.3 Contrast-Enhanced Inversion Recovery
Contrast-enhanced inversion recovery is an extremely
important technique in cardiac MRI (Kim et al. 2000).
It relies on the fact that tissue containing gadolinium
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Fig. 7 Late Gd image of an inferior myocardial infarct. Note
that the inversion pulse has nulled the myocardium. However,
the presence of Gadolinium in the scar tissue leads to a shorter

Fig. 8 a Double inversion
turbo spin echo sequence
creating a black blood image
of the heart. b Triple
inversion recovery turbo spin
echo sequence creating a
black blood image with fat
suppression

will have a shorter T1 than tissue not containing
gadolinium. It is known that gadolinium (Gd) con-
centration in infarcted myocardium is higher than in
normal myocardium. Therefore by the time the
magnetization from the normal myocardium passes
through the null point of an IR sequence, the infarcted
myocardium will already have regained positive
longitudinal magnetization. Consequently, if the TI is
chosen to coincide with myocardial nulling, infarcted
tissue will appear bright (Fig. 7). Unlike STIR
imaging the TI in contrast- enhanced IR cannot be
predefined, as it is dependent on parameters such as
patient weight, contrast dose, renal function and time
contrast of administration. Contrast-enhanced IR
forms the basis of early and late Gd imaging, which
will be discussed in more detail in later chapters of
this book.

2.1.4 Double Inversion Recovery
Double inversion recovery (DIR) techniques are used
to produce ‘black blood’ contrast (Stehling et al.

T1 and therefore z-axis magnetization is present and produces a
bright signal in the infarct

1996). As the name implies DIR sequences include
two inversion pulses. The first pulse is nonspatially
selective and therefore inverts all magnetization in
the body. The second pulse is slice selective and
re-inverts magnetization only in the slice to be
imaged. At the end of the DIR module all magneti-
zation outside the imaging slice is inverted, while
magnetization in the slice is all in the normal z-axis.
Any blood that flows into the slice will therefore carry
with it this inverted magnetization. If a TI is chosen to
coincide with the null point of blood, any blood that
has flowed into the imaging slice will produce no
signal (Fig. 8a). Thus flowing blood appears black,
while surrounding tissues produce normal signal as
their magnetization is in the z-axis prior to excitation.
The optimal TI between the DIR module and image
acquisition is patient and blood flow dependent.
However, a TI of about 600 ms is a good compro-
mise. DIR sequences are used heavily in assessing
cardiovascular morphology, particularly when slow
flowing blood is present (Stehling et al. 1996).
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Fig. 9 Set of saturation
recovery spoiled gradient
echo images. The arrows
point to an area in
anteroseptal segment with
reduced signal. This is a
perfusion defect and is due to
reduced gadolinium in the
area of the myocardium

2.1.5 Triple Inversion Recovery

Triple inversion recovery (TIR) sequences are a
combination of DIR and STIR (Simonetti et al. 1996).
Essentially, after the DIR module a further slice
selective 180° pulse is used to re-invert the magneti-
zation in the slice. This magnetization then relaxes
along a T1 recovery curve and imaging is performed
when the fat magnetization crosses the null point.
However because of the preceding DIR module
inflowing blood is also nulled. Therefore, TIR
sequences provide fat suppressed black blood contrast
(Fig. 8b). The timing of the 180° pulses is important
to ensure nulling of both fat and blood. Usually the
first TT is set at approximately 600 ms and the second
at between 150 and 170 ms.

2.2 Saturation Recovery

As with IR techniques, saturation recovery (SR)
techniques depend on the T1 characteristics of tissue.

In SR imaging, a 90° pulse is used to flip magnetization
into the x—y plane. This magnetization is then dephased
by a large magnetic gradient so that it produces no
signal (a process known as spoiling). The dephased
magnetization then recovers according to the tissue T1
characteristics and the shorter the T1 the more mag-
netization can be flipped into x—y during imaging. Thus,
SR provides improved T1 contrast. However, IR
sequences are better at producing T1 contrast and
therefore slice selective SR sequences are only used
in situations where time is important. The most obvious
of these is myocardial perfusion imaging (Ding et al.
1998). Areas of poor perfusion contain less Gd and thus
have longer T1 values. After the SR module, poorly
perfused tissue will not recover as much longitudinal
magnetization and will appear dark compared to nor-
mal myocardium (Fig. 9). Even though slice selective
SR is not used extensively outside perfusion imaging,
spatially selective saturation pulses (saturation bands)
are still important in cardiac MRI. Saturation bands are
volumes of tissue within the imaging slice that have
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Fig. 10 Dark blood sequence
with a saturation band added
in the second image. Note the
almost complete signal loss in
the vicinity of the band

Fig. 11 3D cardiac gated
SSFP sequence with T2 prep.
Note the excellent delineation
of the (a) right coronary
artery (b) left coronary artery

been exposed to a saturation pulse. If imaging occurs
immediately after the saturation band is applied, tissue
in this area will be effectively suppressed (Fig. 10).
This technique is often used to suppress motion-related
or ghosting artefacts arising from tissue not related to
the object of interest. One good example is placing a
saturation band over the spine during late Gd imaging,
as it prevents ghosting artifact that may confuse the late
Gd signal.

2.3 T2 Preparation

So far we have discussed magnetization preparation
that is dependant on T1 properties. However, magne-
tization preparation can also improve T2 contrast
(Botnar et al. 1999). T2 preparation (T2 prep) consists
of a 90° pulse that flips all magnetization into the
x—y plane, an 180° pulse that inverts the magnetization

in the x—y plane and a final —90° pulse that flips all
magnetization back into the z-axis. During these
multiple flips, T2 relaxation will have occurred and the
resulting magnetization in the z-axis is dependant on
the tissue T2 and the time between the pulses. This
technique is particularly useful in suppressing myo-
cardial signal in coronary imaging as the myocardial
T2 is around 50 ms compared to a blood T2 of 250 ms.
When a T2 preparation time of 40 ms is chosen
optimum contrast between coronary blood and the
myocardium is produced (Fig. 11).

3 Spatial Encoding and Image
Construction

The basic purpose of imaging is to understand how an
object occupies space. In all cases this requires inter-
action with the object and subsequent collection of
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Fig. 12 Diagram of RF excitation of a one-dimensional object
and summation of the to produce the total MR signal
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Fig. 13 Diagram of RF excitation of a one-dimensional object
with an additional gradient. Note the individual MR signals are
now dephased in relation to one another and the vectoral
summation produce a different total MR signal than in Fig. 12

spatially encoded measurements. In MRI, the induced
signal is spatially encoded by magnetic gradient fields.
To better understand this process let us consider a one-
dimensional (1D) object with four distinct areas with
different proton densities (Fig. 12). After RF excita-
tion each area produces an MR signal whose magni-
tude is proportional to the proton density (in realistic
models also relaxation parameters and flip angle)
and whose frequency is the resonant frequency of
hydrogen (64 MHz at 1.5T). In the rotating frame of
reference, the signal from each area has the same

magnitude (as described above) and zero phase. The
total MR signal from the object (which is what we
record) is the vectoral sum of each individual signal
(Fig. 12). However, because the phase is zero, the total
signal is simply the sum of the magnitudes. In this
example, the total MR signal provides us with infor-
mation about how many protons are in the object, but
not how they are distributed within the object.

Now consider what would happen if a magnetic
gradient (a magnetic field whose strength varies with
space) is applied to the object. As we know the pre-
cessional frequency is directly proportional to the
magnetic field. Thus, a magnetic gradient results in a
spatially varying precessional frequency. However, as
already pointed out, the MR signal is actually in the
rotating frame of reference. This means that frequency
shifts will actually be exhibited as phase shifts. In the
rotating frame of reference, a magnetic gradient results
in a spatial variation in the phase of the MR signal from
different areas (Fig. 13). The total MR signal is the
vectoral sum of the signals from each area and will now
be dependant on the spatial distribution of protons
(Fig. 13). Is this enough to provide information about
how protons are distributed in our example? No
because it is conceivable that there is more than one
distribution of protons that will give the same total MR
signal. Intuitively, by performing more ‘experiments’
with different gradients we would ultimately reach a
point where there was only one possible distribution
that fits all the collected MR signals. In fact, to create an
image with x number of pixels we have to perform
x number of experiments or independent measure-
ments. Each independent measurement requires an
MR signal to be acquired under a different magnetic
gradient (producing different amounts of spatially
dependant dephasing). However, it should be noted that
the actual dephasing caused by the gradient is depen-
dent on both its strength and the amount of time the
gradient is applied. For this reason the ‘dephasing
capability’ of a gradient is described by its zeroth
moment (the time integral of the gradient) not just its
strength. In the next section the practical aspects of
spatial encoding with gradient fields will be discussed.

3.1 k-Space

In the last section, we stated that the number of
pixels in an image is determined by the number of
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Fig. 14 a Diagram of a
k-space—note the increased
amplitude in the middle of

k-space. b A short axis view

of the ventricles. ¢ The
corresponding k-space

independent MR measurements acquired. An exten-
sion of this idea is that each ‘measurement’ produces
an equation with results (the MR signal), several
unknowns (the proton density in each pixel) and a
weight (the gradient). If the number of equations
(or measurements) equals the number of unknowns
(the number of pixels), we can reconstruct the image
by solving the equations simultaneously. Simple sets
of simultaneous linear equations (i.e. two equations
and two unknowns) can be solved by hand. However,
MR images often require more than 20,000 indepen-
dent MRI measurements and obviously cannot be
solved by hand or using simple computational meth-
ods. Thankfully, if the MR signals and the gradient
moments are arranged in a specific way, solving the
equations can be accomplished by a relatively simple
inverse Fourier transformation. For this reason MRI
signals are stored in a structure called k-space
(Fig. 14). A position in k-space is proportional to the
gradient moment, with the center of k-space coin-
ciding with a zero zeroth moment (i.e. no gradient
applied) and the edge with the highest moment. Thus
for a given measurement, the MR signal produced is
‘recorded’ at the k-space position that corresponds to
the gradient moment used for that measurement. Due
to this very specific arrangement the application of an
inverse Fourier transformation will produce data in
which each point is the proton density in a given area
of the object. This data set is better known as the MR
image.

The properties of k-space can be difficult to under-
stand and it is important to appreciate that k-space is a

spatial frequency domain. Thus, a point in k-space
represents a given spatial frequency, and not a point in
the image. Furthermore, it is has both positive
and negative parts in both axis. The central portions of
k-space encode the low spatial frequencies and have the
highest signal amplitude due to less gradient-dependant
dephasing. These low spatial frequencies equate to the
broad contrast in the image, essentially blobs of signal
rather than defined objects (Fig. 15a). The outer por-
tions of k-space encode the higher spatial frequencies
and have the lowest amplitude (due to greater gradient
dependent dephasing). High spatial frequencies define
the edge of an image—the higher the frequency the
sharper the edge (Fig. 15b). An important question is:
how do k-space characteristics relate to measures such
as resolution and field of view?

3.1.1 Field of View and Resolution

Field of view (FOV) and resolution determine both
the gradient moments used during acquisition and the
number of measurements recorded. To understand
this let us consider our original 1D object. We use
gradients to induce phase shifts in the different areas.
However, if the gradient moment is too high, spins at
the edge of the object may dephase so much that they
start back at zero. This is called aliasing and will
result in image foldover or wrap after inverse Fourier
transformation (Fig. 16). To prevent this, a gradient
moment must be chosen that produces a 360° phase
shift over a distance greater than the object occupies.
This means that spins at the edge of the object will be
less than 360° apart and will not alias. The k-space
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Fig. 15 a The center of
k-space and its resultant
image—note that its
essentially a low resolution
image. b The edge of k-space
and its resultant image—note
that this image is essentially
the edges of the image

Fig. 16 Image foldover due to inadequate field of view

position that corresponds to this gradient moment is
the first point from the center. However, as we have
already stated x MR measurements must be acquired
to reconstruct an image with x pixels. Each of these
MR measurements will be made with higher gradient
moments and will therefore be further out in k-space.
The distance between subsequent k-space points (Ak)
is usually the same as the distance between the center
and the first point. Thus, the FOV equals 1/Ak and
equates to the distance over which a 360° phase shift
will be induced by the lowest gradient moment. If the
object is larger than the FOV, the signal in k-space
will contain aliased information and the image will
wrap after inverse Fourier transformation. The other
aspect that must be understood is the relationship
between k-space and resolution. We have already
stated that larger gradient moments encode high
spatial frequencies and relate to positions further out
in k-space. Therefore, the resolution of an image must
be proportional to the extent of k-space (position of
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Fig. 17 Generic pulse sequence diagram. RF is the radiofre-
quency pulse, z is the slice selection axis, x is the phase
encoding axis, y is the readout encoding axis and the ADC is
the analog digital converter. The blocks represent the gradient
(the height is the gradient strength and the length the time they
are applied for)

the furthest point from the center). The position of
this point will depend on the number of different
measurements made and the distance between them
i.e. Ak (or 1/FOV) multiplied by the number of
measurements. One important point is that as reso-
lution increases SNR decreases. Thus one of the main
drawbacks of high spatial resolution imaging is low
SNR. In the next section k-space filling will be
addressed.

3.2 k-Space Filling Strategies

In this section the actual methods by which k-space is
filled will be reviewed. The purpose is to allow the
reader to better understand the physics of MR spatial
encoding and thus allow better optimization.

3.2.1 Slice Selection

In two dimensional (2D) imaging we only want to
obtain information from a single slice of tissue.
Therefore some sort of selection must be performed
that limits signal production to the required slice. In
2D MRI, this slice selection allows discrimination of
spatial information in the slice direction (conven-
tionally the z-axis) and is the first component of
spatial encoding. As previously noted the resonant
frequency is directly proportional to the magnetic

field. Thus, a magnetic gradient field applied in the
z-axis during RF excitation causes a linear variation
of resonant frequencies. In this situation, a RF pulse
of a given frequency only causes resonance at a cer-
tain position along the z-axis, thus selecting a slice
within the volume. The RF pulse itself has a band-
width that contains a small range of frequencies and
slice thickness depends on both the RF bandwidth and
the slope of the slice select gradient.

3.2.2 Cartesian Filling of k-Space
To perform 2D spatial encoding, multiple MR mea-
surements must be acquired with different gradients
moments in both the x and y directions. These MR
measurements fill k-space and after inverse Fourier
transformation produce an image. There are many
ways in which k-space can be filled, but the most
common is Cartesian or rectilinear filling. In Carte-
sian filling, gradient moments are changed in one
direction by changing the time they are applied for
and in the other by changing the gradient strength.
In the frequency (or readout) encoding direction a
gradient of constant strength is applied for a certain
length of time. During this period MR signals are
continuously recorded and this data is referred to as
the readout. Each MR signal in the readout is acquired
with a different gradient moment because the time the
gradient is applied for is always increasing. As pre-
viously pointed out the position in k-space is propor-
tional to the gradient moment. Consequently, a single
readout fills a single line in k-space. However to fill all
of k-space, multiple readouts (or lines) are required
with different position in the other axis. Different lines
in k-space are acquired in the phase encoding direction
by changing the gradient strength and keeping the
application time constant. Thus in Cartesian filling,
each line in k-space is filled using the same frequency
encode gradient moments but different phase encode
gradient moments. This is better understood by
viewing the pulse sequence diagram.

3.2.3 Pulse Sequences Diagrams

Pulse sequence diagrams (PSD) include all processes
performed in a given sequence and provide a complete
understanding of the sequence. Figure 17 shows a
generic pulse sequence diagram for a 2D Cartesian
MRI sequence. The first process is RF excitation, which
is classically shown on the first line. As previously
mentioned in 2D imaging, a slice selection gradient is
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applied during RF excitation and this is shown on the
second line. Although by convention this is the z-axis
line, slices do not have to be acquired in the true z-axis
of the scanner. The next stage is phase encoding which
is shown as nested gradients implying the different
gradient strengths used for different k-space lines.
At the same time as the phase encoding gradient is
applied, the negative lobe of the frequency encode
gradient is applied (which is shown on the bottom line).
This is necessary to make sure that the readout fills
k-space from the edge. The next stage is the positive
lobe of the frequency encode gradient and it is during
this time that MR signals are acquired. This is usually
shown by activation of the analog digital converter
(ADC), which converts the voltage into a digital signal.
Halfway through the readout the total moment in the
readout direction is zero and therefore signal is highest
at the halfway point of the line. This is because when
the moment is zero there is no dephasing of the MR
signal and therefore the transverse magnetization is at
its most coherent. The time between the RF excitation
and this point is called the echo time (TE). The time
between successive excitatory RF pulses (or repetitions
of the PSD) is called repetition time (TR). In Cartesian
filling the time taken to fill k-space equals the TR
multiplied by the number of k-space lines.

3.2.4 Rectangular Field of View and Partial
Fourier
There are many benefits to Cartesian filling in k-space
such as simple gradient design and minimal artefacts.
Furthermore, Cartesian filling lends itself to mecha-
nisms by which imaging can be easily accelerated.
Previously we have stated that acquisition time is
dependent on the TR and number of k-space lines. In
cardiac imaging, the TR is often minimized and
therefore the only way of shortening scan time is to
reduce the number of k-space lines. Usually this
would result in a reduction in resolution in the phase
encode direction. However, as the thorax is an oblong
structure, the FOV in the anterior—posterior direction
can be decreased creating a rectangular FOV (RFOV).
The creation of a RFOV does not in itself produce any
reduction in scan time. Actually, all it does is result in
a widening of the gap between k-space lines and
increase the furthest extent of k-space. However
as previously pointed out, this increases the spatial
resolution in the phase encode direction. This is
unnecessary and one can consequently acquire less

k-space lines while still maintaining resolution. In fact
if RFOV is reduced by x%, the same proportion of
k-space lines can be discarded from the edge of
k-space without a reduction in resolution. Thus the
RFOV method can significantly reduce scan times
depending on the dimensions of the patient. Unfor-
tunately, this reduction in scan time does not come for
free and it is always associated with a reduction in
SNR. However for many cardiac MR sequences this
reduction in SNR does not lead to a significant
reduction in image quality.

Further reduction in the number of phase encode
steps required to produce an image can be achieved
by using partial Fourier techniques (also known as
half scan or partial k-space). Partial Fourier tech-
niques rely on k-space symmetry around the zero
phase encode line axis. In a perfect world in which
k-space is totally symmetrical, only half of k-space
would be required to reconstruct an accurate image.
In reality k-space is not completely symmetrical and
reconstructing of one half of k-space would produce
significant artefacts. Nevertheless, accurate images
can be reconstructed with less than 100% of k-space.
Usually when performing partial Fourier acquisitions,
between 62.5 and 87.5% of k-space is sampled.
The missing data occupies a proportion of one half of
k-space in the phase encode direction and the middle
of k-space is fully sampled. Reconstruction is then
performed using either zero-filling of the missing part
of k-space or the more accurate homodyne method.
Partial Fourier techniques significantly reduce scan
times, although as with RFOV they do cause a fall in
SNR and occasionally additional artefacts. In cardiac
MRI, RFOV and partial Fourier techniques are widely
used as they lower scan times. This is important as
many sequences are performed within a breath hold as
will be discussed later in the chapter.

3.2.5 Echo-planar and Non-Cartesian
Imaging

So far we have discussed classical Cartesian filling of
k-space with each line in k-space being acquired with
the same readout gradient and a different phase
encode gradient. Although this is the simplest type of
sequence to implement on a scanner, it is not the most
time efficient way of filling k-space. In order to speed
up acquisition, several more complex k-space filling
strategies have been developed. Echo planar imaging
(EPI) was the first methodology used to speed up
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Fig. 18 a EPI trajectory, a
b pulse sequence diagram for
an EPI sequence

acquisition (Chrispin et al. 1986). EPI is still essen-
tially a Cartesian sequence. However in EPI, each
readout fills several k-space lines as shown in
Fig. 18a. The PSD for an EPI sequence demonstrates
that this is done by reversing the readout gradient for
each line while providing a phase encode ‘blip’ that
move the trajectory from one line to another
(Fig. 18b). Thus EPI is more time efficient, requiring
less excitations to fill k-space. Theoretically, a whole
k-space could be filled by one EPI readout. However,
several factors prevent this happening in real-world
situations. Firstly the readout still experiences T2/T2*
effects and therefore readout length is limited by the
amount of signal required. Furthermore, gradient
waveforms are never accurately played out and this
leads to trajectory errors that accumulate with time.
These trajectory errors result in MR signals being
placed in slightly incorrect positions in k-space, cre-
ating artefacts when long EPI readouts are used.
Therefore, most EPI sequences rely on the use of
interleaves: readouts that together fill k-space. EPI
sequences are heavily used in perfusion (Wang et al.
2005) and real-time applications (Korperich et al.
2004) and have benefited from significant improve-
ments in scanner hardware. Importantly as EPI is
essentially a Cartesian technique, RFOV and partial
Fourier can still be used to further reduce scan time.

A variation on EPI is spiral filling in k-space. In
spiral imaging k-space is filled by spiral readouts that
are produced by sinusoidally varying gradients in
both the x- and y-axis. As spiral trajectories are cir-
cularly symmetric the terms phase encoding and fre-
quency encoding become redundant and we simply
refer to x and y directions. Spiral trajectories are
the most time efficient way filling of k-space and
are heavily used in high-end real-time applications
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(Steeden et al. 2010a, b). However, they suffer from
all the problems of EPI sequences except to a much
greater extent. This has limited their applications in
routine clinical imaging. Another non-Cartesian tra-
jectory is radial imaging in which k-space is filled by
radial spokes. Radial filling is produced by simulta-
neously applying readout gradients in both the x and
y-axis. By varying the relative strength of the gradi-
ents, different angles for the radial spokes can be
produced. This form of k-space filling has the
advantage of using separate lines in k-space and is
therefore less sensitive to trajectory errors. The main
benefit of radial acquisitions is that they have been
shown to be less sensitive to motion artefacts and are
thus very useful in morphological cardiac imaging
(Kolbitsch et al. 2011). Furthermore, the center of
k-space is relatively oversampled and as will be dis-
cussed later this has some important properties when
performing k-space under sampling (Hansen et al.
2006).

3.2.6 3D Imaging

Previously it has been stated that k-space has the same
dimensions as the resultant image. Thus in three
dimensional (3D) imaging, k-space is also 3D and we
have to perform spatial encoding in all 3 directions.
To understand this, we need to extend the idea that
multiple lines fill k-space, each acquired with a dif-
ferent phase encode gradient. In 2D imaging only one
phase encode gradient is required; however, in 3D
imaging, two phase encode gradients are required.
This second phase encode gradient is usually referred
to as the slice encode gradient and encodes spatial
information in the slice direction. The resultant signal
can then be inverse Fourier transformed to produce
a 3D volume representing the object in question.
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It should be understood that this is not the same as
multi-slice 2D imaging, which consists of multiple 2D
k-spaces. The major benefit of 3D encoding is that
SNR is significantly greater than multi-slice approa-
ches because of the greater volume of excitation.
Although Cartesian 3D imaging is most common,
non-Cartesian techniques have also been developed.
These include stack of spirals/stars acquisitions and
3D radial acquisitions. However, few have entered
routine clinical practice.

3.3 Parallel Imaging

Parallel imaging relies on the fact that most MRI is
now performed with phased array coils that consist of
multiple coil elements. Thus, each element receives
signal in parallel. However because each element has
a different spatial sensitivity the signal received in
each coil is different. Thus, information about the
spatial distribution of signal can be elucidated from
the different coil images. This extra information can
be used to speed up acquisition as it can essentially
replace some of the MRI spatial encoding steps.
Several different parallel imaging approaches have
been suggested and in this section the most common
will be reviewed.

3.3.1 Sensitivity Encoding

Sensitivity encoding (SENSE) is one of the most
commonly used forms of parallel imaging and has
proven to be a robust method of reducing scan time
(Pruessmann et al. 1999, 2001). Acquisition time is
directly proportional to the number of lines in k-space
(or phase encode lines). Therefore, skipping alternate
phase encode lines would halve scan time. However,
skipping lines causes an increase in Ak and is the
same as halving the FOV (Fig. 19). This results in
foldover of signal from tissue outside the FOV,
making the final image unusable. However, the
foldover is different in each coil image and this can be
use to unwrap the final image (Fig. 19). To under-
stand this let us consider a single wrapped pixel. The
pixel contains signal from both tissue at that point and
from a known position outside the FOV. Unfortu-
nately, we have no knowledge of the proportion of
each and therefore the pixel cannot be unwrapped.
Mathematically this can be described by an equation
where we have two unknowns (the individual pixel

intensities) each multiplied by the coil sensitivity at
that position and one known quantity (the wrapped
pixel intensity). This sort of problem cannot be solved
with a single equation. However, it can be solved if
there are two equations and the local coil sensitivities
are known. In SENSE, each wrapped pixel is
unwrapped using information from both the coil
images and the local coil sensitivities. The coil sen-
sitivities are usually derived from a low resolution
filtered scan of the imaging volume. It should be
obvious that if the number of unknowns is greater
than the number of coil images, the final image cannot
be fully unwrapped. Therefore, in SENSE the accel-
eration factor (i.e. the number of lines skipped = R)
cannot be greater than the number of independent coil
elements. However, in the current era of large element
arrays (32 coil elements are now standard) high
acceleration factors are used. It should be noted that
acceleration factors cannot be increased indefinitely
because in SENSE, the SNR is inversely proportional
to \/R. Therefore, as R increases SNR decreases and
in reality, an acceleration factor greater than four is
not useful in 2D imaging. SENSE can also be per-
formed in 3D imaging, with under sampling in both
the phase encode and slice encode direction.

3.3.2 Generalized Autocalibration Partially
Parallel Acquisition

Generalized autocalibration partially parallel acquisi-
tion (GRAPPA) is another commonly used parallel
imaging technique (Griswold et al. 2002). Unlike
SENSE, which works in the image domain, GRAPPA
works in k-space. The fundamental idea in GRAPPA is
to synthesize the skipped k-space lines using the sur-
rounding sampled parts of k-space. Importantly, this
surrounding data is derived from all the coil elements,
making this a parallel imaging technique. In order to
synthesize missing k-space data some knowledge of the
relationship between points in k-space is required. This
is done by fitting the sampled k-space points in all the
coils to the k-space equivalent of the low resolution coil
sensitivity image. In GRAPPA, this is derived from the
fully sampled center of k-space. Once these k-space
relationships have been delineated, the missing lines in
k-space can be synthesized and inverse Fourier trans-
formation will produce an unwrapped image. Like
SENSE, GRAPPA acceleration is restricted to the
number of independent coil elements and as the center
must be fully sampled the acceleration factors are
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Fig. 19 SENSE reconstruction. When k-space is fully sampled
there is no aliasing in the images from the anterior or posterior
coils. When the coil images are combined there is therefore no
aliasing. When k-space is under sampled the coil images are

slightly lower than in SENSE. However, GRAPPA
does have the benefit of not requiring a separate coil
sensitivity scan.

3.3.3 k-t Methods

As the name suggests k-t methods involve dynamic
imaging and they are not strictly a form of parallel
imaging. However, they are a method of producing
unwrapped images from under sampled data. In the
original technique (k-+ BLAST), spatio-temporal
correlations in the data are determined using a low
spatial resolution high temporal resolution ‘training’
data set (Tsao et al. 2005). These correlations are then
used to unwrap a specifically under sampled high spa-
tial resolution data set. The benefit of this technique is
that it does not require multiple coils and does not have
the same noise amplification problems as parallel
imaging. Thus, the possible acceleration achievable
with techniques such as k- BLAST is greater than in
traditional parallel imaging. However, as with parallel
imaging there is a cost, which in k- methods is blurring,
particularly during periods of fast motion. One way to
partly remedy this is to combine k-t and parallel
methods in techniques such as k- SENSE (Tsao et al.
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Combined
Image

Anterior
Coil

SENSE
reconstruction

Posterior
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Anterior
Coil

aliased. If they were combined normally the resultant image
would also be aliased. However by using the SENSE recon-
struction the aliasing is unwrapped

2005; Muthurangu et al. 2008). These methods repre-
sent the best of both worlds with less blurring and noise
than their single counterparts.

4 Motion Compensation

More than any other type of MRI, cardiac MRI has to
compensate for motion in order to achieve acceptable
image quality. Therefore, MRI sequences must be
adjusted to account for cardio-respiratory motion. In
this section the various strategies used to perform
motion compensation will be reviewed.

4.1 Cardiac Gating

If conventional MRI protocols were used to image the
heart during contraction, the images would be unus-
able due to overwhelming motion artefacts (Lanzer
et al. 1984). In fact, in order to image the heart suc-
cessfully cardiac motion must be ‘frozen’. This can be
achieved by synchronizing MRI acquisition to spe-
cific points in the cardiac cycle through ECG gating.



Cardiac MRI Physics

17

However, ECG acquisition within the MRI environ-
ment is difficult due to MRI-induced artefacts in the
ECG signal. The major sources of ECG artefacts are
RF pulses and gradient field switching as they induce
voltages in the ECG leads. Improvements have been
gained by using fiber optic connections to the scanner,
which have resolved some of the problems of induced
voltages in wires. However, these measures have not
removed another significant source of artifact, namely
the magnetohydrodynamic effect. The magnetohy-
drodynamic effect describes the induction of voltages
caused by ions (flowing in the blood) moving through
the magnetic field. This voltage artifact is mainly
superimposed on the ST segment of the ECG coin-
ciding with ejection of blood in systole. The increase
in amplitude of the ST segment can cause a false QRS
detection. To overcome this problem, modern scan-
ners use the spatial information in a vector cardio-
gram (VCG) to improve R-wave detection. VCG
triggering is now routinely used on most scanners and
has significantly improved gating.

4.1.1 Segmented k-Space

The purpose of gating is to ‘freeze’ cardiac motion.
The importance of this can be seen if we consider a
simple k-space filling example. Consider a k-space
with 128 phase encode lines and a TR of 2.5 ms. It
would take 320 ms to fill one k-space and this rep-
resents more than 30% of an average R—R interval.
Thus, it is impossible to freeze motion when per-
forming traditional k-space filling. One way around
this is to divide k-space into segments and fill each
segment in successive R—R intervals. This is called a
segmented k-space acquisition (Finn and Edelman
1993). Obviously any motion that occurs during the
acquisition of a segment will lead to motion artifact.
However, if the time taken to fill a segment is short or
the myocardium is relatively still, motion is essen-
tially frozen. The success of these techniques is
highly dependent on the parameters chosen, particu-
larly the time taken to fill a segment. This time equals
the number of lines per segment multiplied by the TR.
Thus, reducing the number of lines per segment
should improve image sharpness. However, reducing
the number of lines per segment increases the number
of k-space segments. As each segment is acquired in a
single R—R interval, increasing the number of seg-
ments increases total acquisition time. Consequently,

choosing these parameters is a balancing act between
image quality, motion and total scan time. The seg-
mented k-space approach is the basis of cardiac gating
for both single-phase and multi-phase acquisitions.

4.1.2 Single-Phase Acquisitions

In many types of cardiac MRI, such as morphologi-
cal imaging (e.g. coronary MR angiography) or tissue
characterization (e.g. late Gd) a static image of the
heart is required. MRI data must therefore be
acquired at a certain point of the cardiac cycle. The
traditional approach is to image during diastasis, as
this is the period in the cardiac cycle when the
myocardium is most at rest. Diastasis occurs during
mid to-late diastole and its length is inversely related
to heart rate. Thus, to produce an image without
motion artifact two decisions must be made: 1) How
long after the R-wave should imaging start and 2)
Over what time period should MR data be acquired.
Firstly, the time between the r-wave and the start of
image acquisition (i.e. trigger) should be decided.
There are several different ways to calculate the
precise timing of diastasis. One strategy is to calcu-
late the time delay using the empirical method such
as the Weissler formula. A much easier approach is
to perform a cine MRI scan with very high temporal
resolution and find the start of diastasis. Importantly,
this approach reveals situations when diastasis is not
the most quiescent period in the cardiac cycle. For
instance, in children end systole is often a better
period to perform imaging, as diastole is short and
filling is continuous. The second decision that must
be made is the length of time MR data should be
acquired (data acquisition window). This is done by
changing the number of lines per segment, such that
the time taken to fill a segment equals the period of
myocardial stillness. This can be done empirically by
decreasing the lines per segment as heart rate
increases. However, the cine MRI scan acquired to
decide the trigger delay can also be used to decide
the length of the quiescent period.

4.2 Multi-Phase Acquisitions

In multi-phase acquisitions, multiple k-spaces are
acquired throughout the R—R interval. After inverse
Fourier transformation this produces a multi-frame
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Fig. 20 Prospective multi-
phase acquisition. In this
example, k-space is divided
into four segments—each of
which is collected at the same
point in the cardiac cycle in
four R-R intervals. Each k- TT T T
space is collected at a

different point in the cardiac 1

cycle. Together this data can
be reconstructed into a cine

image

N

cine of cardiac motion. In their simplest form, multi-
phase acquisitions are extension of the single-phase
segmented k-space technique. The easiest way to
perform cine MRI is prospective gating. This can be
understood by considering single-phase techniques in
which data is acquired in a certain part of the cardiac
cycle. If the trigger delay was set at 0 ms the single-
phase technique would only acquire the first part of
the cardiac cycle (Fig. 20). However, if data acqui-
sition was continued another segment would be
acquired and a second k-space would be filled in the
same number of R—R intervals. Obviously this would
represent the second frame in the cardiac cycle
(Fig. 20). Consequently, if data was acquired during
the whole R-R interval, one could produce a multi-
phase cine loop of cardiac motion. In multi-phase
sequences, the number of frames acquired depends on
the time it takes to fill a segment (i.e. the line per
segment). As the lines per segment go up, the number
of frames is reduced and thus the temporal resolution
falls. However if the lines per segment go down
(improving the temporal resolution) the acquisition
times goes up. Thus, in multi-phase imaging there
must be a compromise between temporal resolution
and acquisition time. Of course these decisions
depend on individual patients and the clinical ques-
tion being asked. Another important point with pro-
spective gating is that to compensate for R—R interval
variability there is a period of ‘dead time’ at the end
of each cardiac cycle. This is referred to as the
arrhythmia rejection window and prevents sampling
during end diastole.

End diastole can be imaged if retrospective gating
is used (Lenz et al. 1989). In retrospective gating,
lines in k-space are continuously collected during the
scan. Each line in k-space is then time stamped in
relation to the R—R interval it is acquired in. At the
end of the scan the average R—R interval is calculated
and each individual R—-R interval is stretched or
compressed to this mean value. This deformation can
either be done in a linear manner or in more complex
ways in which diastole is stretched more than systole.
The end result of this temporal deformation is that all
lines in k-space are time stamped relative to the mean
R-R interval. They can then be re-binned (in sim-
plistic terms) to produce separate frames. Unfortu-
nately complete filling of k-space requires a certain
amount of redundancy, and therefore in retrospective
gating more lines are sampled. Thus, retrospective
gating has the advantage of imaging throughout the
cardiac cycle, although at the cost of slightly longer
scan durations.

4.3 Respiratory Gating

So far freezing cardiac motion has been discussed.
However, the total acquisition times of gated scans can
be several seconds long. Over this period respiratory
motion would cause significant artefacts if not taken
into consideration. In Cartesian imaging these arte-
facts are most obvious as ghosts in the phase encode
direction. In this section the two main approaches to
dealing with respiratory motion will be reviewed.
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Fig. 21 a Pencil beam navigator placed on the dome of the
right hemi-diaphragm. b Resultant navigator data that is used
for respiratory gating

4.3.1 Breath Hold Imaging
The simplest method of dealing with breathing is to
perform imaging during breath holds. With the
development of newer faster MRI techniques (par-
ticularly ones that incorporate parallel imaging)
breath holds have become the mainstay of cardiac
MRI. Generally speaking, most patients can hold their
breath for about 10-15 s. Of course in patients with
more significant disease, maximum breath hold may
only be a few seconds. Therefore, one of the main
issues with breath hold scanning is patient specific
optimization. Increasing either spatial or temporal
resolution will lead to prolonged breath hold times.
Thus, resolution may need to be sacrificed in order to
achieve breath hold times that are achievable in sick
patients. However, there are several methods that can
be used to speed up scan time without losing spatial or
temporal resolution. Often simple measures such as
enabling RFOV or partial Fourier may be sufficient.
In addition, under-sampling techniques such as
SENSE or k-t-SENSE provide can also significantly
reduce scan times. As discussed previously all these
techniques result in loss of SNR and some artefacts.
This must be taken into consideration prior to their
application.

In some instances breath holding is simply not
possible and an alternative approach is to use multiple
signal averages during free breathing. This technique

relies on the acquisition of the same data at different
points of the respiratory cycle. The resulting image
has less obvious respiratory artefacts and much-
improved SNR. However edge sharpness will be
reduced and therefore it is of less use when accurate
delineation of anatomy is required. Nevertheless, it is
heavily used in flow imaging as it does not seem to
affect the accuracy of blood flow measurements.

4.3.2 Navigator Gating

In longer imaging sequences such as gated whole
heart MR angiography, the above-mentioned strate-
gies have little chance of success. These longer
acquisitions need a different approach to respiratory
motion compensation such as respiratory navigators
(Keegan et al. 1999). Fundamentally these are simple
MR measurements of diaphragmatic position that
enable data acquisition to be restricted to certain
points in the respiratory cycle. This technique will
be briefly described here, since it is elaborated in
“Coronary Artery Disease”. A navigator usually
consists of a 2D RF pulse that excites a cylinder of
tissue (a so-called pencil beam excitation) and a sin-
gle readout along the length of the cylinder. The
navigator is usually placed on the dome of the right
hemi-diaphragm with the position of the diaphragm
being the same as liver-lung interface (Fig. 21a).
Thus, when the navigator readout is inverse Fourier
transformed, the position of the diaphragm can be
determined. Consequently, if the navigator is inter-
leaved with the imaging it can provide real-time
measurement of the diaphragmatic excursion
(Fig. 21b). Usually the navigator echo is acquired
every R-R interval, immediately prior to data
acquisition.

When using this navigator information, a range
must be defined over which the MR data is accepted
(the acceptance window). This range is set so that MR
data is only accepted over a certain part of the
respiratory cycle, for instance at end-expiration. The
total length of acquisition depends on the acceptance
window chosen and the respiratory pattern and is
encapsulated into the concept of navigator efficiency.
A narrow acceptance window will provide sharper
imaging, but at the expense of longer scan times.
Conversely a wide acceptance window will keep scan
times short, although residual respiratory artifact
maybe present. As with cardiac gating optimization of
navigator efficiency depends on the patient and the
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Fig. 22 Spin echo sequence—note the initial signal decay
along a T2* curve; however the 180 pulse creates a spin echo at
the TE. The spin echoes decay along a T2 curve

question being asked. Another issue with navigator
gating is respiratory drift, which is a bulk change in
diaphragmatic position (often due to the patient fall-
ing asleep). This can cause complete loss of data MR
acceptance but is usually rectified by some sort of
respiratory drift correction built into navigator
algorithms.

4.4 Single Shot and Real-Time

Acquisitions

A completely different approach to cardio-respiratory
motion is to significantly speed up k-space filling and
thus dispense with gating. As k-space is filled in a
single R—R interval (i.e. it is not segmented) this
technique is known as a single shot acquisition. In
order to prevent motion artefacts, single shot k-space
filling must be performed in less than 100 ms. In
order to do this the number phase encode lines col-
lected must be significantly reduced. This can be
accomplished by lowering the spatial resolution and
most single shot imaging is performed at much lower
spatial resolution than gated MRI. Other techniques
such as RFOV and partial Fourier can also be used to
reduce acquisition times. Higher resolution single
shot imaging requires more sophisticated methods to
be used. For instance non-Cartesian trajectories can
be used as they increase the temporal efficiency of
k-space filling. Other techniques heavily used in sin-
gle shot imaging are parallel imaging (i.e. SENSE)
and if the data is dynamic k-t methods. Using these
techniques, k-space filling can be reduced to as little

as 30 ms. Unfortunately reconstruction of this data is
computationally more intensive and real-time image
display is difficult. Thankfully, the advent of parallel
computing, particularly on graphical processing units,
does open up the possibility of real-time reconstruc-
tion of heavily under sampled data (Hansen et al.
2008). As with cardiac gated sequences, single shot
imaging can be performed as a single- or multi-phase
technique. Single-phase single shot techniques are
used for morphological imaging when breath holding
is not possible. They are usually still triggered to a
certain part of the cardiac cycle, although this is not a
necessity. Examples are scout imaging, single shot
late Gd imaging and HASTE imaging.

If a single shot technique is continuously run, it
becomes real-time imaging. Real-time MRI is still
relatively underutilized in cardiac MRI. However it
does have the benefit of not requiring cardiac or
respiratory gating. Its main uses have been in
assessing cardiac function and flow in patients in
whom breath holding is difficult. The temporal reso-
lution of real-time techniques is entirely dependant on
the time taken to fill k-space. Therefore most clini-
cally useful real-time sequences employ non-Carte-
sian or EPI trajectories as well as parallel imaging and
k-t methods. In the future better reconstruction algo-
rithms may make the real-time imaging the standard
for cardiac MRI. However, this future is still some
years off.

5 Cardiac MRI Sequences

5.1 Spin Echo Sequences

The majority of MR imaging relies on echo formation
at some point after the RF excitation. The earliest MR
sequences (even prior to imaging) were spin echo
(SE) sequences. As previously noted, magnetic field
inhomogeneity leads to additional dephasing and loss
of transverse magnetization. The spin echo sequence
allows recovery of transverse magnetization that is
lost due to field inhomogeneity. In fact in the early
days of MR when fields were less powerful and less
homogeneous, SE sequences were the only acquisi-
tions that provided reasonable signal. Let us look at
how a spin echo is formed (Fig. 22). At time 7 after a
90° RF pulse a given amount of spin dephasing occurs
due to B, inhomogeneity. If a 180° pulse is then
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Fig. 23 Turbo spin echo

Echo train length = 4

sequence—each subsequent
echo decays along a T2 curve.
The number of echoes in each
TR is the echo train length
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applied, the spins precess in the opposite direction.
The By, field inhomogeneity is still present; however,
due to the reversal of precessional direction, it
rephases rather than dephases spins. Thus, transverse
magnetization refocuses, with full recovery occurring
at time 2t. Of course, the spin echo sequence does not
compensate for T2 effects (spin—spin interactions) and
the amplitude of the echo still exponentially decays
with a T2 time constant. In SE sequences, the time
taken for full refocusing (27) is the echo time (TE)
and the time between 90° pulses is the repetition time
(TR). If more than one 180° pulse is used, then more
than one echo can be read out (Fig. 22).

5.1.1 Fast or Turbo Spin Echo

The traditional spin echo sequence takes a long time
to acquire and is not classically used in cardiac MRI.
More commonly a fast or turbo spin echo (FSE/TSE)
sequence is used. In these sequences, more than one
echo is created by multiple 180° pulses (Fig. 23),
each of which fills a separate line in k-space (i.e.
acquired with a different phase encoding gradient).
The number of echoes acquired during a single TR is
called the echo train length (ETL). This type of
sequence allows k-space to be filled very rapidly, with
acceleration dependant on the echo train length.
However, it should be noted that T2 decay still occurs
and this limits the maximum practical echo train
length. In gated FSE, echo train lengths of between 9
and 15 are commonly used and this allows FSE
sequences to be performed in a breath hold. FSE
sequences can also be acquired as single shot images
and in these sequences the echo train length equals the
number of lines in k-space. To make the ETL shorter,
single shot FSE is often combined with partial Fourier

TR

techniques to produce a half acquisition single shot
turbo spin echo (HASTE) sequence. These sequences
are heavily used for morphological imaging in
patients who cannot hold their breath. Specific SE
sequences are usually determined by their tissue
contrast.

5.1.2 Specific Spin Echo Sequences

TIw MRI. For T1-weighting, SE sequences must have
a short TE and importantly a short TR (<700 ms).
This results in T1-weighting as only tissue with a
short T1 will have recovered significant longitudinal
magnetization to be flipped into x—y during the next
excitation. In order to acquire data quickly, most T1-
weighted SE sequences use FSE readouts. From now
on T1-weighted FSE sequences will be refereed to as
Tlw MRI. Tlw MRI is often used to assess cardio-
vascular morphology (Bogaert et al. 2000). However,
in order to do this accurately, flowing blood must be
nulled. All spin echo sequences intrinsically suppress
flowing blood. This is because blood that flows out of
the imaging plane after the 90° excitation pulse will
not experience the 180° refocusing pulse and will not
produce any signal. Obviously the amount of sup-
pression will be dependant on how quickly blood
flows out of the imaging slices. This form of ‘black
blood’ imaging is particularly robust in areas of high
flow such as the great vessels during systole. Unfor-
tunately, intrinsic black blood contrast is not robust in
areas of slow flowing blood (e.g. the atrial and ven-
tricular cavities). For ‘black blood’ imaging in areas
of slow flowing blood, a DIR preparation module is
required (Fig. 24). This has been shown to provide
more robust suppression of slow flowing blood than
SE alone (Greenman et al. 2003). To ensure that the
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Fig. 24 T1-weighted double inversion recovery spin echo
image (T1w MRI)

blood in the imaging slices is nulled, a TI of around
600 ms is required. Thus, DIR sequences can be
difficult to gate and in adults are usually limited to
diastole. In children or adults with a high heart rate
more than one R-R interval maybe required in order
to accommodate both DIR and image acquisition.
T2w MRI. Spin echo sequences are particularly
well suited to T2-weighted imaging as the refocusing
180° pulse means that the signal envelope is con-
trolled by T2 rather than T2*. For T2- weighting, SE
sequences must have a long TE (>80 ms) and a long
TR (>2,000 ms). The long TE ensures that only tissue
with a long T2 has significant coherent transverse
magnetization at the time of imaging. In cardiac MRI
the main use of T2-weighted imaging is to perform
myocardial edema imaging. This is because water has
a long T2 and will therefore show up more brightly.
Usually T2-weighted sequences are performed using
an FSE readout. However, simply performing a FSE
sequence with a long TE will not provide good T2-
weighted imaging. This is for two reasons. Firstly,
intra-cavity blood will still produce signal that can be
confused with edema in the endocardial regions.
Secondly, the pericardial fat signal can also be con-
fused with edema in the epicardial regions. Thus,
most T2w SE echo sequences include a TIR for ‘black
blood’ and fat suppression (Simonetti et al. 1996). An

example image is shown in Fig. 25. In the rest of this
textbook this TIR T2 weight spin echo sequence will
be referred to as T2w MRI. As with DIR T1w MRI,
T2w MRI is often acquired over two R—R intervals,
prolonging breath hold time.

5.2 Spoiled Gradient Echo Sequences
Gradient echo (GRE) sequences are commonly used
to dynamically image the heart. The fundamental
difference between GRE and SE sequences is the
absence of a refocusing pulse, and the use of a partial
flip angle (less than 90°). A consequence of partial
flip angle is that there is significant longitudinal
magnetization present even after a short TR. Shorter
TR’s translate into shorter scan duration, and it is for
this reason that GRE is heavily used in cardiac MRI.
However in GRE sequences, dephasing due to
external field inhomogeneities is not recovered and
the amplitude envelope is controlled by T2* rather
than T2.

Tissue contrast is heavily influenced by TR and flip
angle. Short TR’s and high flip angles increase
T1-weighting because they allow less magnetization
to recover. In cardiac MR, TR is often kept short and
therefore most GRE sequences are heavily
T1-weighted. There is also a further contrast mecha-
nism specific to GRE imaging known as flow-related
enhancement. In GRE imaging with a short TR, lon-
gitudinal magnetization may not fully recover before
the next RF pulse. Thus, the amount of magnetization
able to be flipped back into the transverse plane is
reduced. However, if the spins are moving (i.e. blood
moving in the through plane direction) new unsatu-
rated spins will be present in the slice during the next
excitation. This increases the total magnetization
available to be flipped into the transverse plane,
increasing the signal. Thus, structures containing
blood moving in the through plane direction will
appear brighter than surrounding stationary tissue.
An important aspect of GRE imaging is dealing with
coherent transverse magnetization prior to the next
RF excitation. If left, the coherent transverse mag-
netization would combine with the x—y magnetization
from the next pulse in an unpredictable way and lead
to image artefacts. Therefore at the end of each TR,
transverse magnetization is spoiled using either RF
or gradient spoiling. The result is that at the start of
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Fig. 25 T2-weighted triple inversion recovery spin echo
image (T2w MRI)

the next TR there is no coherent magnetization left in
x=y. This type of sequence is called a spoiled GRE
(Sp-GRE) sequence. Spoiled GRE sequences were
initially the mainstay of dynamic cardiac MRI.
However due to poor myocardial blood pool contrast,
they have been replaced by balanced steady state free
precession (b-SSFP) imaging. Nevertheless, Sp-GRE
sequences are still used in specific situations. In
dynamic imaging Sp-GRE sequences are used in sit-
uations where b-SSFP imaging contains significant
artefacts. Examples include: imaging inside and
around stents (Nordmeyer et al. 2010), imaging
around heart valves and imaging when there is
retained metal within the thoracic cavity.

5.2.1 Specific Gradient Echo Sequences

ceMRA.  Contrast-enhanced MR  angiography
(ceMRA) relies on the T1 shortening properties of
Gadolinium. Gadolinium contrast will be discussed in
more detail in the next chapter. However, in this
chapter we will review the basic MR physics of the
ceMRA sequence. In order to image blood vessels
containing Gd, a heavily T1-weighted sequence is
required. Furthermore to properly assess the vascu-
lature, 3D imaging is required. Therefore, ceMRA is
usually performed using a 3D Sp-GRE sequence with
a TR of between 2 and 3 ms. The resolution used in

these sequences depends on the structures being
imaged. For great vessel imaging, a resolution of
between 1.2 and 1.7 mm is usually sufficient. Often
ceMRA is acquired with non-isotropic voxels. How-
ever, there are good reasons to keep pixels isotropic
when assessing complex three-dimensional lesions in
the thorax.

As Gd is an extracellular contrast agent, it will not
stay in the blood pool indefinitely. In fact within
2-3 min it will have distributed throughout the
extracellular space. Therefore, ceMRA must be per-
formed as the Gd bolus travels through the vessel of
interest. This means that total imaging time must be
kept short and therefore ceMRA cannot be cardiac
gated. In essence ceMRA is a 3D single shot tech-
nique triggered as the Gd bolus travels through a
specific vessel. There are two main methods of
determining the exact time to start the ceMRA
acquisition after Gd injection. The first is to use a low
dose test bolus and to perform a series of low reso-
lution scouts at regular intervals. These can then be
retrospectively viewed and the time to greatest vessel
signal can be determined. The second method is to
use some sort of real-time bolus tracking technology.
Bolus tracking consists of continuous low resolution
imaging that allows real-time visualization of the
contrast bolus. When the operator visualizes high
levels of contrast in the vessel of interest, the ccMRA
is triggered (Fig. 26).

The most common k-space filling strategy for
ceMRA is Cartesian. Thus, k-space is filled in 3D by
multiple lines each with different phase and slice-
encoding gradients. Usually k-space is filled from the
center outward, which is known as centric ordering or
filling. This is very important in bolus tracking as it
ensures that the low frequencies are collected at the
point of maximum contrast in the vessel of interest. In
general, each ceMRA volume takes approximately
10-15 s to acquire (in a breath hold). It must
remembered that this relatively short scan time is only
achievable by utilizing techniques such as parallel
imaging, partial Fourier and RFOV. In clinical prac-
tice, it is common to acquire two volumes to provide
early and late vascular images. For instance, imaging
could be triggered with Gd in the pulmonary artery.
This would result in visualization of the pulmonary
vasculature in the early images and imaging of the
systemic arterial system in the late images (Fig. 27).
Other k-space filling strategies are also used in
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Fig. 26 Low-resolution thick slice single shot spoiled gradient echo sequence tracking contrast into the pulmonary arteries

Fig. 27 Contrast-enhanced
MRA. (a) Early with contrast
in pulmonary arteries, (b) late
with contrast in aorta

ceMRA. However, non-Cartesian trajectories tend to
suffer from trajectories errors, which can cause image
artefacts. Thus, their use is mainly confined to time
resolved ceMRA. Time resolved MRA allows 3D
visualization of the Gd bolus through the vasculature
(Fenchel et al. 2007). To accomplish this each volume
should be acquired in 1-3 s. In this situation, the
improved temporal efficiency of non-Cartesian tra-
jectories is of great benefit. Nevertheless, spatial
resolution is usually sacrificed in order to image at a
fast enough rate.

PC-MRI. velocity encoded phase contrast tech-
niques enable non-invasive quantification of blood
flow in major vessels. When magnetization is exposed
to an additional magnetic gradient moment it accrues
phase. Previously we have discussed this in relation to
spatial encoding. However, gradients can also be used
to encode any derivative of space (e.g. velocity or
acceleration). Measuring blood flow depends on
velocity-encoding and this section will concentrate on

velocity encoded phase contrast MRI (PC-MRI).
PC-MRI utilizes simple spoiled GRE sequences
combined with an additional velocity-encoding gra-
dient. This additional gradient creates a phase image
in which pixel intensity is directly proportional to
velocity. To understand this let us consider a vessel
surrounded by static tissue (Fig. 28). After RF exci-
tation all magnetization is coherent and in phase. If a
gradient is then applied in the z direction, spins in the
static tissue will dephase depending on their spatial
position. This is akin to spatial encoding and the
amount of phase accrued is proportional to the zeroth
moment. Spins in the moving blood will also accrue
phase, but because they are moving through the gra-
dient field they will accrue more (or less depending on
the direction of flow). So at this point static spins will
have phase due to their spatial position, while moving
spins will develop phase because of their position and
velocity (Fig. 28a). If we now reverse the gradient the
phase in the static tissue will return to zero. However,
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Fig. 28 The phase contrast experiment. a When a gradient is
applied in the direction of flow the static tissue dephases;
however in this case the moving spins diphase more because
they are moving into a stronger magnetic field. b When the

the phase in the moving blood will not go back to
zero, rather it will be more or less than zero
depending on direction of flow (Fig. 28b). This is
because the spins in the moving blood are continu-
ously traveling through a varying magnetic field. The
end result of these two gradient lobes is that the phase
of a spin population is directly proportional to their
velocity. This gradient is known as a bipolar gradient
it has a zero zeroth order moment and a non-zero first
order moment. It is the first order moment that
encodes velocity. One might think that this is all
that is required in velocity-encoding. However, to
negate phase shifts caused by other factors, a repeat
measurement must be acquired without the velocity-
encoding gradient (or by using two opposite
gradients). The two measurements are subtracted
eliminating phase secondary to other factors. This
results in a phase difference solely dependent on the
first order moment and the velocity of the moving
spin (Fig. 29). It should be remembered that the phase
difference is always within £180° and therefore if the
gradient moment is too high aliasing occurs. Thus, the
strength of the velocity-encoding gradient moment
must be set prior to acquisition. In clinical practice, it
is usual to have some prior knowledge of the maxi-
mum velocity in a given situation. The first order
gradient moment can then be set such that a velocity
(Vene)s which is just greater than the maximum
expected, will produce a phase shift of 180°. This will

Gradient lobe 2

negative gradient is applied the static spins rephrase, however
as the moving spins are moving into an even higher magnetic
field they are left with residual phase at the end of the
experiment

ensure no aliasing occurs. Lower strength gradients
(higher v,,.) could also be used without the risk of
aliasing. However, the use of higher v,,. leads to a
reduced velocity to noise ratio.

Quantification of volume flow requires acquisition
of a short axis view of a vessel with blood flow in the
through plane direction. The phase map of such a slice
can be used to calculate the average spin velocity in
each pixel (v,;,) at time . The pixel area multiplied by
Vpix 18 the volume flow in each pixel (Q,;) at time
t. The sum of Q,;, within a region of interest (ROI)
drawn around the vessel equals the volume flow at
time . As phase measurements are made at multiple
time points within the cardiac cycle forward flow,
regurgitant flow and cardiac output can then be cal-
culated. Definition of the ROI is performed on the
magnitude image as it allows better visualization of
the vessel wall. PC-MRI will be dealt with in more
detail in the flow and function chapter in this textbook.

53 Balanced Steady-State Free

Precession

Balanced steady-state free precession (b-SSFP) is a
GRE sequence that primarily relies on steady-state
magnetization for signal production. If the TR is
short, residual transverse magnetization will be pres-
ent during subsequent excitations, eventually leading
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Fig. 29 Magnitude and
phase images of the left
pulmonary artery

TE
TR

ADC

Fig. 30 Pulse sequence diagram of a b-SSFP sequence. Note
that the net area of all the gradients is zero

to the evolution of steady state magnetization. In
b-SSFP sequences, the steady state signal is optimized
by both alternating excitation and balancing all the
gradients (Fig. 30) (Scheffler and Lehnhardt 2003).

Sequence Siemens  Philips GE
Spin Echo SE SE SE
Turbo spin Echo TSE TSE FSE
Spoiled Gradient Echo FLASH TI-FFE SPGR
Balanced steady state free  True bFFE FIESTA
precession FISP

Balancing of the gradients is achieved as follows.
The addition of a second negative lobe in the readout
direction enables recovery of the echo that has been
dephased during the second half of the readout gra-
dient (Fig. 30). Dephasing due to phase encoding is
compensated for by applying a second phase encode
gradient in the opposite direction. This is sometimes
referred to as the ‘rewinder’ gradient and is applied at
the same time as the second negative lobe in the
readout direction. In addition, the slice select gradi-
ent, which usually possesses a negative lobe to refo-
cus spins in the slice select direction, is also fully
balanced. The consequence of balancing the gradients
is increased coherency of the magnetic vector prior to
excitation. This makes the evolution of the signal
produced by the RF excitation train more predictable.
As the balancing gradient takes approximately the
same time to apply as the encoding gradient, TR
equals 2xTE in b-SSFP sequences.

In b-SSFP sequences, this coherent magnetization
is flipped alternatively +«° and —a°. Ultimately, this
leads to the magnetization reaching a steady state at
which point acquisition can commence. Prior to
reaching the steady state, the complex trajectory of
the NMV precludes inclusion in k-space.

Unlike Sp-GRE sequences, the signal in b-SSFP
sequences is dependent on the square root of the
T2/T1 ratio and the proton density. Thus, blood pro-
vides a much higher signal than myocardium
(blood: T1 = 1,200 ms, T2 = 200 ms, myocardium:
T1 = 867 ms, T2 = 57 ms) (Schar et al. 2004). The
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Fig. 31 Images from a cine sequence

signal is also dependent on the optimum flip angle,
which is different for different tissues. The optimum
flip angle for blood is 45° while for myocardium it is
around 30°. Thus, when performing b-SSFP imaging
with a flip angle of 45° the blood signal is approxi-
mately two times greater than the myocardial signal.
In clinical applications, the flip angle is usually set to
between 50° and 80°. The great benefit of b-SSFP is
the excellent blood pool myocardial contrast, which is
present throughout the cardiac cycle (because signal
is not as dependant on flow related enhancement). For
these reasons b-SSFP has become the predominant
sequence used in cardiovascular MR imaging. How-
ever, there are some drawbacks with b-SSFP imaging.
The main drawback is their well-described sensitivity
to magnetic field inhomogeneity, which results in b-
SSFP dark band artifact. Dark band artifact is caused
by dephasing secondary to variations in the magnetic
field. As dephasing approaches 180° there is almost
100% signal collapse. Of course local shimming
reduces these artefacts as it reduces B, field inho-
mogeneity. Another important method of reducing the
amount of dephasing is to keep TR short, as this
reduces the amount of time for phase accrual. In
clinical practice TR’s of about 2-3 ms optimal for
b-SSFP imaging. Unfortunately, there are also other
sources of magnetic field inhomogeneity. The most
obvious is metal inside the thoracic cavity in the form
of stents, sternal wires or clips. These create localized
signal drop that are often much larger than the
structure themselves. The exact size of the signal
dropout will depend on the type of metal and often
orientation in the magnetic field. If the signal dropout
encompasses an area of interest, other sequences may
be required such as Sp-GRE or SE. Dephasing can
also occurs in the presence of high flow, which can
cause significant signal dropout with stenotic jets or
valvar regurgitation. The last drawback of b-SFFP
sequences is the high-energy deposition due to the

large flip angle and short TR’s. At 1.5T this is not a
significant problem, however at higher field strengths
excess energy deposition often precludes b-SSFP
imaging.

5.3.1 Specific b-SSFP Sequences
Cine MRI. One of the most important uses of b-SSFP
imaging is dynamic imaging of the heart (Fig. 31). As
previously noted b-SSFP provides excellent contrast
throughout the cardiac cycle. For this reason b-SSFP
has replaced Sp-GRE sequences as the sequence of
choice for dynamic imaging. In most units cine MRI
will be performed with retrospective gating as this
allows assessment of the heart throughout the entire
cardiac cycle. In order to perform imaging in an
acceptable breath hold, cine MRI is often combined
with parallel imaging or k-t methods. Using these
methods, a cine with 1.5 mm spatial resolution and
approximately 40 ms temporal resolution can be
acquired in less than 10 s. If cine imaging includes
high velocity flow during systole, all measures must
be taken to reduce dephasing. These include ensuring
that the TR is between 2 and 3 ms and optimizing
local shim.

3D MRA. The majority of MR angiography is
performed using ce-MRA sequences. However,
increasingly non-contrast angiography is being used
in cardiac MRI. This is for several reasons. Firstly, if
the structure of interest experiences significant motion
during the cardiac cycle, gated imaging must be used.
This precludes the use of ce-MRA as it is essentially a
3D single shot technique. Obvious examples of
structures that move significantly during the cardiac
cycle are the coronary arteries. In fact, gated non-
contrast angiography was developed in order to
visualize coronary arteries (MRCA). A more timely
reason to reduce the use of ce-MRA sequences is the
increasing concern regarding the safety profile of Gd
contrast agents.
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Fig. 32 3D Whole heart T2 prepared b-SSFP sequence in a
patient who has had the Ross operation. a Coronal oblique view
of the left ventricular outflow tract—note the excellent blood

As previously pointed out, b-SSFP sequences
provide excellent blood pool to myocardial contrast
and are therefore well suited to angiography
(Fig. 32a). As with ce-MRA, angiographic b-SSFP
imaging employs 3D k-space filling. However,
because 3D MRA must be cardiac gated, acquisition
time is long. Even with the use of parallel imaging 3D
MRA sequences cannot be performed in a breath
hold. Therefore, navigators are often used to com-
pensate for respiratory motion, further increasing scan
time. Due to the long scan times, thin 3D slabs were
traditionally placed over the coronary arteries in
MRCA. The problem with this approach is that
planning can often be difficult, and SNR is limited
because of the small volume of excitation. An alter-
native approach is whole-heart imaging, which was
facilitated by the advent of faster hardware and par-
allel imaging. In whole-heart imaging, no planning is
required as the imaging volume is simply placed over
the heart. The major drawback of this technique is
that scan times are long often between 10 and 15 min.
Nevertheless, this technique is heavily used particu-
larly in congenital heart disease where it provides
excellent delineation of intra-cardiac and great vessel
anatomy (Sorensen et al. 2004) (Fig. 32b).

In order to improve contrast, several magnetization
preparation schemes are utilized. The first is T2
preparation, which significantly improves myocardial

pool to myocardial contrast. b Axial oblique view of the left
ventricular outflow tract

blood pool contrast. This is important in 3D
techniques, as SSFP contrast is lower than in 2D
techniques. The second is fat saturation usually using
SPIR. This reduces pericardial fat signal and is
particularly important when imaging the coronary
arteries. These magnetization preparation pulses are
interleaved with the navigator pulse prior to image
acquisition. In adults, acquisition is triggered in
diastalic diastasis to reduce motion artifact. However,
in children end systole may be a better point in the
cardiac cycle to trigger. In both adults and children
timing can be elucidated using a high temporal res-
olution cine MRI in the four-chamber plane.
Although, Cartesian filling is overwhelmingly used in
3D MRA, other techniques have also been tried. The
most promising are 3D radial acquisition. This is
because radial k-space filling benefits from less
motion insensitivity, which reduces artifact when
trying to assess small fast moving structures.

6 Conclusion

To conclude the purpose of this chapter is to provide a
better understanding of MRI physics. However, it is
only a foundation and in order to be proficient at
sequence optimization, one must gain experience
through trail and error. Therefore the author suggests
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that constant questioning of scan parameters and
attempts at optimization are prerequisites to good
cardiac MRI.

7 Key Points

e A wide variety of prepulses, segmentation algo-
rithms and triggering techniques are used to adapt
MRI sequences to the specific requirements for
cardiac studies.

e Parallel imaging and real-time MRI are recent
evolutions that contribute significantly to the
interactive nature of a cardiac MRI examination.

e Careful choice of sequences and the knowledge of
the tissue properties they reveal allow comprehen-
sive studies of cardiac pathology.
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Comparing with any other body structures, the ever-
pumping heart in the respiration-tided thorax represents
the most difficult organ to image. Nonetheless cardiac
MRI is now entirely feasible thanks to the implemented
techniques such as ECG triggering, respiration gating,
ultrafast or even real-time imaging methods that have
efficiently minimized or overcome cardiac and breath-
ing motion artifacts (Kuhl et al. 2004). Over the last
decade, there has been tremendous progress in MRI of
both cardiac morphology and function. Further advan-
ces toward faster acquisition with real-time imaging,
higher resolution for plaque imaging and quantitative
analysis are taking place at a rapid pace.

Thus, for cardiac imaging, MRI has become
advantageous over other modalities due to its versatile
strengths, including noninvasiveness; nonionizing
safety; superb spatial and temporal resolution; inher-
ent 3D data acquisition with unlimited orientation;
intrinsic contrast exploitable for tissue characteriza-
tion; sensitivity to blood flow and cardiac wall
motion; and potential for in vivo measurement of
myocardial metabolism by using MR spectroscopy or
MRS, as well as any further technical breakthroughs
(Van der wall et al. 1996).

Despite all these strengths, it is of no doubt that only
when complemented with the use of contrast agents,
cardiac MRI can fully play its pivotal roles in clinical
diagnosis and therapeutic decision-making. In fact, the
potential and necessity of using contrast materials to
promote MRI capacity was recognized soon after the
invention of this imaging technology (Lauterbur et al.
1978). In particular, MR coronary angiography
(MRCA), perfusion mapping and cellular membrane
integrity or myocardial viability assessment rely more
on the use of appropriate contrast agents for eased
imaging acquisition, enhanced image quality and/or
improved diagnostic sensitivity and specificity. In
addition, contrast agents may be useful for MRI-guided
interventional procedures such as angioplasty and
localized delivery in gene or other advanced therapies
in the future. Further research and development of
more targeted MRI contrast agents at the cellular
and molecular levels will help to more specifically
identify different cardiovascular pathologies including
ischemia, atherosclerosis, inflammation, necrosis
and angiogenesis. Only by joining together all these
indispensable elements, can the comprehensive
“one-stop shop” cardiac MRI examination become the
reality of clinical cardiology (Ni 1998).

The current chapter aims to provide an overview on
the main topics related to MRI contrast agents includ-
ing the mechanisms of MRI contrast and contrast
agents, classification of both commercially available
and preclinically investigational contrast agents useful
for cardiac MRI, as well as the general scope of contrast
agent applications in relevant clinical and experimental
research. For the 2nd edition, more information has
been updated and incorporated into this chapter since
the 1st edition of this book was published 6 years ago.

2 Basic Principle of MR Contrast
Agents
2.1 Origins of Imaging Signals

for Current Clinical MR

About two-thirds of the human body consists of water
that exists either freely or confined within the life
molecules. Water is formed by one atom of oxygen
bound with two atoms of hydrogen ('H). Another more
“MRI-discernible” body constituent is the fat, which is
chemically composed of fatty acids such as stearic,
palmitic, oleic, etc., covalently bound in various pro-
portions with glyceryl, all are enriched with 'H.

The imaging signals in the clinically applied MRI at
present stem from the abundant 'H in the human body,
which is inherent in magnetic property due to its single
positively charged proton. The similar property is also
found in other less abundantly occurring isotopic
nuclei such as °C, '°F, 2*Na and *'P with only odd
numbers of protons, but not in 12C, N and '%0, with
even numbers of protons and neutrons.

‘When the body is exposed to a strong magnetic field,
the "H nuclei in the tissue orient themselves within this
magnetic field. While sending in a pulse of radio waves
at a certain frequency, the energy content as well as the
orientation of the nuclei changes, and, as they relax to
their previous states, a resonance radio wave or an MRI
signal is emitted. In 1971, Lauterbur pioneered spatial
information encoding principles that made image
formation possible by utilizing such emitted MRI
signals. The further studies of Mansfield on the concept
of echo-planar imaging dramatically decreased acqui-
sition time and allowed functional and dynamic imag-
ing (Gore 2003).

The frequencies of electromagnetic waves or
radiations used for MRI are from 10° to 10° Hz
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approximately, i.e. within radiofrequency range,
which are much lower than that of ionizing X-rays
(10'°-10%° Hz) and y-rays (10*'-10** Hz) used for
radiography and nuclear medicine, respectively and
are therefore considered biologically safe.

Besides 'H, other magnetic nuclei such as 23Na,
13C, 'F and *'P in the human body can also generate
MRI signals, though normally with much less intensity
but under much more technically demanding condi-
tions and/or at much higher costs (Cannon et al. 1986;
Fishman et al. 1987; Friedrich et al. 1995; Kim et al.
1997, 1999; Ardenkjaer-Larsen et al. 2003; Golman
et al. 2003; Svensson et al. 2003). Some of these
techniques are of particular cardiovascular relevance.
The feasibility of obtaining cardiac *Na MRI at both
477 T animal and 1.5 T human scanners has been
demonstrated using double-resonant **Na-'H surface
radiofrequency coils for myocardial viability deter-
mination (Cannon et al. 1986; Kim et al. 1997,
Ouwerkerk et al. 2008). In this context, the dramatic
alterations of extra-versus intracellular *’Na concen-
tration during myocardial ischemia or infarction were
exploited as intrinsic source of contrast to identify
irreversibly damaged myocytes due to disruption of
sodium concentration gradient across cellular mem-
branes. However, as the authors admitted, clinical
feasibility does not imply clinical utility. Further
efforts have to be made before cardiac 2?Na MRI can
be incorporated as part of the clinical routine (Kim
et al. 1999). On the other hand, *'P chemical shift
imaging may provide a profile of regional adenosine
triphosphate (ATP) and phosphocreatine (PCr) con-
tents, hence an estimation of energy status and via-
bility of the myocardium (Friedrich et al. 1995).
Recently a new revolutionary technology that utilizes
biomolecules bearing certain prepared hyperpolarized
(HP) nucleus such as HP 'C-urea has shown the
promise in ultrafast high-resolution MR angiography
with unprecedented signal-to-noise (SNR) and con-
trast-to-noise (CNR) ratios even at very low magnetic
field (e.g. 0.01 T). This may also open new horizon for
molecular imaging with MRI (Ardenkjaer-Larsen
et al. 2003; Golman et al. 2003; Svensson et al. 2003).
Despite the high performance of such novel approa-
ches (Bhattacharya et al. 2009), it is likely that con-
ventional "H MRI will still serve as the mainstream
method for providing the basic morphological and
functional information of normal and diseased
cardiovascular tissues.

2.2 Unique Mechanisms of MRI

Contrast Agents

Image contrast is the basis for human visual percep-
tion to differentiate between regions on the object.
Contrast media or agents denote extrinsic or intrinsic
substances that are intended to improve the image
contrast of the target tissues by means of increasing or
decreasing the attenuation of X-rays in radiography,
the signal intensity (SI) in MRI and the echo ampli-
tude in ultrasonography. The radiopharmaceuticals
can also be considered as contrast media to a certain
extent. Since there is virtually no native radioactivity
in the human body, introduction of a radiopharma-
ceutical into the body always increases positively the
contrast of the target tissue over the background.
Acceptable biotolerance remains one of the basic
requirements for any potential contrast agents.

The main contrast determinants in MRI are 'H
proton density, longitudinal (T1) or transverse (T2)
relaxation times of 'H protons, and magnetic sus-
ceptibility. Since water content or 'H proton density
in the tissue is virtually unchangeable, magnetic
properties of T1, T2 and susceptibility have therefore
been the major parameters dominating the develop-
ment of MRI contrast agents. Although T1 and T2 are
generally prolonged in injured myocardium, there is
considerable overlap of relaxation times between
normal, reversibly injured and irreversibly damaged
myocardium on native MRI, a fact stressing the need
of contrast agents for cardiac MRI.

Some paramagnetic transition metal elements such
as gadolinium (Gd**), manganese (Mn>*), dyspro-
sium (Dy>*) and iron (Fe’*) contain in their outer
shells of the electron orbit a number of unpaired
electron spins, which have relatively long electron
spin relaxation time. The magnetic field produced by
an electron is much stronger than that by a 'H proton,
and therefore these paramagnetic elements are ideal
candidates for producing MRI contrast agents that
affect T1 and T2 of tissue 'H protons, hence the tissue
SI and/or contrast. Contrast enhancement is achieved
by either increasing or decreasing the SI of a tissue;
thus its signal over background noise ratio (SNR), its
contrast relative to another tissue (contrast ratio or
CR) and/or to the background noise (contrast-to-noise
ratio or CNR) can be enhanced.

Differing from the direct and linear principles of
contrast formation with the high-density contrast
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Fig. 1 Nonporphyrin necrosis-avid contrast agents (NACAs)
at the same intravenous dose of 0.05 mmol/kg induced both T1
and T2 contrast enhancement (CE) with relevant MRI
sequences in reperfused MI (arrow) on postmortem images of
a dog overnight after injection of bis-Gd-DTPA-pamoic acid

media for radiography or the gamma ray emitting
isotopes for nuclear scintigraphy, the mechanisms of
the current MRI contrast agents are basically indirect
and nonlinear, and much more complicated. They rest
on the distinct magnetic properties and interactions of
native 'H protons toward introduced MRI contrast
agents. Depending on influential factors, including the
dose of the contrast agent and MRI sequence applied,
either T1 shortening (positive) or T2 shortening
(negative) contrast effect can be predominant.

The positive contrast agents are typically Gd- or
Mn-containing paramagnetic chelates. They shorten
both T1 and T2 of the tissue, but since T1 is much
longer than T2, their predominant effect at low doses
is T1 shortening. Therefore the tissue taking up such
contrast agents becomes bright or hyperintense on T1
weighted MRI. However, when the local concentra-
tion of a T1 or positive contrast agent becomes very
high, its T2 shortening effect appears or becomes even
predominant as often seen in the renal pelvis shortly
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derivative (ECIII-60; upper row) and on in vivo images of a pig
6 h after injection of bis-Gd-DTPA-bis-indole derivative
(ECIV-7; lower row), suggesting the chemotactic accumulation
of NACAs in the necrotic myocardium as proven by the
corresponding TTC stained specimen

after an intravenous dosage, or as exemplified in the
case of experimental acute myocardial infarction
(AMI) enhanced with a necrosis-avid contrast agent
(NACA; Fig. 1).

The negative contrast agents are often termed
superparamagnetic or susceptibility contrast agents that
can be created as small Fe;O, particulate aggregates
consisting of ferromagnetic or superparamagnetic
crystals or particles smaller than 300 nm. They generate
local magnetic field gradients that disrupt the homoge-
neity of the primary magnetic field over the tissue.
Besides T2 shortening effect due to the diffusion of
water through these field gradients, their more promi-
nent effect is T2* shortening or susceptibility effect,
both effects darken the region of interest or produce
hypointense signals on T2, T2* and even T1 weighted
MR images. However, depending on their particle size
and coating, they can also produce substantial T1
shortening effect and function as positive contrast
agents used, for example, for MR angiography (MRA).
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There are also intrinsic MRI contrast substances
such as hemoglobin. The paramagnetic property of
deoxyhemoglobin to cause local magnetic field dis-
tortion and susceptibility has been exploited as the
source of blood oxygen level dependent (BOLD)
contrast for functional MRI of the brain (Turner 1997),
heart (Manka et al. 2010) and tumor (Padhani 2010).

In principle, it is their magnetic impact on the 'H
proton relaxation rather than the MRI contrast agents
themselves that create enhanced contrast on MR
images. In other words, MRI contrast agents do not
generate signals but only modify the amplitude of the
signals generated by 'H protons in the presence of
magnetic field.

’Because of such an indirect mechanism of action, a
lack of linear relation between the SI and the local
concentration represents a drawback for accurate
quantification of studied MRI contrast agents.
Nevertheless, similar to radiopharmaceuticals or
radiographic contrast media, in unconventional MRI
when the scanner is tuned to the resonant frequencies
for nuclei of 23Na, 13C, YF and 3 lP, the generated
images will only show regions where these nuclei
are present, hence feasible for quantitative data
analysis with a direct SI and nucleus concentration
relationship.

23 Dosage in Relation to Contrast

Enhancing Efficacy

Normally MRI contrast agents are chemically
formulated in a manner similar to that for producing
radiopharmaceuticals. Due to the fact that the
sensitivity of 'H MRI to detect CA induced
effects visible on the image is higher than that of
radiography but much lower than that of nuclear
scintigraphy, the MRI contrast agents can be given
with doses of micromoles per kilogram (about
5-300 pmol/kg), i.e. about 10°~10? times lower than
that for radiographic contrast media at a millimoles-
per-kilogram level, but 10*-10° times higher than
that for radiopharmaceuticals at a nanomole- or even
picomole-per-kilogram level. Usually, the physi-
cians’ knowledge and experience with CT contrast
media can be extended to the use of clinically
available MRI extracellular fluid (ECF) space con-
trast agents. However, as illustrated in Fig. 1, MRI

contrast agents possess both T1- and T2-shortening
effects and their positive or negative effects of
contrast enhancement (CE) depend not only on the
total dosage administered but also the local con-
centration of the accumulated agent in a given target
tissue, as well as interaction between the contrast
agent and the tissue components. Such a unique
phenomenon differing from that with CT and nuclear
imaging should be taken into account when contrast
enhanced MRI is interpreted.

Based on the diagnostic purpose as well as safety
considerations, the exact doses and manners of con-
trast agent administration vary among different car-
diac MRI protocols. For a first-pass myocardial
perfusion MRI, a bolus of a contrast agent at a rela-
tively low dose of 0.005-0.05 mmol/kg is intrave-
nously injected at a high speed (e.g. 3-5 ml/s) and
flushed with certain volume of 0.9% saline by using a
power injector. This is usually followed by another
normal dose of contrast agent for delayed CE for
estimation of MI or viability (Chiu et al. 2003).
To compensate the unstable CE in the AMI due to the
use of ECF contrast agents, a constant infusion of
Gd-DTPA was recommended for more accurate
determination of myocardial necrosis in a clinical
setting (Pereira et al. 2000). Diversely, slow intrave-
nous infusion is also a common practice for admin-
istration of Mn-based intracellular contrast agents but
to avoid acute side-effect caused by calcium distur-
bance in myocardium (Bremerich et al. 2000; Flacke
et al. 2003).

3 Classifications of Contrast Agents
for Cardiac MRI

3.1 Extracellular Fluid Space Contrast

Agents

The first generation MRI contrast agents including
Gd-DTPA and Gd-DOTA (Table 1, Fig. 2) are cre-
ated by chelating the lanthanide metal element gad-
olinium with linear or cyclic multidentate ligands
(DTPA or DOTA) to form thermodynamically stable
and biologically inert complex or coordination com-
pounds so that the paramagnetic properties of gado-
linium can be utilized for enhancing MRI contrast,
whereas the toxicity of both gadolinium and the
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ligands, if each applied alone, can thus be avoided.
After intravenous injection, these contrast agents
randomly distribute in intravascular and interstitial
ECF spaces, and are eliminated rapidly in their
unchanged forms through glomerular filtration in the
kidney (Fig. 2), which makes the “renal-specific”
property exploitable for evaluation of renal function.
These contrast agents also allow possible diagnosis of
certain pathological conditions with altered distribu-
tion space at vascular level, such as hemangioma and
blood-brain-barrier (BBB) breakdown, at interstitial
level, such as inflammatory edema and regenerative
fibrosis, and at cellular membrane integral level such
as tissue necrosis or infarction, e.g. AMI. However,
normally they do not allow definite histological
diagnoses owing to the intrinsic feature of nonselec-
tive distribution over all the above-mentioned
pathologies. Alternatively, analyses of enhancement
kinetics have been elaborated for differential diag-
nosis between malignant and benign lesions
(Heywang et al. 1989; Kaiser and Zeitler 1989), for
quantitative assessment of tumor angiogenesis and
microvascular density (Hawighorst et al. 1999),
and for determination of cerebral blood flow and
volume (Villringer et al. 1988). Lack of real tissue
and/or disease specificity of these contrast agents
have prompted further research and development of
more specific MRI contrast agents. One noteworthy
issue is that other, more advanced specific or targeting
contrast agents always share more or less the non-
specific properties of the ECF contrast agents espe-
cially in their early systemic distribution phase, which
has been explored for multipurpose applications of
certain organ- or tissue-specific contrast agents such
as the hepatobiliary Gd-BOPTA (Cavagna et al. 1997)
and necrosis-avid contrast agents (NACAs) (Ni et al.
2002a, b, c, 2005a; Ni 2008) (Table 1).

3.2 Blood-Pool Contrast Agents

This unique type refers to a variety of contrast agents
that are confined by purpose to the intravascular space
and dedicated exclusively to cardiovascular applica-
tions. Such blood-pool (BP) property can be realized
by controlling the distribution and elimination of the
contrast agents, which in turn is determined by their
size relative to the permeability of the capillary

endothelium in different organs. Although BP contrast
agents are partially or completely limited in passing
through the endothelial membrane elsewhere, they
can still be excreted by the kidneys (Fig. 2). Usually,
the higher the molecular weight of macromolecular
compounds, the slower the blood elimination half-life
and total blood clearance. In tissues such as myo-
cardium, the lumen of the continuous capillaries is
lined with an uninterrupted endothelial layer, which
only allow diffusion of drugs with small molecular
weight such as Gd-DTPA (590 Da); whereas in the
kidneys, glomerular capillaries are fenestrated with
pores of 60—70 nm in diameter, which facilitate pas-
sage of any drug molecules weighted approximately
below 20,000 Da. Above this molecular weight, renal
excretion then depends on the lipophilicity and
polarity of the agent as well as the pH of the envi-
ronment. Molecules larger than 70,000 Da cannot
pass the glomerular filter, but are metabolized before
excretion (Brasch 1991).

Relative to the ECF contrast agents with a short
period of peak vascular enhancement, BP contrast
agents possess longer plasma half-life and render a
higher intravascular signal, and therefore facilitate MR
angiography (MRA) with improved flexibility, accu-
racy and versatility. With the use of BP contrast agents,
the time interval between contrast injection and imag-
ing acquisition becomes less crucial due to the resultant
optimal imaging window in tens of minutes instead of
seconds with the use of ECF contrast agents.

An adequate and uniform particulate size, a high
ratio of T1 over T2 relaxivity, an initial intravascular
space distribution, a sufficient eventual body clearance
and a lack of toxicity and/or immunogenecity
are the basic requirements for an ideal BP contrast
agent. Several concepts dominate the development
of BP contrast agents (Fig. 2). One approach is
to synthesize large and median molecules of
Gd-containing polymer for prolonged intravascular
retention and slower extravasation during renal elimi-
nation, as represented by Gd-polylysine (Bogdanov
et al. 1993), Gadomer-17 (Misselwitz et al. 2001) and
P792 (Port et al. 2001; Taupitz et al. 2001), which may
feature rapid urinary clearance Kkinetics. Another
approach utilizes the reversible protein-binding
property of certain small molecular Gd chelates to
form a type of “semi-endogenous” BP markers, as
represented by gadofosveset trisodium (formerly
identified asMS-325 or Angiomark) (Lauffer et al.
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Fig. 2 Extracellular fluid space versus blood-pool contrast
agents Note BP blood-pool; CAs contrast agents; DTPA
diethylenetriaminepentaacetic acid; ECF extracellular fluid

1998), MP-2269 (Wallace et al. 1998) and B-22956
(La Noce et al. 2002), as well as other protein-binding
(though perhaps somewhat weaker) agents such as
Gd-BOPTA (Cavagna et al. 1997) and NACAs (Ni
1998; Ni et al. 2002a, b, c; Ni et al. 2005a; Ni 2008).
MS-325 has been the most clinically advanced agent of
this class (Lauffer et al. 1998). While all above BP
contrast agents are based on paramagnetic gadolinium,
the third class is based on small or ultrasmall super-
paramagnetic iron oxides (USPIO) optimized for blood
retention and minimized for susceptibility effects
(Chambon et al. 1993; Mayo-Smith et al. 1996;
Stillman et al. 1996). Furthermore, clinical trials with
starch-coated and stabilized iron oxide particles code-
named NC 100150 (Clariscan) have been performed
(Ahlstrom et al. 1999). These particulate contrast
agents are slowly cleared up from the circulation
and recycled through the mononuclear phagacytotic
or reticuloendothelial system (MPS or RES), a
metabolic route completely different from that used by
gadolinium-based contrast agents. The potential

space; Gd gadolinium; NACAs necrosis-avid contrast agents;
DOTA tetraazacyclododecanetetraacetic acid; Gd-BOPTA Gad-
obenate dimeglumine

cardiovascular applications of BP contrast agents
include MRCA, assessment of myocardial perfusion,
pulmonary and peripheral MRA, as well as evaluation of
microvascular permeability in different pathological
conditions. While a slower bolus of BP contrast agents is
administered for dynamic arterial phase MRA, higher
injection speed as a very fast bolus often necessary for
myocardial first-pass perfusion MRI remains one of the
safety concerns that have to be taken into account before
BP contrast agents can be applied in clinical routine. The
speed of injection appears to be crucial in acute toxicity
effects of any contrast agents. However, the injection
rate at about 1 ml/min used in laboratories to determine
LD50 values in experimental animals is probably too
slow to detect early deaths (within few minutes after
administration), which are mainly caused by osmotic
expansion of the plasma volume and failure of the
cardiovascular circulation (de Haen et al. 1994). Other
factors that are responsible for adverse reactions to
contrast agents are chemotoxicity, osmotoxicity, ion
toxicity, allergy and dose (Almen 1994).
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3.3 Intracellular Contrast Agents
In nuclear scintigraphic tomography, active uptake of
radioactive thallium-201 (ZOITI) as a potassium ana-
log (Schoeder et al. 1993), and manganese 52 m
(SZmMn) and manganese 54 (5 4Mn) as calcium
antagonists (Chauncey et al. 1977; Atkins et al. 1979)
by viable myocytes has been applied for assessment
of myocardial viability (MV). Similar approach has
been adopted in cardiac MRI using cold cation Mn**
preparations as intracellular contrast agents for infarct
imaging, since Mn" is potent for T1 shortening and is
taken up only in cells capable of active calcium
(Ca®*) transport, and thereby provides an analog to
20T imaging in cardiac scintigraphy (Bremerich
et al. 2000; Karlsson et al. 2001; Flacke et al. 2003;
Storey et al. 2003; Krombach et al. 2004). Mn?* has
an ionic radius similar to that of Ca®* and is known to
enter myocytes via voltage-facilitated calcium chan-
nels. These agents feature bifacial functions, i.e. for
myocardial perfusion imaging with the initial blood-
pool effect and as viability markers for functional
myocytes at the equilibrium phase. Among these
preparations, manganese chloride salt (MnCl,) has
shown the highest contrast enhancing efficacy with
the ability even to identify stunned myocardium
(Flacke et al. 2003; Krombach et al. 2004). However,
because Mn* functions as a potent antagonist at the
voltage-dependent Ca>* channel across cellular mem-
brane and competes with Ca** uptake of myocardium,
concerns about the potential cardiac toxicity for nega-
tive inotropic effects or reduction of myocardial con-
tractility have led to various formulations, all intended
to lower cardiac toxicity, such as injection solution of
MnCl, dissolved in calcium gluconate (Flacke et al.
2003) and chelated preparations as slower Mn>*
releasers including MP-680 or Mn[EDTA-bis(amino-
propanediol)] (Flacke et al. 2003), EVP 1001-1 (Storey
et al. 2003), and mangafodipir trisodium (manganese
dipyridoxyl diphosphate or Mn-DPDP or Teslascan)
(Bremerich et al. 2000; Flacke et al. 2003). The latter is
already marketed for liver imaging with a plasma half-
life <25 min (Hustvedt et al. 1997) and LD50 about
5.4 mmol/kg in mice (Elizondo et al. 1991).
Interestingly, recent experimental studies in pigs
revealed that the metabolite from Mn-DPDP namely
manganese dipyridoxyl ethyldiamine (MnPLED)
could reduce postischemic reperfusion-induced car-
diac dysfunction and infarct size (Karlsson et al.

2001). Therefore, the use of a Mn**-releasing contrast
agents such as Mn-DPDP may be a promising mul-
tipurpose approach. In addition to the suggested
therapeutic effects of antioxydative myocardial pro-
tection (Brurok et al. 1999; Karlsson et al. 2001), with
noninvasive MRI, more functional information about
myocardial metabolism and MV might be acquired by
depicting differential patterns of T1 relaxation chan-
ges in relation to regional coronary flow, cellular
cation uptake and retention, ion channel function and
metabolism in patients with coronary heart disease.
However, all these encouraging outcomes are still
experimental. Before clinical cardiac MRI might
enjoy the CE with an intracellular CA, its formula-
tion, dosage, imaging protocol and especially biotol-
erance have to be optimized through further strenuous
preclinical and clinical research.

34 Necrosis-Avid or Multipurpose

Contrast Agents?

The ECF contrast agents such as Gd-DTPA have been
widely applied to enhance cardiac MRI in both clin-
ical practice and experimental research due to their
immediate availability and general safety. Despite the
considerable consensus to regard them as viability
markers with “necrosis-specific” property to dis-
criminate between viable and nonviable myocardium
at delayed phase contrast enhanced MRI (Ramani
et al. 1998; Kim et al. 2000; Pereira et al. 2001;
Weinmann et al. 2003), inaccuracy, uncertainty, and
dependency of using them on multiple influential
factors, for imaging interpretation have also been
evidenced (Ni et al. 2001b; Oshinski et al. 2001;
Saeed et al. 2001; Choi et al. 2002; Judd and Kim
2002; Jin et al. 2007). Particularly, they are still
incapable of making explicit distinctions between
reversible and irreversible injured myocardium,
between acute and chronic infarction, and between
ischemic and inflammatory lesions, for which other
nonspecific alternatives such as geographic patterns of
CE had to be adopted (Hunold et al. 2005). A lack of
accuracy in determination of therapeutic tumor necro-
sis with an ECF contrast agent was also evident in a
more recent experimental study (Wang et al. 2011a, b).
Therefore, there has been a continuing strategy for
searching more specific contrast agents that can offer
unambiguous and indisputable imaging diagnosis.
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Phosphonate modified Gd-DTPA complexes could
produce a persistent and strong CE in diffuse and
occlusive MI due to their affinity for calcium-rich
tissues and subsequent formation of insoluble calcium
phosphate precipitates in the damaged myocardium.
However, they may cause disordered calcium-
homeostasis and consequently impaired ventricular
contractility (Adzamli et al. 1993). Besides, studies
with technetium-99 m pyrophosphate, a scintigraphic
analogue of this type, showed a lack of specificity
between ischemic and necrotic myocardium (Bianco
et al. 1983) leading to a significant overestimation of
the infarct (Khaw et al. 1987).

Anti-myosin antibody-labeled magnetopharma-
ceuticals denote an appealing approach. However,
possible immunogenic side effects, insufficient
expression of antigens or MRI sensitivity to the cur-
rently available relaxation enhancers, and complexity
in preparation and handling of the agents challenge
their clinical applicability (Weissleder et al. 1992).

What do X-rays, nylon, vaccination and penicillin
have in common? They were discovered by accident
or serendipitously. The word “serendipity” was first
introduced in the middle of eighteenth century to
express the phenomenon of discovery “by accident
and sagacity” (Roberts 1989). What likely also
belongs to this type is the discovery of another cate-
gory of necrosis-targeting contrast agents, which
represents an ongoing multiepisode story. To distin-
guish them from other antibody or receptor-mediated
specific contrast agents with better-defined molecular
targets, we proposed to nominate these newly
discovered porphyrin and nonporphyrin species
“necrosis-avid contrast agents” (NACAs) because of
their remarkable affinity for necrotic and/or infarcted
tissues (Ni et al. 1997a, 1999, 2001a, 2005a; Ni 1998,
2008; Pislaru et al. 1999; Cresens et al. 2001).

Porphyrin derivatives have been investigated for
decades in diagnosis and treatment of malignant
tumors (Kessel 1984; Gomer 1989; Nelson et al.
1990; Pass 1993). The rationales governing porphy-
rin-mediated cancer photodynamic therapy are based
on “tumor-localizing” and photosensitizing proper-
ties of the agents. By analogy, the tumor “preferential
uptake” of porphyrins has also been exploited
for developing paramagnetic metalloporphyrins as
“tumor-seeking” MRI contrast agents (Chen et al.
1984; Ogan et al. 1987; Furmanski and Longley 1988;
Bockhorst et al. 1990; Fiel et al. 1990; Van Zijl et al.

1990; Nelson and Schmiedl 1991; Ebert et al. 1992;
Place et al. 1992; Hindre et al. 1993; Young et al.
1994; Saini et al. 1995).

However, the research activities in this laboratory
have dramatically converted metalloporphyrins from
being used as tumor-seeking contrast agents into mag-
netic markers of MI (Ni et al. 1996; Ni 2008). During
the early 1990s, in helping the former Institut fiir
Diagnostikforschung, Berlin, Germany, to screen and
confirm a few potentially tumor-specific porphyrin
contrast agents, including bis-Gd-DTPA-mesoporphyrin
(later named Gadophrin-2) and Mn-tetraphenylporphy-
rin (Mn-TPP), we conducted experiments on our well-
established animal models of primary and secondary
liver tumors (Ni et al. 1992). By using the methodologies
dissimilar to those in the previous studies, we found that
the notified “specific” CE could be attributed only to
nonviable (typically necrotic) instead of viable tumor
components (Ni et al. 1995), an observation contrary to
the assumption raised by an earlier study (Ebert et al.
1992). To support our findings and to convince the
believers in tumor-specificity of porphyrins that they are
wrong, more metalloporphyrins were assessed in
rats with various induced “benign” necroses and the
so-called “tumor localizing” phenomenon could be
reproduced without exceptions (Ni et al. 1997a).
Furthermore, such a specific CE appeared more strik-
ing in pure necrosis than in tumors because the latter
consist of necrosis only in proportion. Although,
unfortunately, these contrast agents can no longer be
considered tumor-specific, their superb necrosis tar-
getability has elicited even more exciting, novel
applications for MRI visualization of acute MI (Ni
etal. 1994, 1998, 2001b Marchal et al. 1996; Herijgers
et al. 1997; Pislaru et al. 1999; Marchal and Ni 2000)
and brain infarction (Schneider et al. 1995). The local
concentration of Gd is frequently over tens of times
higher in infarcted compared with normal myocar-
dium. Finally, the potent effects of Gadophrin-2 for
labeling spontaneous and therapeutic necroses,
including MI and lesions of radiofrequency ablation
(RFA) on MRI, have been widely recognized a few
years later, after multi-institutional reproducibility
studies (Lim and Choi 1999; Saeed et al. 1999;
Stillman et al. 1999; Wendland et al. 1999; Choi et al.
2000; Jeong et al. 2001; Saeed et al. 2001; Barkhausen
et al. 2002; Ni et al. 2005¢; Ni et al. 2006a).

Besides a normal intravenous dose at
0.05-0.1 mmol/kg for cardiac MRI to visualize MI
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with an extended imaging window of 3—48 h (Ni et al.
1994; Marchal et al. 1996, 2000; Herijgers et al. 1997,
Ni 1998; Pislaru et al. 1999; Lim et al. 1999; Saeed
et al. 1999; Stillman et al. 1999; Wendland et al.
1999; Choi et al. 2000; Jeong et al. 2001; Barkhausen
et al. 2002), intracoronary delivery of a tiny dose at
0.005 mmol/kg in combination with the percutaneous
transcatheter coronary angioplasty (PTCA) procedure
served as a diagnostic adjuvant for MV determination
and therapeutic assessment (Ni et al. 1998, 2001b; Jin
et al. 2007).

So far, triphenyltetrazolium chloride (TTC) stain-
ing has been used as the only gold standard for
macroscopic identification or quantification of acute
MI. However, it is a post-mortem technique and not
clinically applicable. Studies with both intravenous
and intracoronary NACA injections have revealed
that what is specifically enhanced on cardiac MRI
corresponds exactly to what TTC dye does not stain
on the excised heart, resulting in the same accuracy
for MI delineation (Ni et al. 1994, 1998, 2001b;
Marchal et al. 1996; Herijgers et al. 1997; Ni 1998;
Lim et al. 1999; Pislaru et al. 1999; Saeed et al. 1999;
Stillman et al. 1999; Wendland et al. 1999; Choi et al.
2000; Marchal and Ni 2000; Jeong et al. 2001; Jin
et al. 2007) (Fig.1). Experimentally, NACA
enhanced MRI has been used as a surrogate of TTC
histochemical staining or an in vivo viability gold
standard for evaluation of medicinal myocardial
protection (Lund et al. 2001), interventional RFA (Ni
et al. 1997a, 2005c, 2006a) and drug-effects on
inducing tumor necrosis (Wang et al. 2011a). By
chelating a copper ion in the center of the cyclic
tetrapyrrole ring, Gadophrin-3 has been introduced to
improve its structural stability and safety yet still
retain its targeting efficacy (Barkhausen et al. 2002;
Schalla et al. 2004). Except for slight discoloration
that faded considerably over 24 h, during animal
experiments no detectable side effects have been
reported with porphyrin agents at a 0.05-0.1 mmol/kg
dose range (Ni et al. 1994, 1997a, 1998, 2001la
Schneider et al. 1995; Marchal et al. 1996; Herijgers
et al. 1997; Ni 1998; Lim et al. 1999; Pislaru et al.
1999; Saeed et al. 1999; Stillman et al. 1999;
Wendland et al. 1999; Choi et al. 2000; Marchal et al.
2000; Jeong et al. 2001; Saeed et al. 2001). Never-
theless, despite optimistic expectations (Krombach
et al. 2002), further commercial development of these
colored porphyrin complexes has unfortunately been

abandoned by the industry (Weinmann, Schering AG,
personal communication) most likely due to the pre-
dicted unsatisfactory clinical tolerance resulting from
unchangeable nature of dark-colored pigments of this
type of chemicals (Fig. 3).

In order to overcome the discoloration, phototox-
icity and other side effects related to the use of por-
phyrin derivatives, we have made continuing efforts
to search for more effective, less toxic and less col-
ored compounds. First, to verify whether the cyclic
tetrapyrrole structure characteristic of all porphyrins
is essential or not for the observed necrosis targeting,
we checked more metalloporphyrins and found that
four out of nine metalloporphyrins did not prove
necrosis avid (Ni et al. 1999). Such unequal perfor-
mances among different porphyrins, also occurring in
cancer photodynamic therapy (Kessel 1984; Pass
1993) and tumor imaging (Ebert et al. 1992), suggest
that the tetrapyrrole ring does not appear to be a
common structural requirement for the specific tar-
getability. Furthermore, other Gd chelates conjugated
to either open-chain tetrapyrroles such as bilirubin
and biliverdin or smaller constituents such as mono-,
bis- and tri-pyrrole derivatives also failed to reveal a
necrosis-specificity (Ni et al. 2002a). These findings
not only disprove an inevitable link between por-
phyrin-related structures and the affinity for necrosis
but also imply the possibility to generate totally dif-
ferent nonporphyrin molecules that could be more
effective and less colored or even colorless and,
therefore, deprived of any unwanted effects associated
with porphyrins. Along this line, we have been able to
successfully synthesize a few promising leading
compounds such as the light yellowish ECIII-60
(bis-Gd-DTPA-pamoic acid) and the colorless
ECIV-7 (bis-Gd-DTPA-bisindole) (Marchal et al.
1999; Cresens et al. 2001; Ni et al. 2002a, b; Ni 2008;
Wang et al. 2011a), with both featuring extraordinary
necrosis-avidity (Figs. 1 and 3). All studied NACAs,
whether porphyrin or nonporphyrin species, allow
differential diagnoses between reversible ischemic
injury and irreversible infarct, acute and healing MI,
and occlusive and reperfused MI (Saeed et al. 1999;
Choi et al. 2000; Jeong et al. 2001; Ni et al. 2002c;
Saeed et al. 2002; Jin et al. 2007). Even negative
findings after CE with NACAs help to reliably
exclude the presence of necrosis, which would also be
of high significance for differential diagnosis (Marchal
et al. 1996; Ni 1998, Ni 2008; Ni et al. 2005a).
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Fig. 3 Vials contain the porphyrin derived NACA Gadophrin-
2 on the left, the nonporphyrin NACA bis-Gd-DTPA-pamoic
acid derivative (ECIII-60) in the middle and the nonporphyrin
NACA bis-Gd-DTPA-bis-indole derivative (ECIV-7) on the
right at the same concentration of 20 mmol/L. In contrast to the
nontransparent dark-colored pigment-like Gadophrin-2, nonpo-
rphyrin NACAs appear as either a transparent light yellowish
(ECIII-60) or completely colorless (ECIV-7) water solutions

In a proposed “one-stop-shop” comprehensive
package of cardiac MR for MV assessment, the
NACA serves as the only key factor that can provide a
clear-cut distinction between viable and necrotic
myocardium (Ni 1998). In addition to the necrosis-
targeting property, NACAs also share some exploit-
able features commonly seen with other existing
contrast agents, for instance their relatively long
plasma half-life due to protein binding facilitates their
utility as BP contrast agents for MR angiography
(Fig. 4) especially of coronary arteries; their amph-
iphilicity, as well as hepatobiliary and renal pathways,
may render applications for liver and kidney specific
CE. Therefore, with combined specific and nonspe-
cific capacities, NACAs may serve well as versatile or
multipurpose contrast enhancing agents (Ni et al.
2002b, 2005a; Ni 2008). A similar example can be
found with Gd-BOPTA or trade-named MultiHance®
(Cavagna et al. 1997), which is albeit void of necrosis
acidity. (Table 1). Indeed, it appears that both por-
phyrin and nonporphyrin NACAs exert their necrosis-
targeting function only when there exists denatured
nonviable tissue debris in a living being, otherwise
they just behaved like other less specific contrast
agents such as ECF contrast agents used, e.g., for the
first-pass myocardial perfusion, BP contrast agents
used for MRCA, and hepatobiliary and urinary con-
trast agents for liver and kidney CE (Ni et al. 2005a;
Ni 2008).

Nobel Prize laureate Arthur Kornberg (1918-2007)
once thus described that you cannot prove a mechanism
but you can only disprove a mechanism, which is
exactly reflected by the current status of the mechanism
research on NACAs. Hofmann et al. attributed the
accumulation mechanism of Gadophrin-2 to its binding
to albumin in the plasma and interstitium and sub-
sequent trapping in intratumoral necrotic regions
(Hofmann et al. 1999). However, this conclusion was
disproved in another study in which only Gadophrin-2
but not the strong albumin-binding BP contrast agent
MP2269 revealed in vivo necrosis-avidity (Ni et al.
2001). This finding suggests that only few albumin-
binding contrast agents possess the NACA property,
although to some extent most of the NACAs tend to bind
plasma proteins (typically albumin); in other words, the
necrosis-avidity is an outstanding feature beyond the
general pharmacological process of albumin-binding-
mediated drug transportation (Ni et al. 2005a; Ni 2008).

Hypothetically, NACA-induced necrosis targeting
may arise in a seemingly chemotactic fashion as
follows. While circulating in the blood pool after
administration, the agents approach the necrotic
region by a time-consuming process of perfusion
through residual vessels, extravasation and interstitial
diffusion, wherein reperfused infarction is more
favorable than an occlusive one for NACA accumu-
lation due to the ampler access. The disintegrated
cell-membrane after autolysis facilitates contact and
communication of NACAs with the tissue debris,
which in turn may further augment the relaxivity due
to macromolecular interactions leading always to a
striking CE of the infarct (Lauffer 1991). Our recent
studies suggest that such local interaction and reten-
tion seems strictly chemo-structure dependent rather
than a simple trapping or sluggish wash-in and
washout because either a slight modification or even
an isomer transformation may drastically switch off
the necrosis-targeting effect of certain NACA mole-
cules (Ni et al. 2005a; Ni 2008). With respect to target
tissues, the size and site of infarcted areas as well as
the presence or absence of postischemic reperfusion
determine what the NACA-induced necrosis-specific
CE looks like (i.e. patchy or bulky, subendocardial or
transmural and complete or rim-like) and how long it
may persist. Unlike the “detrapping” process of
nonspecific contrast agents in a few hours, the even-
tual clearance of NACAs from necrotic foci typically
takes a few days after administration and parallels the
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1 min

Fig. 4 MR angiography of rabbit aorta (arrow) comparing Gd-
DTPA at 0.1 mmol/kg (upper row) and the nonporphyrin
NACA ECIV-7 at 0.05 mmol/kg (lower row) display rapid

natural healing process, during which the necrotic
tissues are progressively infiltrated and phagocytozed
by inflammatory cells (mainly neutrophils, monocytes
and/or macrophages) and replaced by the granulation
tissue. Therefore the retained NACAs in necrosis are
most likely removed together with necrotic materials
by phagocytosis, which is supported by more recent
results (Ni 2008). Questions remain as to whether the
Gd-complex of NACAs is still stable after being taken
up by macrophages and what the fate and conse-
quence are of this small necrosis-binding fraction of
NACAs in the human body (Ni 1998; Ni et al. 2001a,
2002a, b, 2005a). These have to be further elucidated
(Ni 2008). Alternatively, to substitute the bio-
incompatible lanthanide element Gd>* with the
physiological trace metal element Mn”* in the com-
plex of NACAs may eliminate the concerns about any
potential side effects due to gadolinium body reten-
tion, which though has proven to be technically
challenging until now.

clearance of Gd-DTPA from the circulation and blood-pool
(BP) effect of ECIV-7 over 70 min

In addition to the above identified porphyrin and
nonporphyrin NACAs, there appears to be a large variety
of synthetic or natural, endogenous or exogenous sub-
stances such as the organic dye Evans blue used for
intravital staining (Hamer et al. 2002), the botanical
extract hypericin derived from St. Johns Wort (Ni et al.
2005a, 2006b, 2007a, b; Ni 2008; Van de Putte et al.
2008a, b), the heme-related cofactor hematoporphyrin
for oxygen transportation (Kessel 1984; Gomer 1989;
Nelson et al. 1990; Nelson et al. 1991; Pass 1993), and
the urinary-excretable glucarate catabolized from UDP
(uridine diphosphate)-glucose (Orlandi et al. 1991),
which all seem to share a common necrosis-avidity (Ni
2008). They may firmly bind to the denatured nonvi-
able tissue components or subcellular organelle pro-
teins found in necrotic debris (Ni et al. 2005a).
However, unless being inherently colored or fluores-
cent, their existence can hardly be discerned prior to
their labeling with detectable markers as to form
radiopharmaceuticals (Ni et al. 2006b; Ni 2008),
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magnetopharmaceuticals (Ni et al. 1994, 1998, 2001a,
b; Schneider et al. 1995; Marchal et al. 1996, 2000;
Herijgers et al. 1997; Ni 1998; Lim et al. 1999; Pislaru
et al. 1999; Saeed et al. 1999; Stillman et al. 1999;
Wendland et al. 1999; Choi et al. 2000; Jeong et al.
2001; Saeed et al. 2001) and optical contrast media
(Ni 2008; Van de Putte et al. 2008a, b).

Furthermore, such generally perceived structural
diversity versus functional similarity supports our
hypothesis that the avidity of certain chemicals to
necrotic debris in the living body is an ever existing
phenomenon as part of the natural wound healing pro-
cess, which has never been well recognized yet deserves
to be wisely exploited for medical purposes (Ni et al.
2002a, b, c; Ni et al. 2005a, b; Ni 2008). The key steps to
realize this more close-to-nature strategy include
understanding the underlying mechanisms of necrosis-
avidity and identifying the exact local structural con-
figuration responsible for such a strong physicochemical
reaction through careful analyses on the structure—
function relationship among all available NACA-like
substances. Then, it might be possible to create dedi-
cated, all-in-one, multifunctional contrast agents by
purposely tailoring the chemical structures. In contrary
to more aggressive and sophisticated approaches such as
transgenic or cloning techniques that are prone to
potential ecological hazards, such more biocompatible
molecular engineering may render additional NACA
targetability onto any known nontoxic substances that
could be the more physiological life molecules such as
vitamins, simple carbohydrates and amino acids, and/or
even existing medications already in use such as anti-
ischemic and thrombolytic drugs (Ni 2008).

Although side effects and adverse reactions from
MRI CAs are much less common than their CT
counterparts, one extremely rare adverse reaction
from gadolinium-based contrast agents called neph-
rogenic systemic fibrosis (NSF), a disease of the skin
and internal organs that could be debilitating and even
fatal (Perazella 2007; Wang et al. 2011b), has drawn
public attention and may hinder further development
of Gd-based MRI contrast agents including NACAs.
Alternatively, taking the advantage of high sensitivity
and low toxicity of nuclear medicine, a necrosis-avid
tracer agent based on the natural compound hypericin
has been developed and validated for MV determi-
nation by combined use of single photon emission
computed tomography (SPECT) and positron emis-
sion tomography (PET) (Ni et al. 2006b; Fonge et al.

2008). The strong affinity of hypericin to necrosis
appears to be a few orders of magnitude higher than
that of monoclonal antibodies and therefore has been
further exploited for developing a novel targeted
radiotherapy for the treatment of solid malignancies
(Ni et al. 2007a; Li et al. 2011).

Development in this promising direction may open a
new horizon certainly for the diagnosis and treatment of
diseases including those in clinical cardiology, wherein
interdisciplinary collaborations from both academics
and industries are warranted. The ultimate beneficiaries
would be the entire human society (Ni 2008).

3.5 Potential Plaque- and Thrombus-

Specific Contrast Agents

Atherosclerosis and thrombosis are two sequential,
interdependent processes causative for acute coronary
syndrome (ACS) in patients with chronic cardiovas-
cular disease. Noninvasive, high-resolution MRI may
depict 3D microanatomy of the lumen and the vas-
cular wall, characterize the composition of the ath-
erosclerotic plaque, identify lesions vulnerable to
erosion or rupture, and therefore provide information
about not only the individual high-risk plaques but
also overall plaque burden in each patient. These
diagnostic messages are critical for making decisions
in emergent therapeutic interventions and monitoring
progression and regression of atherosclerosis during
preventive treatment with, e.g., lipid-lowering drug
regiments. It is believed that the high resolution of
MRI in combination with sophisticated contrast
agents under development may offer the promise of in
vivo molecular imaging of the plaque (Fayad 2003).

There have been some developments in favor of
plague and thrombus-specific contrast agents that can
target either matrices or cellular compositions of the
lesion (Table 1).

Fibrin-specific paramagnetic nanoparticles formu-
lated with Gd-DTPA-bis-oleate (BOA) or Gd-DTPA-
phosphatidylethanolamine (PE) are reported to have
high affinity for fibrin-rich thrombus and the potential
to sensitively detect active vulnerable plaques on T1
weighted MRI (Flacke et al. 2001).

Macrocyclic  gadolinium-based  Gadofluorines
prone to form nanomicelles were originally intended
for intravenous MR lymphography but have been
found also to be able to accumulate in the deeper-
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layer intima (rich in foam cells and cellular debris) of
the atherosclerotic aorta, leading to a strong positive
CE in a genetically hyperlipidemic rabbit model one
day after intravenous injection (Barkhausen et al.
2003). Gadofluorine B can also be regarded as another
nonporphyrin NACA because of characteristic phar-
macodynamic behaviors similar to those commonly
seen with other NACAs (Misselwitz, Schering AG,
personal communication).

Interestingly, porphyrins and an expanded por-
phyrin target atherosclerotic plaques too (Spokojny
et al. 1986; Vever-Bizet et al. 1989; Young et al.
1994; Woodburn et al. 1996; Barkhausen et al.
2003). Given the clues collected in the studies on
porphyrin and nonporphyrin species of NACAs as
described in detail above, their multiple pyrrole ring
structures are unlikely essential for their preferential
accumulation in the nonviable matrices of the pla-
ques. A secondary macrophage uptake following
NACA-necrosis binding may also count for their
local enrichment. Further studies may reveal that
plaque-targeting could well be one of the NACAs’
versatile functions.

Besides functioning as positive BP contrast agents
for MR angiography and negative contrast agents for
lesion delineation in the lymph node, liver and spleen,
long-circulating USPIOs also accumulate in athero-
sclerotic plaques due to active uptake by localized
monocytes and macrophages. At a relatively high
intravenous dose (e.g., 1 mmol/kg), persistent hypo-
intense signals could be detected over a few days in
the wall of atherosclerotic arteries from the same
rabbit atherosclerotic models (Schmitz et al. 2000;
Ruehm et al. 2001; Kooi et al. 2003). Nonetheless,
from the viewpoints of dose efficacy and safety, so far
none of these agents have convincingly shown even
their remote clinical feasibility.

3.6 Emerging Molecular Imaging

Contrast Agents

Molecular imaging can be typically defined as the
technology that is established for developing targeted
and activatable imaging agents to exploit specific
molecular markers, pathways or cellular processes to
generate image contrast with appropriate imaging
modalities (Jaffer and Weissleder 2004). Strictly
speaking, what also fall well into this plausible

definition would be many already existing MRI con-
trast agents, including albumin targeting BP contrast
agents, Mn-based intracellular contrast agents and
even NACAs that are involved in several patho-
physiological processes such as protein binding,
chemotactic interaction with necrotic tissues as well
as hepatobiliary and renal pathways.

The underpinning hypothesis of this newer
approach to imaging is that most disease processes
have a molecular basis that can be exploited to (1)
detect disease earlier, (2) stratify disease subsets (e.g.,
active versus inactive), (3) objectively monitor novel
therapies by imaging molecular biomarkers and (4)
prognosticate disease (Jaffer et al. 2004).

Although still far from the clinical reality in cardiac
MRI, the research in this discipline is rapidly advancing
with a few leading molecular probes already emerging
from laboratory experiments for MRI monitoring car-
diovascular pathologic processes or consequences such
as atherosclerosis (Winter et al. 2003), thrombosis
(Johansson et al. 2001) and heart failure (Schellenber-
ger et al. 2002) as well as therapeutic intervention
(Kraitchman et al. 2003; Yang 2010). It has been pre-
dicted that in the ensuing years fundamental aspects of
cardiovascular biology will be detectable in vivo and
that promising molecular imaging agents will be
translated into the clinical arena to guide diagnosis and
therapy of human cardiovascular illness (Jaffer et al.
2004). For an overview of the fundamentals of car-
diovascular molecular imaging approaches, the latest
advances in the areas of atherosclerosis, heart failure,
and stem cell therapy, the future prospects of transla-
tional molecular imaging in the clinical cardiology, as
well as future directions that will shape molecular
imaging in the postgenomics era, the readers are
directed to the details in a recent review article (Chen
and Wu 2011). This would again offer opportunities for
us to witness whether such anticipations could bring
about the breakthroughs that are really beneficial to
patients suffering from, and to clinicians fighting
against, cardiovascular diseases.

4 Application Scopes of MR Contrast
Agents for Cardiac Imaging

As demonstrated in many chapters throughout the con-
tents in this book, the use of contrast agents has
undoubtedly become an integral part of the daily practice
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Fig. 5 Comparison of MR angiography of the right coronary
artery (arrow) in the same pig without contrast agent injection
(a), with an ECF agent Gd-DTPA at 0.2 mmol/kg (b) and with a
blood-pool contrast agent Gadomer-17 at 0.1 mmol/kg (c¢) dem-
onstrate the indispensable role of contrast agents especially the
blood-pool contrast agent in MR coronary angiography. The

of cardiac MRI because of their efficacy and their
excellent tolerance profile. Their application scopes
cover almost all aspects of cardiac MRI, including
noninvasive depiction of cardiac anatomy (“Cardiac
Anatomy”) and real-time monitor of cardiac function
(“Cardiac Function™), in particular myocardial perfu-
sion (“Myocardial Perfusion”) and cardiac output
quantification. The indispensable role of contrast agents
is exemplified in comprehensive diagnoses of ischemic
(“Ischemic Heart Disease”) and nonischemic (“Heart
Muscle Diseases”) heart diseases as well as heart failure
(“Heart Failure and Heart Transplantation”) and neo-
plasms (“Cardiac Masses”). More delicate evaluations
with CE MRI on pericardial diseases and valvular heart
diseases are addressed in “Pericardial Disease” and
Chapter entitled “Valvular Heart Disease”, respec-
tively. The state-of-the-art techniques for MR coronary
artery imaging is introduced in “Coronary Artery
Disease”. The images by courtesy of Dr. Debiao Li
illustrate well the crucial added value of contrast agents
by comparing MRCA in a swine without contrast agent,
with an ECF contrast agent and with a BP contrast agent
injection (Fig. 5). In addition, the usefulness of contrast
agents has also been proven for clinical diagnoses of
congenital heart diseases (“Congenital Heart Disease”)
and abnormalities in great vessels (“Great Vessels™).
Similarly, it proves crucial to apply a contrast agent
for MR guided catheterized cardiac interventions
(“MR-Guided Cardiac Catheterization”) and for
studying cardiac modeling (“Cardiac Modelling—Future
Perspectives”).

images are displayed after multiplanar reconstruction. (by
courtesy of Debiao Li, Biomedical Engineering Department,
Northwestern University, Evanston, IL, USA; now Biomedical
Imaging Research Institute, Cedars-Sinai Medical Center, Uni-
versity of California, Los Angeles, CA, USA)

5 Conclusion

Despite the appreciable maturity with continuing
excellence over 30 years of age, it is encouragingly
evident that MRI would still have its best years
to come toward a “one-stop shop” final solution of
noninvasive, 3D, high-resolution real-time imaging of
the cardiovascular system particularly boosted by the
new inventions and applications of MRI contrast agents.
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Abstract

In performing a cardiovascular MRI examination,
preparation is considered to be paramount to a
successful subsequent image acquisition. Although
seemingly trivial, this image acquisition and
interpretation requires a working knowledge of
adequate patient preparation, ECG lead placement,
breath-hold instructions and contrast injection.
This expertise should be accompanied by knowl-
edge of safety issues and precautions in the MRI
environment. The purpose of this chapter is to
provide MRI users, in particular those who aim to
perform cardiovascular MRI studies in daily
clinical practice, a practical introduction to setting
up and performing an MR scan.The safety issues in
the MR suite will be discussed and ample attention
is given to the specific patient preparation for
patients undergoing cardiac MR. Several contra-
indications and risks relating to pregnancy and
contrast media will be discussed.

1 Introduction

In performing a cardiovascular MRI examination,
preparation is considered to be paramount to a suc-
cessful subsequent image acquisition. Although
seemingly trivial, this image acquisition and inter-
pretation requires a working knowledge of adequate
patient preparation, ECG lead placement, breath-hold
instructions and contrast injection. This expertise
should be accompanied by knowledge of safety issues
and precautions in the MRI environment, relating to
the use of strong magnetic fields, radio frequency
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Fig. 1 Typical example of
MRI unit equipped with
power injector with dual
injection system (contrast
agent and saline) and MR
compatible infusion system

(RF) energy, magnetic field gradients and cryogenic
liquids.

The purpose of this chapter is to provide MRI
users, in particular those who aim to perform
cardiovascular MRI studies in daily clinical practise,
a practical introduction to setting up and performing
an MR scan.

2 The Physical MRI Environment
and Safety Issues

As with other imaging techniques, MRI has its risks,
and precautions need to be taken to ensure that
potentially hazardous situations do not occur.
Attraction of ferromagnetic objects due to the static
magnetic field is the most important consideration,
but the potential unwanted effects of RF induced
heating and peripheral nerve stimulation in the MR
environment should also be considered, in particular
in patients with permanent pacemakers, automatic
implantable cardiac defibrillators (AICDs), long
lengths of temporary cardiac pacing wires, metallic
stents and prosthetic valves.

Monitoring physiological parameters within the
MR scanners can also be problematic. For example,
use of MRI incompatible ECG electrodes may be

associated with third degree burns, and distortion of
the ECG by the magnetic field may interfere with
monitoring of ischemic changes during MR examin-
ations. Specifically designed hardware exists to
provide monitoring under safe conditions (Fig. 1).

Thus, appropriate knowledge of the MR environ-
ment is essential to eliminate the risks that can be
associated with the specific physical properties of
MRIL

2.1 Static Magnetic Field

MRI personnel are expected to be familiar with the
dangers associated with the presence of ferromagnetic
objects in the vicinity of the strong static magnetic
field of MR scanners. However, other medical pro-
fessionals, insufficiently experienced with MRI, and
patients themselves, may not be aware, and the
trained MR staff should remain vigilant about MR
safety.

The powerful magnetic field of an MR system will
attract ferromagnetic objects and may cause them to
move suddenly and with great force. This poses a
considerable risk to the patient or anyone in an
object’s path. Precaution is necessary to prevent that
any ferromagnetic objects, such as infusion stands and
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oxygen tanks, are brought into the MR suite. It is vital
that patients themselves remove all metallic belong-
ings in advance of any MRI examination, including
jewelry, watches and any item of clothing that have
metallic zippers, buttons or fasteners. Providing a
patient with a disposable or washable gown may
further prevent accidental introduction of hazardous
material into the MR room.

Despite numerous safety warnings issued by the
manufacturers and the medical profession, sad but
true stories of objects being pulled into MR scanners
circulate, with, in the extreme cases, fatal outcomes.
Special consideration should be given to objects that
are associated with patient management, for example
oxygen cylinders, monitors, injection systems and
drip stands (Fig. 2).

The physical boundary up to which ferromagnetic
objects can be safely manipulated is indicated as the 5
Gauss line. In some MR suites, this is visually indi-
cated on the floor to prevent accidental movement of
these objects (Fig. 3).

Similar forces are at work on ferromagnetic metal
implants or foreign matter inside those being
imaged. These forces can pull on these objects cut-
ting and compressing healthy tissue. For these rea-
sons individuals with foreign metal objects such as
shrapnel or older ferromagnetic implants are not
imaged. Most centers will provide their patients with
information brochures about the examination and
will ask them to fill out a safety questionnaire prior
to the examination to gain supplemental insight into
potentially hazardous situations (Fig. 4). Further-
more, the internet contains a plethora of vulgarized
information concerning MR examinations that can
be consulted free of charge.

2.2  Alternating Magnetic Field Gradients
Part of the MR imaging process involves alternations
of the magnetic field state of the gradient magnets
necessary for spatial encoding. The rate with which
the change of magnetic field occurs is dependent on
the gradient power of the systems and is expressed as
dB/dt. Gradient requirements are usually higher in
high-application systems (e.g. for functional brain
MRI and cardiovascular MRI), to enable sequence
repetition time (TR) to be as short as possible. The
United States Food and Drug Administration (FDA)

has issued recommendations for dB/dt for each sys-
tem to be at a level less than that required to produce
peripheral nerve stimulation (Fig. 5).

The switching of these magnetic gradients also
produces high acoustic noise levels, which has
been limited by the FDA to 140 dB. It is also
recommended that all patients should be provided
with hearing protection in the form of earplugs or
headphones.

23 Bioeffects of Radiofrequency Energy
The RF energy from an imaging sequence is non-
ionizing electromagnetic radiation in a high frequency
range. Research has shown that the majority of the RF
energy transmitted for MR imaging is dissipated as
heat in the patient’s tissues due to resistive losses.
Such temperature changes are not felt by the patient.
Nevertheless, MR imaging can potentially cause
significant heating of body tissues, and the FDA
recommends that the exposure to RF energy be lim-
ited. The limiting measure is the specific absorption
rate (SAR) and is expressed as Joules of RF energy
deposited per second per kilogram of body weight
(i.e.Watts/kilogram). The recommended SAR limit
depends on the anatomy being imaged. The SAR for
the whole body must be less than 4 W/kg, and must
be less than 3.2 W/kg averaged over the head. Any
pulse sequence must not rise the temperature by more
than 1°C and no greater than 38°C in the head, 39°C
in the trunk and 40°C in the extremities.

The precise mechanism of tissue heating with MRI
in not completely understood. It seems to be multi-
factorial in origin. Some organs are more sensitive than
others to heating, and underlying medical conditions or
drugs can influence the degree of heat accumulation
within the human body. Normally, when heat accu-
mulates in the body, it is dissipated by conduction,
convection, evaporation and radiation. Disease states
(hypertension, diabetes, ...) or medication (sedatives,
vasodilators, ...) can impair the normal thermoregu-
latory responses to a heat challenge.

The heat interaction of pure biological phenomena
is negligible. However, this is not true in the case of
heating in association with devices inside the MR
system. Thermal injuries, up to third degree burns,
have been reported with the use of ECG leads,
pulse oximeters and monitoring devices with wires
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Fig. 2 a Siting diagram for a 3 T Unit. The 5 Gauss line is
marked in red. Note that the public restrooms in the waiting
hall (arrows) are separated from the magnetic field by a thick
reinforced wall. b Similar, but less optimal siting diagram of a

1.5 T unit. The 5 Gauss line extends beyond the Faraday cage
into the restrooms. People with pacemakers are potentially in
danger when using this facility
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Fig. 3 Floor markings inside
a 1.5 T suite mark the
invisible boundary of the 5
and 10 Gauss lines (yellow
and red, respectively). No
additional monitoring unit

or power injection, even MRI
compatible ones may be
positioned within this line
for safety purposes

14 december 2010 14 december 2010

. o
IJF’ uz o Are you suffering from any allergies ? Yes[ | No [
" LE UVE N RADIOLOGIE e Are you pregnant or breastfeeding ? Yes' ] No L]
®  Are you suffering from renal insufficiency ? Yes [ No [
o Are you claustrophobic ? Yes [ No [
uestionnaire for Magnetic Resonance/ MR patient Please indicate below where you have had surgery, if applicable :
With a view to establishing a medical diagnosis your GP has asked for a MR scan.
Due to the powerful magnetic field that you will be submitted to it is important for your own safety
to accurately complete below questionnaire so that we can trace any possible contraindications for
performing the scan.
Please bring this form with you and give it to the MRI technician.
If the document is not properly filled out the scan may be cancelled for your own safety.
If you have any further questions about the list below, please don’t hesitate to address the MRI technician or
call 016.347770 or 016.47771
Do you have a pacemaker ? Yes[ ] No [
e Do you have a defibrillator? Yes [ No [
Right Left  Left Right
e Do you have an artificial heart valve ? Yes [ No [
e Do you have a dental or joint prosthesis ? Yes [ No [
Do you have an hearing aid, ear implant, cohleair implant ? Yes [ No [
Do you have an implanted pump or neurostimulator ? Yes [ No [
e Do you have a catheter port ? Yes [ No [
o Have you had brain surgery ? Yes [ No [
e Have you had blood vessel surgery ? Yes (1 No [J Please remove all metal objects (piercing and jewellery) from your body and leave these items in the
+ Do you have any medication patches or other on your body ? Yes [1 No [ changing room together with your ID card, bank cards, coins, belts, and keys.
¢ Do you have a tattoo or a piercing ? Yes [ Noll Please don’t hesitate to contact us, if you have any questions: 016.347770 or 016.47771
* Do you have any metal objects : THEREBY ACKNOWLEGDE THAT THE INFORMATION GIVEN IS ACCURATE AND TRUE ON
o inthe eye (metal fragments) ? Yes [ No [ THE DATE OF THE MR EXAM.
o elsewhere in your body (shotgun pellets, bullet) ? Yes [ No Name patien
e Are you a metal worker or a welder ? Yes [1 No [J Name (patient or parent/guardian) : Date : Signature :

Please turn this page over, complete and sign. Thank you.

Fig. 4 MRI questionnaire filled out by patients prior to their scan
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Fig. 5 Example of wireless ECG unit. Communication with
the scanner is made using Bluetooth technology

made of conductive materials. Therefore, manufac-
turer’s guidelines should be strictly enforced and if
any doubt exists about safety of a certain device, this
should not be used.

If leads are used they should not be looped and
should not be placed immediately on the individual’s
bare skin. If available, leads with fiber-optic signal
transmission and special outer shielding should be
used.

24 Interaction with Medical Devices
2.4.1 Cardiac Pacemakers and AICD’s

A cardiac pacemaker is the most common electrical
implant that can be found across the patient popula-
tion. A commonly asked question is therefore whether
or not an MR procedure can be safely performed in
patients with implanted cardiac pacemakers. It is
generally assumed that presence of a pacemaker is a
strict contraindication for MRI.

The effects of the MR environment on pacemakers
are diverse and dependent on many factors such as the
strength of the external magnetic field, the kind of
sequences used and the body area that is to be imaged.

Practical experience has taught us that though
many patients with pacemakers have been inadver-
tently placed into MR systems in the past, hazardous
or fatal outcomes have only occurred in a small
number of patients. The following facts, however,

summarize the many dangers of performing MRI with
pacemaker patients and provide evidence that such
practises should be strictly discouraged.

The metal casing of a pacemaker tends to align to
the longitudinal axis of the external MR magnetic
field. This gives rise to magnet-related translational
attraction or torque effects. In different studies
deflection angles were measured from 9 to 90° for
long-bore and from 11 to 90° for short-bore MR
systems. Such movement of the pacemaker box may
be problematic for patients undergoing MRI, with
possible discomfort and the potential for proximal
lead fracture.

It is also known that static magnetic fields close the
reed switches—tiny electrical relays—of many
pacemakers. Reed switch closure has been studied for
different orientations and positions relative to the
main magnetic field and at different magnetic fields. If
reed switches are oriented parallel to the magnetic
field, they generally close at 1.0 & 0.2 mT and open
at 0.7 &£ 0.2 mT. Different reed switch behavior has
been observed at different magnetic field strengths. In
low magnetic fields (<50 mT), the reed switches were
found to close, while in higher magnetic fields
(>200 mT), the reed switches opened in 50% of all
tested orientations. Thus, reed switch closure is not
predictable with certainty in clinical situations.
Despite this unpredictability of the reed switch in
these experimental circumstances, tests on isolated
pacemakers and in patients with AICDs using con-
tinuous monitoring of pacemaker output and
temperature at the lead tip at low fields (0.5 T), have
shown no pacemaker or AICD dysfunction during
MR imaging, and no changes in the programed
parameters in any device tested in vivo or in vitro.
Furthermore, the only consequence of reed switches
closing is that the pacemaker is switched into asyn-
chronous mode, during which a predetermined fixed
pacing rate takes over. This effect can be compared to
the short period of pacemaker interrogation that takes
place in routine pacemaker check-ups.

Howeyver, it is not the above effects alone that are
responsible for the adverse outcome in patients with
pacemakers during MR examinations. More con-
cerning is induction of currents in the pacemaker lead
which could cause action potentials in and subsequent
contraction of the ventricle. There have indeed been
reports in the literature of cardiac pacing occurring at
the TR of the sequence.
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Fig. 6 Screenshot of the
website www.mrisafety.com
Information about MR com-
patibility of virtually all
medical devices can be found
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Furthermore, temperature increase in the pace-
maker lead is a severe and realistic problem. Studies
have shown pacemaker electrodes exposed to MR
imaging can have temperature increased of up to 63°C
after 90 s of scanning. The potential adverse effect of
a thermal injury to the myocardial should thus be
considered as the main caveat in conduction MRI
examinations in these patients, especially if RF power
is to be transmitted in the vicinity of the pacemaker
and its leads (i.e. MR imaging of the neck, chest and
abdomen).

Despite reports in the literature that MR examina-
tions can be performed in patients who are not
pacemaker dependent and had the device switched off,
it remains inadvisable to perform such examinations
considering the potential hazards as stated above.
Pacemaker companies advise against it and the
American Heart Association issued a statement in that
discouraged doctors from performing MRIs on pace-
maker patients unless the need for the MRI was com-
pelling enough to warrant the risk of the examination.

J new search

In the United States, Medicare will not pay for an MRI
done on a patient who has a pacemaker. There have
been a few reported deaths of pacemaker patients who
underwent an MRI and the risks include movement of
the pacemaker and re-setting of the pacing pattern. If a
patient is somehow accidentally exposed to the MR
field, good clinical practise demands that the pace-
maker function should to be checked by a trained
cardiologist.

The medical company Medtronic developed the
Revo MRI Sure scan Pacing System, maybe the first
step in allowing a more liberal is of MRI in patients
with pacemakers in the future. It is not categorized as
‘MRI safe’ but rather as ‘MR Conditional’, meaning
that it is designed to allow patients to undergo MRI
under the specified conditions for use. A complete
system, consisting of a Medtronic Revo MRI Sure
Scan IPG implanted with two Cap Sure Fix MRI Sure
Scan leads is required for use in the MRI environ-
ment. Even then, there are several limitations of this
new development (Fig. 6).
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To avoid overheating of the metal tips of the leads,
RF and gradient exposure of the chest is not allowed,
cardiac MR scans are thus forbidden with this first
generation model. Other restrictions curtail its ran-
domized use. To quote the senior scientific reviewer
for the FDA:

“In addition to the chest scan exclusion, there is a
restriction on how much radio-frequency energy can be
deposited into the body by the scanner. MRI scanners
have two operating modes for most clinical applications.
‘Normal operating mode’ is how the scanner is normally
programed and that mode restricts the scanner to lower-
energy scans (less than 2 Watts per kilogram). This is
sufficient energy for most clinical MRI scans. However,
for some patients and for certain scans, more power is
needed. In those cases, the MRI scanner is placed in
‘First level control’ mode, which allows for greater
energy deposition (up to 4 Watts per kilogram). For
patients implanted with the REVO MRI pacemaker,
those patients are not allowed to have these higher
energy scans” (Knudson 2011).

2.4.2 Temporary External Pacemaker Wires
Often patients are referred early after cardiac surgery
with temporary external pacemaker wires still in situ.
Usually these are cut off close to the skin before
discharge. This condition should not be considered as
a contraindication to MRI. In our experience, the
external portion of these wires should be contained
in plastic, test-tube-like receptacles, taped to the
patient’s chest. These segments of the wires (the
straight wire section) can cause significant suscepti-
bility artifacts on the anterior chest wall. This gen-
erally poses no concern for evaluation of left
ventricular function for example, though the wires do
interfere with image quality in the immediate region
of the wire, e.g. if an evaluation of the right coronary
artery is to be obtained.

2.4.3 Prosthetic Valves, Surgical Clips
and Osteosynthesis Materials

There are standard procedures for testing of prosthetic
valves for MRI safety. The term “MRI-safe” is
defined by the American Society for Testing and
Materials (ASTM) Designation: F 2052. Standard test
method for measurement of magnetically induced
displacement force on passive implants in the mag-
netic resonance environment. A device is considered
to be MRI-safe when this device poses no additional
risk to the patient or other individuals in a static

magnetic field, but may affect the quality of the
diagnostic information.

Prior to the approval of the ASTM, prosthetic
valves are tested for translational attraction (average
deflection angle measured in magnetic fields up to
3 T), tissue heating in the immediate vicinity of the
device, and artifacts.

Most currently used prosthetic valces have been
extensively tested in the past and it was found that
there is very little interaction between the valves and
the magnetic field, i.e. insufficient translational
attraction to pose any danger, very little MRI-related
heating for these implants, but artifacts characterized
for these implants may be problematic if the imaging
area of interest is where the implant is located.
Therefore, to perform cardiac MRI in patient with
artificial valves can be considered safe, but potentially
uninteresting seen as limited diagnostic information
can be gained from the peri valvular area.

Surgical clips and osteosynthesis material are
not considered to be contra-indications for MRI
examinations, with the sole exception of cerebral
aneurysm clips.

However, in the light of the constant evolution in
development of medical devices, the purpose of this
chapter is not to provide an exhaustive overview of
compatibility of every possible bioprosthetic one may
encounter. Several good reference works and pocket
guides have been written on this subject and it serves
recommendation to keep a copy of such a book in the
MRI suite, to be consulted in case of doubt.

3 General Patient Preparation
3.1 Patient Positioning and Coil
Placement

Prior to any cardiac MRI, the patient should be briefly
interviewed with regards to MR contraindications.
We ascertain if the patient has a pacemaker or any
other implanted device, retained pacemaker wires or
other foreign material inside the body (in particular
post-surgical subarachnoid hemorrhage clips). Female
patients are best advised to remove any make-up,
since small metallic residues in cosmetics may cause
artifacts in the images or be potentially hazardous.
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In general, it is always recommended to remove
jewelry and have the patient disrobe completely and
wear a hospital gown (ideally without pockets!).
This avoids the accidental retention of materials in
pants or shirt pockets, as patients are not always
completely aware of exactly which objects pose a
potential risk.

For cardiac MR imaging, most systems have spe-
cific cardiac or torso coils. These are often multi-
element phased-array coils, required for parallel
imaging. The number of elements in such dedicated
coils ranges from four to eight, and coils with up to 32
channels are currently available. These coils have
anterior and posterior elements, which require accu-
rate positioning, critical for adequate signal reception.

The coils should always be centered over the organ
of interest. It is important to note that when imaging
the heart, the coil placements should be lower than
when imaging the aortic arch (e.g. in aortic coarcta-
tion). At the beginning of each examination, visual
inspection of the localizer or scout images can give
an indication as to whether coil placement was
performed correctly.

3.2 ECG Monitoring

As already stated in “Cardiac MRI Physics”, accurate
peak detecting in the ECG is critically important for
good quality MR scans. Most MR systems currently
use advanced triggering modules based on vector-
cardiography (VCG) to improve R-wave detection in
the MR environment. They use a three-dimensional
and orthogonal lead system. The ECG electrodes
should be attached in a cross—shaped or triangular
pattern, depending on the number of electrodes of the
system. Prior to application of the electrodes, the skin
should be cleaned with alcoholic pads or an abrasive
gel to improve surface contact. Excess gel should be
carefully removed, and if necessary the chest may
need to be shaved. Non-metallic, pre-gelled elec-
trodes should be used for optimal result. Note that
when the electrodes are removed from their sealed
container for a long period, the gel pad tends to dry
out and lose good signal transduction.

During positioning, the quality of the ECG trace
should be checked, and a constant, high amplitude
R-wave and a low T-wave identified. If the tracing is
unsatisfactory, re-start and re-position the electrodes.

3.3 Breath-Holding and Free Breathing

Scans

Prior to the placement of the cardiac or torso coil and
introduction into the magnet bore, the patient should
be made properly aware of what is going to happen
during the MR examination.

It is essential to explain the breath-hold commands
to the patient, and if necessary, to briefly rehearse
these instructions. Breath holding can be performed
during inspiration or expiration. If measurements are
performed during expiration, reproducibility among
the different views is higher and the chance of partial
volume effects due to slice miss-registration is
decreased; though patients generally get the impres-
sion they have less ‘air’ and are likely to give up a
breath-hold prematurely. Therefore some investiga-
tors prefer to do breath-hold studies in inspiration.

If any sequences using navigator gating are to be
used, ask the patient not to move and if possible to
breathe as regularly as possible, to avoid deep inspi-
rations and to try to avoid falling asleep.

Lastly provide the patient with headphones so
breath-hold commands and other communications can
be efficiently conveyed.

The patient is now ready for image acquisition.

4 Specific Patient Preparation

4.1 Stress Testing
As will be demonstrated in the following chapters,
cardiac MRI offers several clinically usable approa-
ches for the assessment of ischemic heart disease.
Using echocardiography, the analysis of wall motion
abnormalities under pharmacological stress with
intravenous administration of dobutamine has been
established as a sensitive method. It has been shown
that using fast cine acquisition techniques, identical
incremental stress protocols as used for echocardi-
ography can be applied to cardiac MRI. Other studies
have focused on using physiological stress inside the
MR scanner, using an MR compatible non-ferro-
magnetic treadmill or bicycle. It is at present unclear
if these devices are really practical to implement on a
daily routine clinical basis.

Performing stress MRI studies requires a specific
practical approach to address the potential adverse
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effects during a study, since physical access to the
patient is more limited than in echocardiography.
Using low dose protocols, side effects are minimal,
but at higher doses side effects can occur in 0.25% of
patients, including myocardial infarction (0.07%),
ventricular fibrillation (0.07%) and sustained ven-
tricular tachycardia (0.1%). The MR unit should be
equipped with facilities to allow a rapid extraction of
the patient, such as a removable table-top, to enable
rapid clinical assessment and treatment in case of
adverse events. Resuscitation equipment and medi-
cation should be in the immediate vicinity to be
administered by experienced staff in case of an
emergency.

Physicians performing stress studies should be
aware of the patient’s medical history and strictly
observe the known contraindications. These are:
Severe arterial hypertension, unstable angina pectoris,
aortic stenosis, severe cardiac arrhythmias, obstruc-
tive cardiomyopathy, endocarditis and myocarditis.
Patients are asked not to take their beta-blockers and
nitrates 24 h prior to the examination.

Before a stress study is initiated, standard ECG
leads are applied, as in any other cardiac MR scan.
Many experienced users, however, prefer to place
electrodes in such a way that permit the acquisition of
a standard 12-lead ECG before the MR scan; a policy
that can save a considerable amount of time in case of
an emergency.

It is important to be aware that ST segment
changes indicating ischemia are deemed not to be
reliable in the static magnetic field, so the ECG during
the scans can only be used for monitoring of the
cardiac frequency. Further physiology monitoring
requires the use of MR compatible devices. Non-
ferromagnetic monitoring devices exist, which can be
brought up to a distance of 1-2 m from the entrance
of the magnet bore opening. Using such devices,
blood pressure can be measured every minute and
pulse oximetry continuously monitored.

Furthermore, audiovisual contact with the patient
is maintained throughout the MR examination, to be
aware of any symptoms that may occur during the
dobutamine infusion. At the same time, the acquired
images are immediately assessed to detect wall
motion abnormalities; the most sensitive sign of a
positive stress test.

Indications for termination of a stress studies are:
A systolic blood pressure decrease >20 mm Hg

below baseline, a systolic blood pressure decrease
>40 mm Hg from a previous level, a blood pressure
increase >240/120 mm Hg, intractable symptoms
and/or new or worsening wall motion abnormalities in
at least two adjacent left ventricular segments.

4.2 Pediatric and Neonatal Cardiac MRI
Given the inherent benefits of tissue contrast and
resolution in MRI, cardiac studies are frequently used
as a complementary technique in children and infants
with congenital heart disease to elucidate complex
cardiac anatomy. However, the requirement of com-
plete immobility and the ability to follow breathing
instructions is often not obtainable in children, due to
either age or developmental stage. Therefore general
anesthesia or prolonged sedation is often necessary to
overcome these limitations and to complete these
procedures successfully.

In our own centers, general anesthesia is preferred
due to previous experiences with failed sedation or
perceived medical risk. The greatest concern during
prolonged sedation is respiratory depression and
hypoxemia. A study by Lamireau et al. (1998) found
an 89% incidence of oxygen desaturation in children
who were sedated for endoscopic procedures. For less
invasive procedures, a study performed by (Malviya
et al. 2000), performed in 922 children undergoing
MRI or CT procedures, found a 2.9% incidence of
hypoxemia and failure rate of 7% in children who
received sedation. In contrast, the procedure was
successful in all of the children receiving general
anesthesia, with only one incident of laryngospasm
(0.7%). Although general anesthesia is a more
expensive procedure than sedation, it is an essential
aid in successful completion of MRI studies with a
minimum of adverse events.

5 Contrast Media-Related
Precautions

While allergic reactions to MR contrast media are
very rare and usually benign, more serious adverse
events linked to the use of these contrast agents were
first described in 1997 but only definitively linked to
exposure to gadolinium contrast media in 2000.
Nephrogenic systemic fibrosis (NSF), previously
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designated as nephrogenic fibro sing dermopathy, is a
rare and serious syndrome that involves fibrosis of
skin, joints, eyes and internal organs. Its cause is not
fully understood and information about NSF is still
being collected. However, there is much evidence to
suggest that it is associated with exposure to gado-
linium in patients with severe kidney failure. Epide-
miological studies suggest that the incidence of NSF
is unrelated to gender, race or age and it is not thought
to have a genetic basis.

In NSF, patients develop symptoms as early as the
day of exposure leading up to 2-3 months after the
administration. Usually dermatological symptoms
dominate the clinical images, with painful, swollen
and itching areas of erythema, usually on the lower
limbs. In a more advanced stage, thickened skin and
subcutaneous tissues are found with subcutaneous
nodules and plaque-like thickening of the epidermis.
Further on, NSF can cause painful joint contractures,
limitation in range of motion and cachexia. While
skin involvement is on the foreground, the process
may involve any organ and resembles diffuse sclero-
derma or systemic sclerosis. In advanced stages, NSF
may cause severe systemic fibrosis affecting internal
organs including the lungs, heart and liver.

Four contrast agents approved by the U.S. Food
and Drug Administration have been principally impli-
cated in NSF, including gadodiamide (Omniscan),
gadobenate di meglumine (Multihance), gadopen-
tetate di meglumine (Magnevist) and gadoversetamide
(OptiMARK).

Patient with a higher risk are those presenting with
chronic kidney disease (CKD) stages 4 and 5, with a
glomerular filtration rate (GFR) of less than <30 ml/
min, patients on dialysis and patients with reduced
renal function who have had or are awaiting liver.

Lower risk cases are patients with CKD 3 (GFR
30-59 ml/min), children under one year of age,
because of their immature renal function.

The role of dialysis is sometimes disputed since
most patients with NSF have undergone hemodialysis
for renal failure, but some have never undergone
dialysis while others have received only peritoneal
dialysis.

No cases of NSF have ever been reported in
patients with GFR values greater than 60 ml/min.

As a general rule, in our institution the guidelines
of the European Contrast Media Safety Committee
of the European Society of Urogenital Radiology

(ESUR) are closely followed. From a practical point

of view this means we never use a contrast agent

associated with the development of NSF (i.e. avoid
gadodiamide, gadopentetate di meglumine or gad-
oversetamide). In this regard, The European Medicines

Agency has classified the gadolinium-containing con-

trast agents in three groups:

e Least likely (safest) to release free gadolinium ions
Gd** in the body: gadoteric acid (Dotarem), gadobu-
trol (Gadovist) and gadoteridol (ProHance).

e Intermediate: gadopentetate di meglumine (Magne-
vist), gadobenate di meglumine (MultiHance), gad-
oxetate disodium (Primovist -Eovist in the U.S.) and
gadofosveset trisodium (Ablavar).

e Most likely to release Gd**: (gadodiamide) Omniscan
and gadoversetamide (OptiMARK).

Especially in at risk patients, always give the
lowest dose possible to achieve a diagnostic exam-
ination and allow at least one week before giving
more contrast material. Systematic measurement of
serum creatinine in all patients before an MR
examination is not routinely performed since serum
creatinine and estimated GFR (eGFR) are not always
very accurate indicators of true GFR. In particular,
acute renal failure may not be indicated by a single
eGFR value. Only in patients with documented renal
impairment, eGFR is confirmed before the exami-
nation. From a philosophical point of view, strict
adherence to these guidelines ensures we do not
deny at risk patients with clinically important MR
examinations.

6 MRI and Pregnancy

In 2002, the American College of Radiology Blue
Ribbon Panel on MR Safety finalized its review of
the MR Safe Practice Guidelines as detailed in the
so-called White Paper on MR Safety. With regards to
safety of MRI procedures in pregnancy, a distinction
was made between health care practitioners and
patients.

Pregnant health care practitioners are allowed to
work in and around the MR unit throughout the entire
pregnancy. This includes the positioning of patients,
injecting contrast and entering the MR scan room in
response to an emergency. Pregnant MR operators are
advised not to enter the scanner room during actual
data acquisition itself.
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Fig. 7 Six-element cardiac surface coil on a 3T unit

Fig. 8 MR compatible
bicycle ergometer with
volunteer in place
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Fig. 9 a Patient installation
for pediatric MR examination
under general anesthesia.

The child is mechanically
ventilated by a non-
ferromagnetic gas-inhalator
(arrow) and covered with
blankets to decrease

body temperature loss.

b Physiological parameters
are constantly monitored by
use of the MR compatible unit

For pregnant patients, MR scans can be performed
if the performing radiologist and the patient’s clinician
concur that the risk/benefit ratio to the patient warrants
that the study be performed. This in practise means that
the information provided by the MR examination
cannot be acquired by another non-invasive or non-
ionizing investigation (e.g. ultrasound). Furthermore, it

should be argued that the information derived from
the MR scan has therapeutic consequences during the
duration of the pregnancy.

Following the guidelines of the ESUR, gadolinium
media may be given to the pregnant female if necessary
for a definitive diagnosis. Following administration of
gadolinium agents to the mother during pregnancy, no
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neonatal tests are necessary. In the absence of specific
information concerning NSF during pregnancy, it
seems wise to manage pregnant patients, whatever
their renal function, in the same way as children aged
under one year to protect the fetus.

Manufacturers of intravenous contrast indicate
mothers should not breastfeed their babies for
2448 h after contrast medium is given. However,
both the American College of Radiology (ACR) and
the ESUR note that the available data suggest that it is
safe to continue breastfeeding after receiving intra-
venous contrast. The Manual on Contrast Media from
the ACR states:

“Review of the literature shows no evidence to suggest
that oral ingestion by an infant of the tiny amount of
gadolinium contrast medium excreted into breast milk
would cause toxic effects. We believe, therefore, that the
available data suggest that it is safe for the mother and
infant to continue breastfeeding after receiving such an
agent.

If the mother remains concerned about any potential
ill effects, she should be given the opportunity to make
an informed decision as to whether to continue or tem-
porarily abstain from breastfeeding after receiving a
gadolinium contrast medium. If the mother so desires,
she may abstain from breastfeeding for 24 h with active
expression and discarding of breast milk from both
breasts during that period. In anticipation of this, she
may wish to use a breast pump to obtain milk before the
contrast study to feed the infant during the 24-h period
following the examination”.

7 Claustrophobia

The enclosed space of an MR scanner can produce a
fear of both suffocation and restriction, thus a cardiac
MR can often prove difficult for claustrophobic
patients. In fact, estimates say that anywhere from 4
to 20% of patients refuse to go through with the
scan for precisely this reason. The average cardiac
examination takes around 35 min; more than enough
time to evoke fear and anxiety in a claustrophobic
patient. Careful and empathic guidance of the patient
through the process as well as establishment of a
comfort zone (controllable air flow within the bore of
the magnet, soothing music and lighting) could help
reduce claustrophobic reactions, which clearly is a
safety concern in MRIL

8 Contraindications to MRI

Any patient with any of the following devices
implanted should on a routine basis not be imaged by
means of MRI:

Cardiac pacemaker.

Automatic implanted cardiac defibrillator.

Aneurysm clips.

Carotid artery vascular clamp.

Neurostimulator.

Insulin or infusion pump.

Implanted drug infusion device.

Bone growth/fusion stimulator.

Cochlear, otologic or ear implant.

Furthermore, any patients presenting with follow-

ing medical conditions should also preferentially not

be brought into the MRI device: (Figs. 7, 8, 9)

e Patients with severe claustrophobia in which
medical sedation is contraindicated or unable to
resolve anxiety sufficiently.

e Patients with ocular foreign body (e.g. metal
shavings).

e Patients with unstable angina or New York Heart
Association functional class IV heart failure.
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different imaging planes, and on different cardiac MRI
techniques, in normal and pathologic conditions is def-
initely required. Analysis of cardiac anatomy, some-
times, can be very puzzling especially in congenital
cardiopathies. A segmental approach, consisting in a
careful analysis of the different components (i.e., venous
structures, atria, atrioventricular valves, ventricles,
ventriculoarterial valves, and great arteries), each with
its own typical characteristics, allows to perfectly
describe these complex hearts. Radiologists interested in
cardiac imaging are often not sufficiently familiar with
the cardiac anatomy and have difficulties in dealing with
the different intrinsic cardiac axes, while cardiologists
often have problems with the tomographic approach and
the visualization of cardiac and extracardiac structures
on MRI. In this chapter on cardiac anatomy, the specific
features of the different cardiac components and their
presentation on MRI will be highlighted. A detailed
description of the cross-sectional cardiovascular anat-
omy on MRI along the different body axes (transverse,
coronal, sagittal), and the intrinsic cardiac axes (short-
axis, horizontal long-axis, vertical long-axis, left ven-
tricular (LV) outflow tract, and right ventricular (RV)
outflow tract) is available at the end of this chapter
(Figs. 17, 18, 19, 20, 21, 22, 23 and 24). The strategies
for cardiac image planning and slice positioning are
discussed in “Cardiovascular MR Imaging Planes and
Segmentation”.

2 Cardiac MRI Techniques

Nowadays, assessment of cardiac anatomy is usually
achieved using a combination of dark-blood and
bright-blood imaging (Stehling et al. 1996; Simonetti
et al. 1996; Winterer et al. 1999; Carr et al. 2001) (see
“Cardiac MR Physics”). Historically, the SE-MRI
technique was the first available one to study cardiac
morphology, providing dark-blood (or black-blood)
images (Hawkes et al. 1981; Heneghan et al. 1982;
Herfkens et al. 1983; Higgins et al. 1985). Nowadays,
the older SE-MRI sequences whereby only one
k-line per slice per heartbeat were acquired, have
been replaced by fast dark-blood or black-blood
T1-weighted SE-MRI techniques providing one or a
series of images per breath-hold (Stehling et al.
1996; Simonetti et al. 1996; Winterer et al. 1999)
(see “Cardiac MR Physics”). Image quality has
become largely independent of the slice direction,
slice thickness, and other influencing parameters.

Bright-blood imaging, generally regarded as the
approach to study cardiac dynamics, such as myo-
cardial contraction patterns, provides excellent mor-
phologic images of the heart, in particular since the
advent of the balanced steady-state free precession
(SSFP) gradient-echo MRI sequence, combining high
contrast between blood and surrounding tissues with
high temporal resolution, enabling to visualize subtle
anatomical structures, such as valve leaflets, tendi-
nous chords, muscular trabeculations, and pectinate
muscles (Higgins et al. 1988; Carr et al. 2001).
Besides 2D bright-blood sequences, high spatial res-
olution 3D bright-blood imaging similar to that used
for coronary artery imaging may provide an excellent
anatomic detail of the heart (see “Coronary Artery
Disease”). Real-time MRI is no longer a research tool,
but allows the operator to interactively fly or navigate
through the heart, and to fast-determine the cardiac
image planes (Castillo and Bluemke 2003). It is quite
obvious that this task can only be achieved with an
extensive knowledge of the three-dimensional (3D)
cardiac anatomy. To summarize, bright-blood and
dark-blood techniques should be seen as complemen-
tary techniques. For example, differentiation between
vascular structures and other anatomical structures
devoid of signal such as the air-filled trachea and
bronchi, may be challenging by dark-blood imaging,
but is wusually straightforward using bright-blood
imaging. For a similar reason, calcium-containing
structures (e.g., calcified valve leaflets) may not be or
are hardly detectable using dark-blood imaging.

3 Position of the Heart in the Thorax:
Gross Cardiac Anatomy

The heart has a central, ventrobasal location in the
thorax and is bordered bilaterally by the lungs, ante-
riorly by the sternum, and inferiorly by the diaphragm
(Fig. 1). It has an oblique position in the thoracic
cavity, with the cardiac apex in the left hemithorax
(“levocardia”). The long-axis of the heart is rotated
about 45° to both the sagittal and the coronal planes.
In younger or slender individuals, the heart tends to
be more vertical, whereas it tends to be more hori-
zontal in an obese patient. The major part the heart is
surrounded by the pericardial sac, and has no physical
connections with the surrounding structures except
posteriorly and superiorly where the great arteries
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Fig. 1 Position of the heart in the thorax. All images are
obtained using dark-blood imaging. a Transverse image,
b coronal image, ¢ sagittal image. The arrow on the transverse

originate, and the caval and pulmonary veins drain
into the atria (Amplatz and Moller 1993).

While the position of the heart in the thorax is rel-
atively constant, the position of the different cardiac
components, their intrinsic relationship, as well as their
relationship with the great vessels is much more
complex, and prone to a large number of congenital
variations, isolated or in combination with other
extracardiac congenital abnormalities. Knowledge of
the gross cardiac anatomy and the specific character-
istics of the different cardiac structures enables to
describe the most complex congenital cardiopathies
(Table 1). The heart is a double two-chambered pump,
usually described in terms of “right”-and “left”-sided
chambers. In reality, the “right” chambers are more
anteriorly positioned within the chest, the “left”
chambers more posteriorly, and the ventricles are more
inferiorly located than the atria. This is caused by a first
important feature of the normal heart, which is that its
long axis is not parallel to the long axis of the body. In
congenitally malformed hearts, the use of “right” and
“left” might be confusing since a “right” may occupy a
“left”-sided position, and vice versa. The difficulty is
overcome in congenitally malformed hearts by adding
the description “morphological” to “right” and “left”.
The relationship between the “right” and “left”
structures of the normal heart are further complicated
by the marked twistings of the ventricular outflow
tracts. The aorta, although emerging from the left
ventricle (and, therefore, a “left” component of the
heart) has its valve in the “right”-sided position relative
to the pulmonary valve (Anderson 2000).

and coronal images indicates the longitudinal axis of the heart.
LL left lung; RL right lung. * bullous emphysema

4 Cardiac Structures
4.1 Atria
4.1.1 Morphological Right Atrium

Both atria, anatomically, can be divided into a venous
component, a vestibule of the atrioventricular valve, a
septal component, an appendage, and are separated by
the atrial septum. The right atrium forms the right
heart border (Fig.2). Embryologically, the right
atrium is formed from the sinus venous and the
primitive auricle. These two parts of the atrium are
separated on the inside by a ridge, the terminal crest
or crista terminalis, and on the outside by a groove,
the sulcus terminalis. The sinus venosus, forming the
posterior part of the right atrium, forms the venous
component that has a smooth interior because of its
origin as a vessel, while the primitive auricle, having
a rough trabeculated interior will form the appendage
(Anderson 2000). Pectinate muscles branch from the
crest at right angles to run into the appendage. These
muscles completely encircle the parietal margin of the
vestibule of the atrioventricular valve. The venous
component receives the inferior and superior caval
veins on its posterior surface, and the coronary sinus
at the inferior junction with the septal component.
Fibromuscular webs attach to the terminal crest in the
regions of the openings of the inferior caval vein and
coronary sinus. These are the so-called venous valves,
the Eustachian valve in relation to the inferior caval
vein, and the Thebesian valve at the coronary sinus.
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Table 1 Essentials of the heart

Left atrium
Receives pulmonary veins

Posterosuperior location

Left atrial appendage
Anteriosuperior (over LCx)
Long/narrow

Small junction

Left ventricle

Oval or prolate ellipsoid shape
Fine trabeculations

Inflow and outflow in contact
No infundibulum

Smooth septal surface

Feeds the aorta

Right atrium

Receives IVC/SVC—- coronary sinus

Fibromuscular webs

Eustachian valve (IVC)

Thebesian valve (coronary sinus)

Crista terminalis: divides venous component from vestibule
Prominent pectinate muscles > left atrium

Right atrial appendage

Broad triangular

Wide connection with RA

Right ventricle

Pyramidal shape

Coarse trabeculations *

No connection between inflow and outflow *
Infundibulum *

Chordal attachment of septal leaflet of septum *
Feeds the pulmonary artery

Moderator band *

Tricuspid valve more apically positioned than mitral valve *

? Criteria helpful in differentiating morphological left from right ventricles

Fig. 2 Right atrium at

(a) end diastole and (b) end
systole. The images are
obtained in the transverse
axis, using bright-blood
imaging. The crista terminalis
(ct) divides the venous
component (posteromedially)
from the vestibule. Note the
important changes in right
atrial (RA) volume and shape
during the cardiac cycle

The coronary sinus running through the left or pos-
terior atrioventricular groove opens into the right
atrium above the posteroinferior interventricular
groove. Sometimes, the right coronary vein, also
draining in the right atrium, is visible in the anterior
atrioventricular groove. The junction between the
appendage and venous component is particularly

wide, and the appendage has a broad, triangular
appearance, positioned just ventrally to the entrance of
the superior vena cava in the right atrium (Figs. 3, 4).
The vestibule is smooth walled and supports the
attachments of the leaflets of the tricuspid valve. The
different components, as well as the relationship with
the caval veins and the coronary sinus can be well
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Fig. 3 Right atrial appendage. Transverse image using a 3D
bright-blood imaging with submillimeter spatial resolution The
right atrial appendage (raap) is located ventrally to the superior
vena cava (SVC) and laterally to the ascending aorta (Ao). The
high-spatial-contrast resolution enable to depict the pectinate
muscles that branch from the crista terminalis and run in right
angles to the raap

appreciated on several imaging planes, including the
transverse, coronal and vertical-long-axis or, sagittal
planes (Mohiaddin et al. 1991; Galjee et al. 1995).
The terminal crest is routinely visible on dark-blood
and bright-blood MRI as a mural nodular or trian-
gular structure adjacent to the lateral wall that con-
nects both the caval veins. This muscular structure
may not be misinterpreted as an abnormal intra-atrial
mass (Menegus et al. 1992; Meier and Hartnell
1994; Mirowitz and Gutierrez 1992). Bright-blood
MRI techniques with submillimeter spatial resolution
such as currently used for coronary artery imaging,
allow to visualize thinner structures such as the
pectinate muscles in the right atrial appendage.
Enlargement of the right atrium will easily displace
the adjacent lung, while right atrial appendage
enlargement encroaches on the upper retro-sternal
air space.

4.1.2 Morphological Left Atrium

The morphological left atrium forms the upper
posterior heart border with its appendage extending
anteromedially. It lies just beneath the carina and

anterior to the esophagus. The left atrium extends
cranially behind the aortic root and the proximal part
of the ascending aorta. The close relationship with the
esophagus makes the left atrium very useful as an
acoustic window during transesophageal echocardi-
ography. Embryologically, the left atrium also con-
sists of sinus venosus and primitive auricle and they
form the same anatomical components such as in the
right atrium. The venous component, also posterior
located and smooth-walled, receives the four pul-
monary veins, one at each corner (Fig.5). Occa-
sionally five pulmonary veins can be found if the
middle pulmonary vein separately drains in the left
atrium. The vestibule supports the leaflets of the
mitral valve and is also smooth walled. The pectinate
muscles, being confined in the appendage, are much
less obvious than in the right atrium, and never extend
around the atrioventricular junction. The appendage,
overlying the left atrioventricular groove and the left
circumflex coronary artery (LCx), has a narrow
junction with the body of the left atrium and has a
long, tubular-shaped appearance (Anderson 2000;
Fig. 4). Imaging planes for studying the left atrium are
similar to those used to study the right atrium. The
relationship of the left atrium with the carina and
main stem bronchi is best visible on coronal views.
The visualization of the entrance of the pulmonary
veins in the left atrium (e.g., to exclude abnormal
pulmonary venous return) is best done using a com-
bination of transverse (or four-chamber) and coronal
(or short-axis) views. Enlargement of the left atrium
displaces the esophagus posteriorly and widens the
subcarinal angle. Massive enlargement, exceeding the
space in front of the spine, results in encroachment
upon the right lung such that the left atrium becomes
the border forming on the right and may push the right
ventricle forward. Enlargement of the left atrial
appendage displaces the adjacent left lung and might
be visible as an additional left border on a frontal
chest X-ray film.

4.1.3 Atrial Septum

The atrial or interatrial septum separates the left from
the right atrium. In the atrial septum is an oval
depression, the fossa ovalis. The floor of the fossa
ovalis (or oval fossa) is the remains of the septum
primum. The septal surface on its right atrial aspect
is made up of the floor of the oval fossa and its
posteroinferior rim. The superior rim of the fossa
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Fig. 4 a-d Right and left
atrial appendages. Short-axis
images using a 3D bright-
blood imaging with
submillimeter spatial
resolution. While the right
atrial appendage (raap) has a
triangular appearance and a
broad communication (*) with
the body of the right atrium
(RA), the left atrial appendage
(laap) has a narrow junction
(**) and a long, tubular
appearance. Note the
relationship of the appendages
with the coronary arteries.
The raap is dorsally located to
the right coronary artery (rca),
while the laap overlies the
posterior (or left)
atrioventricular groove and
the left circumflex coronary
artery (lcx). Other
abbreviations: Ao aorta;

LA left atrium; /m, left main
stem coronary artery, PA
pulmonary artery, ps
pericardial sac

Fig. 5 Left atrium at end
diastole (a) and end systole
(b). Horizontal long-axis
images using bright-blood
imaging. The entrance of the
pulmonary vein from the right
lower lobe in the left atrium
(LA) can be well seen

(the so-called septum secundum) is no more than an
infolding of the atrial wall between the superior caval
vein and the right pulmonary veins. The septal surface
is roughened on its left atrial aspect, as is the flap of
the oval fossa. The flap valve, superiorly, overlaps the
infolded atrial walls (the “septum secundum”) so

that, even if the two are not fused, there will be no
shunting across the septum as long as the left atrial
pressure exceeds that in the right atrium. In most
cases the atrial septum can be seen on dark-blood
imaging as a thin line separating the two atria except
at the level of the oval fossa, which is often too thin to
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Fig. 6 (Inter)Atrial septum. Horizontal long-axis image using
bright-blood imaging (end-systolic image)

be seen. This finding might not be misinterpreted as
an atrial septal defect. Bright-blood imaging, pro-
viding a higher contrast between bright-atrial blood
and atrial walls, usually depicts this thin membrane
very well (Fig. 6). Sometimes, a fatty infiltration of
the atrial septum is observed, which can be easily
differentiated from pathological masses by the char-
acteristic signal intensity corresponding to the sub-
cutaneous fat (see “Cardiac Masses™). It is a mostly
benign, usually asymptomatic condition, with a low
frequency on autopsy series. The atrial septum is best
shown in horizontal and longitudinal planes through
the heart (e.g., transverse or four-chamber views).

4.2 Ventricles

4.2.1 Morphological Right Ventricle

In a normal heart, the right ventricle sits above the
liver and forms the inferior and anterior heart borders
with the exception of the apex. The morphological
right ventricle can be identified externally by its
pyramidal shape, and by its coronary distribution
pattern, which is distinctive and typical. The left
anterior descending coronary artery (LAD) demar-
cates the right from the left ventricle. The right ven-
tricles possesses an inlet, an apical trabecular, and an
outlet component (Anderson 2000) (Fig. 7). The

presentation of the different components is specific
for each ventricle and essential to differentiate mor-
phological right from left ventricles. The inlet com-
ponent (tricuspid valve and atrioventricular septum)
surrounds and supports the leaflets and subvalvular
apparatus of the tricuspid valve. The leaflets can be
divided into septal, anterosuperior, and inferior (or
mural) locations within the atrioventricular junction.
The most characteristic feature of the tricuspid valve
(and thus also of the right ventricle) is the presence of
tendinous chords attaching its septal leaflet to the
ventricular septum. Chordal attachments to the septal
surface are never seen in the morphological left
ventricle. The apical trabecular portion of the right
ventricle has characteristically coarse trabeculations.
The infundibulum is incorporated into the right ven-
tricle, and forms the outflow tract, whereas the right
ventricle proper forms the inflow tract. This com-
pletely muscular ring supports the three semilunar
leaflets of the pulmonary valve. The junction between
the infundibulum and the right ventricle is composed
of the parietal, septomarginal and moderator bands.
The moderator band, a muscular band that contains
the continuation of the right bundle branch, passes
from the interventricular septum to the anterior wall,
and is an essential characteristic of the morphological
right ventricle (Fig. 8). The septal and moderator
bands are also known as the septomarginal trabecu-
lation. Only a small part of the infundibulum is a truly
muscular septum (Fig. 9), while the rest of the pos-
terior margin of the infundibulum, also called supra-
ventricular crest (crista supraventricularis) is caused
by an infolding of the roof of the ventricle (also called
ventriculoinfundibular fold), and is separated from the
aorta by extracardiac space. The separation of the
tricuspid and pulmonary valves by the crista supra-
ventricularis is another characteristic of the morpho-
logical right ventricle. Additional trabeculations, the
septoparietal trabeculations, run round the anterior
margin of the infundibulum. The muscular trabecu-
lations are relatively coarse, few, and straight,
tending to parallel the right ventriular (RV) inflow
and outflow tracts. The papillary muscles of the right
ventricle are relatively small (making right ventricu-
lotomy readily possible) and numerous, and they
attach both to the septal and free wall surfaces.
Because of its numerous attachments to the RV septal
surface (mostly to the posteroinferior margin of the
septal band), the tricuspid valve may be described as
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Fig. 7 Components of the right ventricle. Horizontal long-axis
image (a) RV vertical long-axis image (b) RV inflow and
outflow tract image (c) using bright-blood imaging. The inlet,

Moderator e
Band P

Lateral b / >
Wall ~at _ __

Fig. 8 Moderator band. Horizontal long-axis view, using
bright-blood imaging. This muscular structure connects the
apical ventricular septum with the apical part of the RV free or
lateral wall. RV right ventricle

“septophilic”. The lining of the chamber becomes
smooth in the infundibulum, a funnel leading to the
exit from the chamber, the pulmonary trunk. The
normal right ventricle is a relatively thin-walled
chamber with an end-diastolic wall thickness of
3-4 mm. Towards the RV apex, there is often a
thinning of the free wall which is not to be mistaken
for a wall thinning such as found in arrhythmogenic

outlet

apical, and outlet part of the right ventricle are indicated on the
different images. Ao aorta, LV left ventricle, RA right atrium,

RV right ventricle

Fig. 9 Infundibulum. Transverse image using 3D bright-blood
imaging with submillimeter spatial resolution. The right
ventricular outflow tract (rvot) is characterized by a complete,
thin muscular ring. Ao aorta

RV cardiomyopathy/dysplasia (see “Heart Muscle
Diseases”). Although the RV free wall is consider-
ably thicker than that of the right atrium, it is thinner
than the wall of the left ventricle. These relative
thicknesses reflect the range of pressures in the
chambers. In the right atrium the pressure is usually
close to 0 mm Hg, in the right ventricle the pressure
rises up to about 25 mm Hg, while in the left
ventricle the peak pressure is about 120 mm Hg.
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Fig. 10 Components of the
left ventricle. Left ventricular
inflow—outflow tract flow
view at end diastole (a) and
end systole (b), using bright-
blood imaging. Ao aorta; LA
left atrium

apical

The complex cardiac anatomy of the morphological
right ventricle is best studied using a combination of
different imaging planes, i.e., transverse or horizontal
long-axis views in combination with short-axis
views and/or RV outflow tract views. Other
interesting planes to study the right ventricle are
described in “Cardiovascular MR Imaging Planes and
Segmentation”. RV enlargement reduces the retro-
sternal airspace. Because this space is normally lim-
ited, RV enlargement can also displace the left
ventricle leftward and posteriorly, and the apex of the
heart up and back, lifting the apex of the heart off the
hemidiaphragm on the frontal chest radiograph.

4.2.2 Morphological Left Ventricle

The morphological left ventricle in a normal heart is a
thick-walled chamber that forms the apex and lower
part of the left and posterior heart border. The exterior
of the left ventricle is shaped like a cone. Internally,
the left ventricle is demarcated by its fine trabecula-
tions, which are numerous, fine muscular projections.
Like its morphological right counterpart, the mor-
phological left ventricle also possesses an inlet, an
apical trabecular, and an outlet portion. The inlet
component contains the mitral valve (or left ventiular
(LV) valve) and extends from the atrioventricular
junction to the attachments of the prominent papillary
muscles (Fig. 10). The most characteristic anatomic
feature of the mitral valve is that it has no chordal
attachments to the ventricular septum. There are two
papillary muscles, the anterior lateral and the poster-
ior medial (Fig. 11). Notably, the papillary muscles
do not attach to the septum (Anderson 2000). Since
the LV papillary muscles are large and arise only

apical

from the free wall surface, this makes left ventricu-
lotomy difficult, except at the apex or at the high
paraseptal area. In addition to the anterior descending
branch of the left coronary artery (LCA), which
externally marks the location of the anterior portion of
the ventricular septum, anterior and posterior obtuse
marginal branches of the LCA course across the LV
free wall. Also known as diagonals, these branches
supply the large papillary muscles and the adjacent
LV free wall. The apical trabecular portion is the
most characteristic feature of the morphological left
ventricle which contains the fine characteristic trab-
eculations. The smooth septal surface also helps in
identification, since the morphological left ventricle
never possesses a septomarginal trabeculation or a
moderator band (Fig. 12). While intracavitary mus-
cular bands are always present on the right as the
moderator band, sometimes thin intraventricular
strands can be found in the LV apex, known as false
tendons. The outlet part, with the aortic valve, is in
direct continuity with the inlet part, since normally
there is little or no conal musculature beneath the
aortic valve, which results in aortic-mitral fibrous
continuity. The outlet portion of the left ventricle is
distinguished by its abbreviated nature. Two of the
three leaflets of the aortic valve have muscular
attachments to the outlet component. The remainder
of the leaflets take origin from the fibrous tissue
of the aortic root, part of this being the extensive area
of fibrous continuity with the aortic leaflet of the
mitral valve. This fibrous continuity is called mitral-
aortic intervalvular fibrosa. It is the posterior
aspect of the roof of the outlet,and is therefore par-
ticularly short. There is no muscular segment of the
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Posterior .
Papillary
Musclefl

Fig. 11 Left ventricular papillary muscles. Left ventricular
outflow tract (a) vertical long-axis (b) and midventricular short-
axis (c) view, using bright-blood imaging. The papillary muscles
are well depicted as intracavitary structures attached to the

Fig. 12 Essential characteristics of the morphological right
and left ventricle. Horizontal long-axis view using bright-blood
imaging. Five essential differences can be seen on this image: /
fine apical trabeculations in LV apex; 2 LV septal surface free
of muscular insertions; 3 rough apical trabeculations in RV
apex; 4 muscular insertions on RV septal surface; 5 tricuspid
valve more apically positioned than mitral valve. LV left
ventricle; RV right ventricle

ventriculoinfundibular fold in the left ventricle sepa-
rating the arterial and the RV valves. The morpho-
logic left ventricle is usually studied along the three
intrinsic cardiac axes, i.e., short-axis, horizontal long-
axis, and vertical long-axis views. Other interesting

Anterior
Papillary
Muscle

»

Posterior
- Papillary

posterior(medial) and anterior(lateral) LV wall. Their fibrous
extensions, i.e., tendinous chords, towards the mitral valve can be
seen on high-quality MR images. Note that the LV septal surface
on the short-axis view is free of muscular attachments

imaging planes are the LV outflow tract view and the
LV inflow- and outflow tract view. These imaging
planes are particularly interesting in patients with
obstructive hypertrophic cardiomyopathy or to depict
aortic regurgitation. Wall thicknesses are not uniform
throughout the left ventricle. The most pronounced
differences are found in the longitudinal direction
with a gradual wall thinning toward the LV apex.
Compared with the lateral LV wall segments
(i.e., end-diastolic wall thickness: 7-8 mm in women,
89 mm in men) the LV apex is extremely thin
(approximately 3 mm) (see Fig. 10). Less pronounced
variations in wall thickness are seen around the
LV circumference (Bogaert and Rademakers 2001).
LV enlargement enlarges inferiorly and to the left,
displacing the left lung.

4.2.3 Ventricular Septum

The ventricular or interventricular septum separates
the left from the right ventricle. It is mainly a thick-
walled muscular layer, except in the subaortic region
where it becomes very thin (“membranous septum”).
It contains muscular fibers coming from the LV as
well as from the RV free wall. The position and shape
of the ventricular septum are determined by the
loading conditions. In the unloaded condition the
ventricular septum has a flat appearance. In normal
loading conditions the septum has a convex shape
towards the right ventricle, and this shape is main-
tained during the cardiac cycle. Enhanced RV filling,
as during onset of inspiration, may lead to a slight
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Fig. 13 a, b Tricuspid and
mitral valve. Short-axis view
through atrioventricular
valves, using bright-blood
imaging during diastole. The
leaflets, commissures, and
valve orifices can be well
appreciated when the valves
are opened

ricuspid Valve
Orifice

Antero
Superior

flattening of the ventricular septum during early dia-
stolic filling. This phenomenon is called ventricular
coupling (see “Cardiac Function” and “Pericardial
Disease”). In several cardiac and extracardiac dis-
eases, a pathologic ventricular coupling may occur
(e.g., constrictive pericarditis, cor pulmonale, atrial
septal defects, severe pulmonary incompetence, pul-
monary hypertension). The ventricular septum is best
studied in short- and horizontal long-axis views.
As with the atrial septum, a diagnosis of septal defect
cannot be made on the basis of this morphologic
(i.e., black-blood imaging) finding alone and addi-
tional bright-blood and flow measurements should be
obtained to make a definite diagnosis.

4.3 Valves

Two atrioventricular (AV) (or ventricular) valves
connect the atria to the ventricles, a mitral and a tri-
cuspid valve. Embryologically, the mitral valve is
always connected to the morphologic left ventricle,
while the tricuspid valve is connected to the mor-
phologic right ventricle. There is a difference in
positioning along the longitudinal cardiac axis
between both valves. The tricuspid valve is always
somewhat more apically positioned than the mitral
valve, a feature that is very helpful in differentiating
the ventricular morphology.

The RV (AV) valve or tricuspid valve, has three
leaflets, these being the septal, inferior, and antero-
superior leaflets (Fig. 13). The muscular support of
the tricuspid valve is made up of the anterior muscle
which is the largest and usually arises from the

Anterolateral
Commissure
-

Mitral Valve
Oriﬁci

Y

- N
! Posteramedi
Comfmissure

septomarginal trabeculation. The complex of chords
supporting the anteroseptal commissure is dominated
by the medial papillary muscle (of Lancisi), a rela-
tively small muscle which arises either as a single
band or as a small sprig of chords from the posterior
limb of the septomarginal trabeculation (Anderson
2000). The inferior muscle, the smallest of the three,
is usually single, and may be represented by several
small muscles.

The LV (AV) valve or mitral valve, has aortic and
mural leaflets, so named because of their relationship
with the leaflets of the aortic valve and the parietal
atrioventricular junction, respectively (Fig. 13). The
zone of apposition between the two leaflets has
anterolateral and posteromedial ends, the so-called
commissures, each supported by one of the paired LV
papillary muscles embedded in the anterolateral and
posteromedial walls of the left ventricle.

The semilunar valves of both great arteries attach
across the anatomic ventriculoarterial junction and
therefore lack a fibrous supporting annulus such as
supports the atrioventricular valves. They have no
chordal attachments. The pulmonary artery normally
arises from the infundibulum of the right ventricle.
The leaflets of the pulmonary and triscupid valves are
widely separated by the infundibular musculature.
The aortic valve cusps are usually described accord-
ing to the origin of the coronary arteries—Ileft, right,
and noncoronary, although they may also be called
anterior, and right and left posterior (Fig. 14). Each
valve cusp has a small nodule of connective tissue at
its midpoint. When the great arteries are normally
related, the noncoronary left coronary commissure of
the aortic valve sits directly above the middle of the
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Fig. 14 Aortic valve cusps
in closed (a) and open

(b) conditions using bright-
blood imaging. The right
coronary (rcc), left coronary
(Icc), and noncoronary (ncc)
cusps in closed condition are
similar to a “Mercedes
Benz”star. At maximal
opening during systole, the
cusps are nearly completely
apposed to the wall of sinus of
Valsalva

anterior mitral leaflet. The noncoronary right coronary
commissure sits directly above the membranous sep-
tum, which in turn is located directly above the left
bundle branch of the conduction system.

Because of their fibrous nature, dark-blood imaging
is not ideal to visualize cardiac valves and to study
valve pathology. Although they are often seen on dark-
blood imaging, especially when in closed position,
appreciation of small changes in thickness, structure,
and integrity are difficult to appreciate. Bright-blood
imaging shows valve leaflet morphology, valve leaflet
motion, abnormal valve opening, and valvular flow
patterns very well (de Roos et al. 1995). The cardiac
valves are best studied in specific imaging planes
perpendicular or longitudinally oriented to the valve of
interest (see “Cardiovascular MR Imaging Planes and
Segmentation”).

4.4 Coronary Arteries

Two of the sinuses of Valsalva give rise to coronary
arteries. These sinuses are the ones adjacent to the
pulmonary truncus.

The right coronary artery (RCA) arises from an
ostium located just below the sinotubular junction, in
the middle of the right (anterior) sinus of Valsalva
(Fig. 15). The RCA courses into the right atrioven-
tricular groove and provides nutrient branches to the
infundibulum (infundibular or conal branch) and to the
RV free wall (Angelini et al. 1999). The extension, and
thus the myocardial perfusion territory of the RCA are
highly variable. It may stop proximally in the right
atrioventricular groove or may continue into the

posterior interventricular groove to the apex or to the
left atrioventricular groove ending in the posterolateral
LV branch. Occasionally it might extend up to the
LAD. In nearly 85-90% of cases, it is normal for the
RCA to provide a posterior descending branch that
follows the posterior atrioventricular groove as far as
the apex of the heart but not beyond (dominant RCA),
thus supplying the inferoseptal part of the LV myo-
cardium. In only 5%, the LCx continues as a posterior
descending artery (dominant LCx), while in 10% of
cases, both the right coronary artery and left circumflex
supply the inferior wall (balanced pattern).

The LCA originates from the middle portion of the
left anterior sinus of Valsalva, just below the sinotu-
bular junction (Fig. 15). The proximal vessel origi-
nating from the left ostium, called the left main stem
(LM) or trunk, is only a short conductive arterial seg-
ment (1 cm) from which the LCx and LAD arteries
normally spring. The LAD courses in the anterior
interventricular groove, the LCx in the left atrioven-
tricular groove. The LAD gives off branches to both the
septum (perforator branches) and the anterolateral wall
of the left ventricle (diagonal branches), and the LCx
produces branches to the posterolateral wall of the left
ventricle, including the posteromedial papillary mus-
cle. The LAD terminates at the cardiac apex, or 1-2 cm
before or after the apex. The perforators originate from
the LAD at a grossly perpendicular angle and these
branches immediately become intramural, coursing
within the septum (see “Coronary Artery Disease”).
The MRI techniques as well as the ideal imaging planes
to study the coronary arteries are described in detail in
Cardiovascular MR Imaging Planesand Segmentation”
and “Coronary Artery Disease”.
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Fig. 15 a, b Origin and proximal course of coronary arteries.
Short-axis view through the aortic root (a) and oblique view
through anterior (or right) atrioventricular groove, using 3D
bright-blood imaging with submillimeter spatial resolution. (b)
The right coronary artery (RCA) and LCA originate from the

Fig. 16 a-c Great vessels of the thorax and neck. 3D ceMRA
using maximum intensity projection view, posterior—anterior
view (a) posterior—anterior view with slightly oblique inclina-
tion (b) anterior—posterior view (c) the aorta (Ao), the
brachiocephalic vessels (right brachiocephalic trunc (tbc), right

4.5 Pericardium

The pericardium envelops the heart and the origin of the
great vessels and consists of an outer fibrous layer (the
fibrous pericardium) and an inner serous sac (the serous
pericardium). This fibrous part is attached to the

right- and left sinus of Valsalva, respectively. The major
arteries as well as several branches can be readily depicted.
This subject has a LCx dominant system. Ao aorta; LM left
main stem coronary artery; RA right atrium; RV right ventricle;
star, conal branch

subclavian artery (rsa), right common coronary artery (rcca),
left common coronary artery (lcca), left subclavian artery (Isa),
and left vertebral artery (/va)), the pulmonary artery (PA) and
its major branches (pa) as well as the pulmonary veins (pv)
entering the left atrium (LA) are clearly depicted

sternum and diaphragm. The serous pericardium con-
sists of an inner visceral layer (the epicardium), which
is intimately connected to the heart and the epicardial
fat, and an outer parietal layer, which lines the fibrous
pericardium. The visceral layer is reflected from the
heart and the root of the great vessels onto the inner
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surface of the fibrous pericardium to become continu-
ous with the parietal layer. The pericardial cavity lies
between these two layers of the serous pericardium.
Two serosal tunnels can be identified: the transverse
sinus, posterior to the great arteries and anterior to the
atria and the superior vena cava, and the oblique sinus,
posterior to the left atrium (Groell et al. 1999). The
transverse sinus is divided into the following four
recesses: the superior aortic recess, inferior aortic
recess, left pulmonic recess, and right pulmonic recess.
Pericardial sinuses and recesses are frequently depicted
on cardiac MR images. Knowledge of their locations is
helpful in the differentiation of normal pericardium
from pericardial effusions and mediastinal processes
such as lymph nodes. Under physiologic conditions, it
contains 20-25 ml of serous fluid; however, the amount
of fluid may vary considerably among individuals,
particularly in children and infants. These differences
may explain, at least in part, why in some patients,
sinuses or recesses may or may not be seen. Moreover,
clinically asymptomatic patients can have large peri-
cardial fluid collections, especially when it accumu-
lates over long periods, and it may be found
incidentally. On MR images, the normal pericardial sac
is visible as a very thin curvilinear structure of low
signal intensity surrounded by the high-intensity
mediastinal and (sub)epicardial fat (Sechtem et al.
19864, 1986b). The pericardium is best visualized over
the right heart and cardiac apex, while it is often
invisible along the LV free wall, where it is interposed
between the myocardium and the low-intensity left
lung. In normal subjects, the pericardium has a thick-
ness of 1.2 £ 0.5 mm in diastole and 1.7 & 0.5 mm in
systole (Sechtem et al. 1986a). Similar results (i.e.,
1.7 mm, range 1.5-2.0 mm) were found by Bogaert
and Duerinckx 1995, evaluating the normal appearance
of the pericardium on bright-blood MRI used to visu-
alize coronary arteries. These values exceed the
thickness of 0.4-1.0 mm reported for anatomic mea-
surements of pericardial thickness. The layer of normal
pericardial fluid present in the pericardial space has also
a low intensity, and it likely contributes to the overall
pericardial thickness as visualized by MRI. Because
MRI is sensitive to the small amount of normal peri-
cardial fluid and depicts its anatomic distribution, it
should be valuable in the detection and quantification
of even small pericardial effusions (see “Pericardial
Disease”). In patients with constrictive pericarditis,
Sechtem et al. (1986a) found a pericardial thickness of

Fig. 17 a-t Transverse images. aavg anterior (or right) p
atrioventricular groove; amvl anterior mitral valve leaflet; Ao
aorta; apm anterior papillary muscle; av aortic valve; azv
azygos vein; ¢ carina; ¢s coronary sinus; ct crista terminalis; Es
esophagus; ev Eustachian valve; ft false tendon; gcv great
cardiac vein; hazv hemiazygos vein; hv hepatic vein; ias
interatrial septum; ib intermediate bronchus; /VC inferior vena
cava; ivs interventricular septum; LA left atrium; laap left atrial
appendage; lcca left common carotid artery; /iv left innominate,
(or brachiocephalic) vein; IIb left lower lobe bronchus; imb left
main stem bronchus; Ipa left pulmonary artery; Isa left
subclavian artery; LV left ventricle; lvot left ventricular outflow
tract; maif mitral aortic intervalvular fibrosa; mb moderator
band; PA pulmonary artery (or trunk); pmvl posterior mitral
valve leaflet; ppm posterior papillary muscle; ps pericardial sac;
pv pulmonary vein; RA right atrium; raap right atrial append-
age; rbca right brachiocephalic artery; rca right coronary
artery; rcv right cardiac vein; riv right innominate (or
brachiocephalic) vein; rmb right main stem bronchus; rpa right
pulmonary artery; RV right ventricle; rvap right ventriular apex;
rvot right ventricular outflow tract; SVC superior vena cava;
T trachea; tv tricuspid valve

more than 4 mm. Recent studies, however, have shown
that constrictive pericarditis might be present in
patients with a normal or near normal pericardial
thickness at surgery (Talreja et al. 2003). Thus, in the
absence of a thickened pericardium, other diagnostic
criteria are needed to differentiate constrictive peri-
carditis patients from restrictive cardiomyopathy
patients. A combination of transverse or long-axis
imaging planes and short-axis views ensures the best
approach for studying the entirety of the pericardial sac.

5 Great Vessels

The aorta has its origin from the center point of the
base of the heart and curves upwards to the aortic
arch, where the brachiocephalic vessels have their
origin. The junction between the aortic root contain-
ing the sinuses of Valsalva and the ascending aorta is
called the sinotubular junction. The course of the
aortic arch as well as the branching pattern of the
brachiocephalic vessels, can be subject to a large
number of congenital variations (see “Congenital
Heart Disease” and “Great Vessels”). The most
frequent presentation is a left-sided aortic arch
running over the main stem bronchus with following
branching pattern: right brachiocephalic trunk, left
common carotid artery, and finally left subclavian
artery (Fig. 16). The leaflets of the aortic valve
are supported by the three sinuses of Valsalva.
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Fig. 18 a-l Coronal images. /m left main stem coronary artery; mv mitral valve; sv sinus of valsalva; other abbreviations as in
Fig. 17
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Fig. 19 a-l Sagittal images. lad left anterior descending coronary artery; lcx left circumflex artery; pavg posterior (or left)
atrioventricular groove; puv pulmonary valve; sv sinus of valsalva; other abbreviations as in Fig. 17
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Fig. 20 a-i Short-axis images. aivg anterior interventricular groove; d diaphragm; Ivap LV apex; pivg posterior interventricular

groove; other abbreviations as in preceding figures

The pulmonary trunk originates from the muscular
pulmonary infundibulum, to its bifurcation into the
right and left pulmonary arteries. Two of the sinuses
of the pulmonary truncus are always next to the aorta
(also called facing sinuses), while the third sinus is
non-facing. The ligamentum arteriosus, a fibrous
remnant of the arterial duct (or “ductus arteriosus”)
extends from the pulmonary trunk into the descending
aorta. The aortic isthmus is defined as the segment
between the site of takeoff of the left subclavian artery

and the aorta insertion of the duct. A combination of
different imaging planes is recommended to study the
thoracic great vessels.

Systemic venous return flow to the heart through the
superior and inferior caval veins (venae cavae), which
lie on the right side of the spine. The superior caval vein
is formed by the confluence of the right and left
innominate veins, which lie in front of the brachioce-
phalic artery. The inferior vena cava has only a small
intrathoracic portion. After receiving the hepatic veins
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Fig. 21 a-i Horizontal long-axis images. fo fossa ovalis; pda posterior descending artery. Other abbreviations as in preceding

figures

it crosses the diaphragm to enter the posterior aspect of
the right atrium.

There are two right and left pulmonary veins,
joining the posterior aspect of the left atrium
(Fig. 16). The right pulmonary veins enter close to the
atrial septum. In patients with an atrial septal defect
the pulmonary venous blood from the right lung
drains preferentially into the right atrium. The two left
pulmonary veins frequently join the left atrium as a

single trunk. On the other hand, the pulmonary vein
draining the right middle lobe may enter separately
the left atrium.

The great vessels are usually studied using a
combination of dark-blood and bright-blood tech-
niques in different imaging planes. This combination
of sequences is the best guarantee to see as well the
vessel wall and para-aortic tissues. Often, PC-MRI is
used to calculate the flow patterns in blood vessels.
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Fig. 22 a-i Vertical long-axis images. Abbreviations as in preceding figures

A good imaging plane to start with is the transverse
imaging plane. Abnormalities in the course and
dimensions of the great vessels are readily depicted in
this imaging plane. However, to obtain accurate
dimensions, an imaging plane perpendicular to the
long-axis of the vessel should be used. Additional
imaging in other planes is often necessary to better
depict the vascular abnormality (e.g., aortic coarcta-
tion) or to better visualize the consequences of

valvular pathology on vascular structures (e.g.,
post-stenotic aortic dilatation). The outflow tract of
the right ventricle, the pulmonary trunk, and its
bifurcation are well depicted on transverse images,
while specific imaging planes in a parasagittal plane
through the left and right pulmonary branches can be
used for cine imaging and flow measurements (Paz
et al. 1993; Murray et al. 1994; Bouchard et al. 1985).
Although the thoracic aorta can be visualized over its
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Fig. 24 a-c Right ventricular outflow tract images. Abbreviations as in preceding figures

entire course (Friedmann et al. 1985; Byrd et al. 1985;
Dinsmore et al. 1986), it is often not possible to
achieve this in a single plane, because the aortic arch
usually does not fall in the same plane as the
ascending and descending aorta. With the advent of
3D ceMRA, depiction of thoracic vessels has been
greatly facilitated (Prince 1996).

6 Key Points

e MRI is an excellent technique to evaluate cardiac
anatomy, at least if the image acquisition and image
interpretation are performed adequately.

e A combination of dark-blood and bright-blood
imaging is advisable to appropriately study cardiac
anatomy.

Moreover, a combination of imaging in different
cardiac imaging planes is always helpful to better
depict cardiac anatomy.

Always combine morphologic evaluation with
functional evaluation of the heart.

For accurate measurements of dimensions, use
imaging planes perpendicular to the structure of
interest, e.g., myocardial wall, ventricular cavity,
vessel lumen.

Use of a systematic approach to analyze cardiac
anatomy.

Each of the components of the heart has its specific
characteristics, enabling to unravel the most com-
plex congenital cardiopathies.

The mitral valve is always connected to the mor-
phological left ventricle, while the tricuspid valve
is connected to the morphological right ventricle.
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The tricuspid valve is more apically positioned than
the mitral valve.

e The moderator band always belongs to the mor-
phological right ventricle.

e The septal surface of the LV cavity is smooth, and
has no insertions of muscular structures.
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Abstract
Tomographic imaging of the human body is
1 INtroduction...........c.ccocoeecineuncenienreeeeenenreeneeeneenne 93 usually performed along orthogonal image planes
2 Imaging Planes for Cardiac Structures................ 95 (i.e., transverse, coronal, sagittal), but these axes
2.1 BOGY AXES ovurvirieeireeeisieeieeaeieesesesissse e 95 are not well suited for imaging of the heart because
2.2 Cardiac Axes. 95 of its complex orientation within the thoracic cage
;i Ef;;ltl‘lflir;rt ................................................................. gg Wlth the Cal‘diaC apex usually Oriented leftward and
A Right HEArT c.oceveeierieciecieeiesiesireeie e downward. As a solution, image planes oriented
3 Imaging Planes for Great Vessels........................ 98 along the long- and short-axis of the heart allow
3.1 AOTEA o 99 cth 1i . ithin the heart itself. Besid
3.2 Pulmonary Artery and its Branches.......................... 99 0 ngga maging within the heart 1tsell. Best e§,
. . specific image planes can be selected to appropri-
4  Imaging Planes for Coronary Arteries................. 102 ately study parts of the heart (e.g., cardiac valves),
5 Interactive Imaging for Definition of Imaging to evaluate the relation of the heart with the great
Planes .......coccoeeiiiiiiiinicicee e 103 VCSSGIS or to study the great VCSSGIS. In thiS chapter
6  Segmentation of the LV ...........cccccoooourinnrinirinnnens 104 the different image planes to study the heart,
T CONCIUSION «..ooeererrcrrnerseensersserrsnensnees 10s  coronary arteries and great vessels are explained in
detail and a standardized approach is provided how
References..............ccoooiiiiiiiiiiccccc 106 . .
to achieve starting from the body axes, the
different image planes currently used in cardiac
imaging. In the final section, the segmentation of
the left ventricle using the 17-segment frame of
reference is discussed.
1 Introduction
A. M. Taylor (IX)
Centre for Cardiovascular Imaging, L. .
UCL Institute of Cardiovascular Science In general, structures within the body are described
and Great Ormond Street Hospital for Children, in relation to the “anatomical position” (subject
Great Ormond Street, WCIN 3JH, London, UK standing upright, facing the observer). Thus, for axial
e-mail: a.taylor@ich.ucl.ac.uk cross-sectional body imaging (MR and CT) the
]Jj Bogaert ¢ Radiol i Medical Imasing R N convention is to describe the images as viewed from
epartment of Radiology and Medical Imaging Researc . . . . T .
Center (MIRC), University Hospitals Gasthuisberg, below as if fa01.ng the sut?Ject (1.e.,.subj.ect.s right is to
Catholic University of Leuven, Herestraat 49, the left of the image) (Fig. 1). This principle enables
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Anterior

Right Left

Posterior

Fig. 1 Axial plane through the mid-thorax. Note that the right
ventricle (RV) lies anterior and the left ventricle lies (LV)
posterior. The right atrium (RA) is seen in this plane, but the
left atrium lies superior and posterior, and is often not seen in
the same axial plane as the RA (see “Cardiac Anatomy”)

structures within the body in terms of right/left,
inferior/superior and medial/lateral, and helps clini-
cians direct treatment, in particular when surgery is
required.

The heart is the exception to this rule, with intra-
cardiac anatomy described according to the axes of
the heart, from the pathologist’s perspective (heart
positioned on its apex, with the atriums above the
ventricles)—the so-called “Valentine” approach.
Thus, though the ventricles are referred to as right
and left, in the majority of subjects they occupy a
more anterior and posterior position, respectively, in
relation to the body axes on cross-sectional imaging.

Despite this anomaly, the heart will continue to be
described in terms of reference to its own axes. In
both echocardiography and nuclear scintigraphy the
heart is imaged without reference to other structures,
and the use of the cardiac axes enables standard points

Fig. 2 Cardiac axis imaging planes for the left ventricle,
images acquired using a SSFP sequence. The vertical long-axis
plane (VLA) (b) is aligned from the axial plane (a) through the
mitral valve and the LV apex, which may be on a separate more
inferior slice. The horizontal long-axis plane (HLA) (c¢) is

aligned from the VLA through the mitral valve and LV apex.
The short-axis plane (SA) (d) is aligned from the VLA and
HLA planes—perpendicular to both. The 4-chamber plane
(e) is aligned from the SA through the anterior mitral valve
papillary muscle and the apex of the RV
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of reference to be maintained in these imaging
modalities. Cross-sectional imaging modalities should
also describe the heart in terms of this frame of ref-
erence (Cerqueira et al. 2002), though more conven-
tional cross-sectional terms of reference can still be
used when describing MR and CT images.

2 Imaging Planes for Cardiac
Structures
2.1 Body Axes

The transverse or axial plane (Fig. 1) is useful for
studying morphology and the relationships of the four
cardiac chambers and the pericardium. Sagittal
images (see Fig. 4.19) can be used to study the con-
nections between the ventricles and the great vessels,
while frontal or coronal images are most useful for
investigation of the left ventricular outflow tract
(LVOT), the left atrium and the pulmonary veins (see
Fig. 4.18). The optimal planes also depend on the
global positioning of the heart in the thorax, which is
more vertical in young individuals and more dia-
phragmatic in the elderly. It has to be stressed that
while these images are appropriate for evaluation of
the overall morphology of the heart, quantitative
measurements of wall thickness, cavity dimensions
and functional data cannot be obtained accurately
since the planes are not perpendicular to the wall or
the cavity with the consequence that partial volume
effects and obliqueness can introduce a large overes-
timation of the true dimensions. The cardiac imaging
planes are more suitable for this purpose (Longmore
et al. 1985).

2.2  Cardiac Axes

To obtain the correct inclinations for imaging in the
cardiac axes, a transverse or axial scout view at the
level of the left ventricle (LV) is acquired initially
(Burbank et al. 1988). On this image, a new plane is
chosen running through the apex of the LV and the
middle of the left atrioventricular (AV), mitral valve.
This yields the vertical long-axis (VLA) plane
(Fig. 2b). On this image, a plane chosen to transect
the LV apex and the middle of the mitral ring yields

Fig. 3 Alignment of SA stack for analysis of ventricular
volumes on the HLA. Note that the basal slice is parallel to the
atrioventricular (AV) valves (between the anterior and posterior
AV grooves), and almost perpendicular to the interventricular
septum, though this can vary between subjects

the horizontal long-axis (HLA) plane (Fig. 2¢). The
short-axis (SA) plane can now be prescribed perpen-
dicular to both the VLA and HLA (Fig. 2d). From a
SA plane at the level of the mitral valves, the four-
chamber view can be acquired (4Ch). The plane for
the 4Ch view passes from the most superior mitral
valve, “anterolateral” papillary muscle to the inferior
angle of the right ventricle (RV) anteriorly, usually
through the mid-point of the interventricular septum
(Fig. 2e). A true-SA plane can now be prescribed off
the 4Ch view perpendicular to the interventricular
septum. The inclination of SA slices is not always
easy, since the anterior and inferior walls of the LV
are not exactly parallel, and no single plane is abso-
lutely perpendicular to both walls. A compromise can
be made, by using a SA plane oriented parallel to the
mitral valve ring. Furthermore, when a SA stack is
being prescribed for ventricular volume calculations,
the imaging plane is often best-positioned parallel to
the AV valves, between the anterior and posterior AV
grooves (Fig. 3).

Beside these standard cardiac imaging planes,
specific planes can be chosen depending on the
pathology under study. In congenital heart disease it
may be necessary to obtain multiple non-classical
imaging planes to achieve optimal visualization.
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Fig. 4 Imaging planes that
can be aligned from the basal
SA slice (a): The LV inflow
(mitral valve)/outflow (aortic
valve) view (b), the VLA

(c¢) and 4-chamber (d) views

23 Left Heart
From the SA plane the VLA, HLA and LV inflow/
outflow (equivalent to the LV two-chamber long-axis
view acquired at echocardiography) can be acquired
(Fig. 4). This later LV inflow/outflow image is
acquired with a plane that passes across the center of
the aortic and mitral valves on the basal SA slice, or by
performing a three point acquisition with the first point
on the LV apex, the second in the center of the mitral
valve and the third in the center of the aortic valve.
This view is particularly useful for imaging septal
hypertrophy and LVOT obstruction in hypertrophic
cardiomyopathy. Since this view encompasses the LV
inflow, concomitant mitral regurgitation in patients
with LVOT obstruction can be easily depicted.

An LVOT view can be acquired by passing an
imaging plane through and perpendicular to the aortic

valve; oblique coronal orientation (Fig. 5b). This can
be easily achieved by indicating on an LV inflow/
outflow image a perpendicular imaging plane through
the middle of the LVOT and aortic valve. Both the
LVOT and LV inflow and outflow planes are well
suited for evaluation of aortic valve stenosis and/or
regurgitation. A plane through the aortic root (“aortic
valve plane”), just above the aortic valve, perpen-
dicular to both the LV inflow/outflow and LVOT
views, can be used to assess through-plane aortic
flow. This plane is used when quantifying aortic
incompetence (Fig. 5). The morphology of the aortic
valve (e.g., number of valve leaflets and fusion of
leaflets), aortic valve area and orifice can be best
studied in this plane using a set of adjacent slices
through the aortic valve.

The mitral valve lies in a double oblique plane.
Through-plane imaging of the mitral valve to assess
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Fig. 5 Alignment of the
aortic valve plane (c) for
aortic flow assessment from
the LV inflow/outflow (a) and
the left ventricular outflow
tract (LVOT) (b) views
(dotted lines). The imaging
plane should be placed just
above the aortic valve, yet just
below the origin of the
coronary artery origins. The
LVOT view is prescribed
perpendicular to the LV
inflow/outflow view
(complete line on (a))

Fig. 6 Alignment of the
mitral valve plane (¢) for LV
inflow assessment from the
VLA (a) and the 4-chamber
planes (b). The imaging plane
should be placed just within
the LV
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Fig. 7 Alignmentof the
tricuspid valve plane (c) for
RV inflow assessment from
the VLA (a) and the 4-
chamber planes (b). The
imaging plane should be
placed just within the RV

LV inflow curves should therefore be aligned from
two views, the VLA and 4Ch (Fig. 6). For flow
measurements, the plane should lie just beyond the
mitral valve leaflets in the LV.

24 Right Heart

A two-chamber view of the right heart can be
obtained by placing a plane through the RV apex and
the mid-point of the tricuspid valve on the 4Ch view
(Fig. 7). The right ventricular outflow tract (RVOT) is
visualized by aligning a plane that passes through the
main pulmonary artery (PA) and the RV inferiorly
from a set of axial images (Fig. 8c). An alternative
way to obtain the RVOT view is by aligning a plane
that passes through the main PA and descending
aorta. This is usually a sagittal or oblique-sagittal
plane. A plane perpendicular to this, in an axial or
oblique axial orientation, will give a second view
through the RVOT (Fig. 8d). A plane through the
main PA, just above the pulmonary valve, perpen-
dicular to both RVOT views, can be used to assess
through-plane pulmonary flow. This plane is used
when quantifying pulmonary incompetence (Fig. 8e).

An inflow/outflow plane of the RV can be acquired
using a three-point plan. The first point is placed on
the tricuspid valve, the second on the RV apex and the
third on the pulmonary valve (Fig. 9).

As with the mitral valve, the tricuspid valve lies in
a double oblique plane. Through-plane imaging of the
tricuspid valve to assess RV inflow curves should
therefore be aligned from two views, the RV 2
chamber view and 4Ch view (Fig. 7c). For flow
measurements, the plane should lie just beyond the
tricuspid valve leaflets in the RV.

3 Imaging Planes for Great Vessels

When performing 2D imaging through any vessel, it
is essential to image in two perpendicular planes to
ensure that any narrowings are real and not secondary
to partial volume effects.

Furthermore, care must be taken when performing
breath-hold 2D acquisitions in the axial plane as
varying degrees of breath-hold position may remove
small structures from the imaging plane (Taylor et al.
1999).
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Fig. 8 Alignmentofthe pulmonary valve plane (e) for pulmonary
flow assessment from two perpendicular right ventricular
outflow tract (RVOT) (¢ and d) views (dotted lines). The
imaging plane should be placed just above the pulmonary

3.1 Aorta

The aorta can be tortuous in the diseased state, and it
can be difficult to align the whole aorta in a single
plane. However, large section of the aortic can be
aligned in an oblique sagittal plane using a three-point
plan (Fig. 10). This is particularly useful for in-plane
imaging of aorta jets in aortic coarctation.

When performing a contrast-enhanced 3D MR
angiogram (MRA) for aortic pathology, an oblique
sagittal volume is the best imaging plane for data
acquisition, ensuring that the entire aorta is included
in the imaging volume with the shortest acquisition
time. If imaging a long section of the head and neck
vessels is also required or if pathology of the
subclavian arteries (e.g., thoracic outlet syndrome) is
suspected, the imaging volume can be placed in the
coronal direction, though in-plane image resolution

valve. The first RVOT view is prescribed from an oblique plane
through the main pulmonary artery and RV on a set of axial
images (a and b). The second RVOT plane is prescribed
perpendicular to the first RVOT view (complete line on (c))

will be reduced (increased field of view) to avoid
wrapping in the left-to-right phase encode direction.

3.2 Pulmonary Artery and its Branches
The main PA is usually imaged in the sagittal plane
when imaging of the RVOT is performed (Fig. 7b).
Imaging in an axial plane, perpendicular to the RVOT
view will enable imaging of the PA bifurcation
(Fig. 11a).

The right pulmonary artery (RPA) is best imaged
in a coronary plane (Fig. 11b) and the left pulmonary
artery (LPA) in a sagittal plane (Fig. 11c), both of
which can be aligned from the axial images. Branch
pulmonary artery flow planes can be prescribed off
two perpendicular images for both arteries (axial and
coronal for the RPA, axial and sagittal for the LPA),
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Fig. 9 Alignment of the RV
inflow/outflow view (d) using
a three-point plane: points
placed on the pulmonary
valve on the RVOT view (a),
the tricuspid valve on the
4-chamber view (b) and the
RV apex on the RV
2-chamber view (c)

Fig. 10 Alignment of the
thoracic aorta using a three-
point plane. Points placed on
‘black-blood’ axial images:

a ascending aorta; b aortic
arch and ¢ proximal
descending aorta. The
in-plane image of the thoracic
aorta in (d) shows a tight
aortic coarctation membrane
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Fig. 11 The right (RPA) and
left pulmonary (LPA) arteries
do not usually lie in the same
axial plane (LPA slightly
superior to the RPA). Both
arteries can be visualized in
an oblique axial plane (a). An
oblique coronal plane can be
used to visualize the RPA (b),
and an oblique sagittal plane
used to visualize the LPA (c¢)

Fig. 12 Alignment of the
right coronary artery (RCA)
using a three-point plane.
Points placed on ‘low-spatial
resolution’ axial images:

a RCA origin; b mid-RCA in
the anterior AV groove and
c distal RCA at the crux of the
heart. High-spatial resolution
RCA (d) is seen anteriorly,
the left circumflex (LCx)
artery is also seen posteriorly.
Note marginal branch of the
LCx is seen
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Fig. 13 Alignment of the left
coronary artery ‘tangential
view’ using a three-point
plane. Points placed on
‘low-spatial resolution’ axial
images: a left main stem
(LMS) origin; b the left
anterior descending (LAD)
artery as it enters the
interventricular groove and

¢ the LCx artery as it enters
the posterior AV groove.
High-spatial resolution image
of the proximal left coronary
artery visualized (d)

to ensure perpendicular velocity vectors for accurate
flow mapping.

When performing an MRA of the pulmonary vas-
culature, a coronal volume is the best imaging plane
for data acquisition. Care must be taken to ensure that
the right-to-left field of view is sufficiently large to
avoid wrapping in the phase encode direction.

4 Imaging Planes for Coronary
Arteries

MR coronary angiography can be performed by
aligning a narrow 3D volume along the length of each
artery.

The RCA plane is aligned using a three-point
plan scan, applied on axial images. The points are
placed on the RCA origin, the midpoint of the RCA
in the anterior AV groove and distally in the inferior
portion of the RCA as it passes toward the crux
(Fig. 12). These three points define the geometry of
the center plane of the imaged 3D volume, subse-
quently applied for the sub-millimeter coronary MR
angiography sequence (Stuber et al. 1999). This 3D

volume covers not only the anterior AV groove, but
also the posterior AV groove containing the left
circumflex artery.

To image the left coronary tree, two scans are
performed. The first plane is referred to as the
‘tangential view’, and images the proximal course
of the left main stem (LM), the bifurcation into left
anterior descending (LAD) and LCx arteries and
their subsequent proximal course. The plane is
aligned using a three-point plan scan, using points
placed on the LM origin, the mid-point of the LAD
and the mid-point of the LCx (Fig. 13). The land-
marks on the LAD and LCx should be positioned
carefully to assure the longest coverage of the left
coronary tree, including the diagonal branching
vessels. The second plane is referred to as the
‘perpendicular view’ and passes through the LM
and entire length of the LAD. Three-point planning
is again used, with the points placed on the LM
origin, the mid LAD and the distal LAD (Fig. 14).
On the perpendicular view, the small, septal bran-
ches of the LAD are often visualized. In this way,
the LM, LCx and LAD (but not the RCA) are scanned
in two perpendicular directions. As a result, longer
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Fig. 14 Alignment of the left
coronary artery
‘perpendicular view’ using a
three-point plane. Points
placed on ‘low-spatial
resolution’ axial images:

a LMS origin; b the proximal
LAD artery as it enters the
interventricular groove and

c¢ the distal LAD artery in the
interventricular groove
toward the LV apex. High-
spatial resolution image of the
LMS and LAD visualized (d).
Note septal branches of the
LAD seen

segments of the left coronary artery tree, and more of
its branching vessels are visualized. Also, the visu-
alization and description of stenotic lesions benefits
from this approach, as lesions are scanned in-plane
(better resolution) at least in one direction.

5 Interactive Imaging for Definition
of Imaging Planes

Interactive/real-time sequences are increasingly used
in cardiac MRI. In real-time imaging, k-space is filled
rapidly, and therefore the effects of cardio-respiratory
motion on image quality are less pronounced. This
imaging can be performed during free breathing and
without cardiac gating. Furthermore, because each
cine loop is acquired in a single heartbeat, acquisi-
tion times are short and the image quality is less
susceptible to the effects of an irregular heart rate.
However, these benefits come at the cost of lower
spatiotemporal resolution, which may affect accuracy

(Barkhausen et al. 2002; Lee et al. 2002; Hori et al.
2003; Muthurangu et al. 2004) (Fig 15). However,
high spatiotemporal resolution is particularly impor-
tant for accurate segmentation of the RV, because of
its complex trabecular structure. Higher spatiotem-
poral resolution can be achieved through a combina-
tion of k-space under-sampling, and reconstruction
algorithms that remove the resultant aliasing. One
such technique is k-space and time (k—t) sensitivity
encoding (SENSE) imaging. When compared with
standard real-time volumetric assessment, radial
real-time k-t SENSE imaging accurately quantifies
ventricular volumes and function in patients with
congenital heart disease, and was superior to stan-
dard real-time imaging in terms of image quality
and better agreement of volume data with ECG-
gated MR. (Fig. 16; Muthurangu et al. 2008).
Radial k-t imaging more accurately quantified RV
end-diastolic volume than other real-time sequences
in this population. Therefore, it is a useful tool in
the assessment of congenital heart disease in any
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Fig. 15 Low-spatial and temporal resolution real-time, inter-
active images in the 4-chamber (a) and SA planes (c¢) are shown
with respective, subsequent high-spatial and temporal resolu-
tion SSFP images (b and d)

patient who cannot breath-hold, any patient for
whom rapid imaging is desirable and in patients
with arrhythmia.

6 Segmentation of the LV

For imaging the LV, there is a need for standardiza-
tion of imaging modalities to assure that accurate
intra- and cross-modality comparisons can be made
for patient management and research (nuclear
cardiology, cardiac ultrasound, cardiovascular MR,
cardiovascular CT and cardiac catheterization). Such
methods are also important to enable comparison
between the various cardiovascular MR techniques.
Thus, wall motion abnormalities in one particular
segment can be matched with perfusion and/or late-
enhancement patterns in the same region of the heart.

A 17-segment frame of reference is used (Cerqueira
et al. 2002). The heart is divided into three SA planes
along the long axis of the LV: basal, mid-cavity and
apical (Fig. 17). These SA planes are then divided
radially into six segments for the basal and mid-cavity
SA slices, and four segments for the apical slice

Fig. 16 Pixel profile of a line through both ventricles plotted
as a function of time. The geometry of the line is shown on the
accompanying short axis image. a Cardiac gated profile,
(b) radial k-t SENSE real-time profile, and (c¢) standard real-
time profile. Note the better visualisation of the late systolic
septal jump (marked by arrow) in the gated and radial k—t—
good temporal resolution. The visual quality of the radial k—t
images is also better than that of the standard real-time images;
less blurred—good spatial resolution

(Fig. 18); the 17th segment is the apex itself, and is
visualized on the long-axis images (VLA, HLA).
The radial segments commence at the anterior junction
of the LV and RV on the SA image, and are then num-
bered in an anti-clockwise fashion in equal sized seg-
ments around the LV. Thus, the anterior basal segment is
segment 1, and the inferior lateral segment is segment 16
(Fig. 18).Itshould be noted that with a slice thickness of
6—10 mm, the number of SA slices obtained with MRI
exceeds the standardized division of the long-axis of the
LV in three sections. Thus in practice, the papillary
muscles are used as anatomic landmarks to distinguish
the mid-cavity SA slices from the apical and basal slices.
The entire 17 segments can be represented in a
single image using a Bull’s eye plot (Fig. 19) (Post
et al. 1999). Furthermore, the segments can be related
to the most common distribution of coronary artery
anatomy in an attempt to correlate regional wall
motion, perfusion and/or late-enhancement abnor-
malities to specific coronary artery territories
(Fig. 20) (Schiller et al. 1989; Post et al. 1999).
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Fig. 17 Division of the LV into basal, mid-cavity and apical SA segments for subsequent segment numbering (see Fig. 18) on
4-chamber and VLA views. Segment 17, the apex, is seen on these long-axis views

Fig. 18 Subsequent division of SA slices into 6 basal, 6 mid-
cavity and 4 apical segments, with segment 17 being the apex
seen on the long-axis views (see Fig. 17). Basal: 1—anterior,
2—anteroseptal, 3—inferoseptal, 4—inferior, S—inferolateral,

Fig. 19 Bull’s eye plot
representation of all segments
of the left ventricle. The
segments numbers refer to the
same segments as described in
Fig. 18

o

oY

8—anteroseptal,

T—anterior,
9—inferoseptal, 10—inferior, 1l1—inferolateral, 12—anterolat-
eral. Apical: 13—anterior, 14—septal, 15—inferior and
16—lateral

7 Conclusion

6—anterolateral. Mid-cavity:

An understanding of imaging planes in relation to
both the axes of the body and the axes of the heart is
necessary when imaging the heart with cardiovascular
MR. This enables accurate description of cardiovas-
cular anatomy and reliable standardization between
the various cardiovascular imaging modalities.
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Fig. 20 Correlation between the most common coronary
artery distribution pattern and the 17 segments of the left
ventricle. Note there is tremendous variability in coronary
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Abstract

Visualization and quantification of the cardiac
pump activity by means of imaging techniques has
become an essential part in the diagnosis of many
cardiac diseases. This pump activity comprises a
repetitive filling and emptying phase whereby one
phase or both phases may be impaired by the
underlying cardiac disease. Among the different
available imaging modalities, MRI has become a
preferred one to assess cardiac function because of
its noninvasiveness, and the accuracy and repro-
ducibility of the measurements. Moreover, cardiac
function assessment by MRI is part of a more
comprehensive approach including other facets
such as myocardial perfusion imaging and tissue
characterization. This chapter is written from the
point of view of the imager, starting with a
description of the mechanisms of cardiac contrac-
tion and relaxation, and how these lead to myo-
cardial deformation and ventricular volume
changes throughout the cardiac cycle. Next, it is
discussed how imaging techniques can be used to
assess these processes at different levels, and what
major hurdles need to be passed to achieve reliable
estimates of cardiac function parameters. Finally,
normal reference values obtained by current MRI
sequences are provided at the end of the chapter.

1 Introduction

As the heart generates the driving force to propagate
the blood through the vascular system, assessment of
its performance (cardiac function) is crucial since
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Fig. 1 Determinants of
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many diseases have an impact on the performance of
the heart. Although the patient’s complaints and
clinical examination provide valuable information
regarding the functional status of the heart, quantita-
tive measures of cardiac function have been estab-
lished in the last few decades, and are nowadays
routinely used in daily clinical practice. The ease of
these measures is that age- and gender-adjusted nor-
malized values can be used as a reference to deter-
mine whether a patient’s cardiac function is still
within normal limits, and thus allow one to assess the
severity of dysfunction and to categorize patients.
Moreover, functional parameters such as ejection
fraction have been shown to yield a prognostic value
and are therefore often used as a surrogate for hard
end points such as cardiac death in many studies.
Although ejection fraction, expressing the relative
amount of blood ejected by a ventricle during each
cardiac contraction, is definitely the functional
parameter with which we are most familiar, it is
important to emphasize that cardiac function assess-
ment cannot be reduced or simplified to a single
parameter, and that several other parameters need to
be considered. It has become clear over the last few
decades that unraveling and assessment of cardiac
function is extremely complicated. Different path-
ways and strategies to quantify global and regional
cardiac performance have been explored, using a
variety of techniques ranging from the injection of
dye for determining the cardiac output to assessment
of myocardial deformation by implantation of
metallic beads. The advent of noninvasive cardiac
imaging modalities in particular of echocardiography
opened the door toward routine assessment of cardiac
function in daily clinical practice. Although assess-
ment of cardiac function with MRI was reported as
early as the mid-1980s (Matthaei et al. 1985), it took
almost 15 years for it to be introduced into routine
cardiac imaging. Despite this long “maturation”

phase, we nowadays have the availability of a highly
versatile and accurate technique enabling one to study
many facets of cardiac function, which can be directly
linked with other parameters such as myocardial
perfusion, valve function, cardiac morphology, and
tissue characteristics. The aim of this chapter is to
explain in an understandable way the complexity of
cardiac function as well as to provide insight how
to use MRI to study this complex issue in an
appropriate way.

2 Basic Principles of Cardiac Function

The heart can be considered as a highly sophisticated
muscle, conceived to be the central circulatory pump,
exhibiting a behavior of well-coordinated repetitive
phases of myocardial contraction and ventricular
emptying (sysfole) and myocardial relaxation and
ventricular filling (diastole, Fig. 1). It is a four-
chambered organ consisting of a right two-chambered
part and left two-chambered part that are anatomically
parallel but function serially, and importantly both
parts are imbedded within a single pericardial sac,
emphasizing an important mutual interaction. Each
two-chambered part consists of an atrium, having
principally a reservoir function, and a ventricle, cre-
ating the driving force to expulse the blood into the
systemic and pulmonary vascular system.

Systole is initiated by electrical stimulation of the
thick-walled ventricular myocardium, causing an
increase in tension and shortening of myocytes, which
is translated at the myocardial level into a myocardial
deformation or strain and myocardial motion, and
finally at the ventricular level by a rise in ventricular
pressure, and once the transvalvular pressure of the
ventriculoarterial valves has been surpassed by ejec-
tion of blood in the great vessels and subsequent
decrease of the ventricular cavity volumes (Fig. 2).
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Fig. 2 Volume-time curve of the left ventricle during the
cardiac cycle in a 27-year-old normal volunteer. Short-axis
cine imaging using contiguous 8-mm-thick slices and 2-mm
slice gap. Temporal resolution 24 ms. The different phases of
the cardiac cycle (a—f) can be well recognized on this volume—
time curve. The onset of ejection (a) (characterized by a
decrease in left ventricular, LV, volume) coincides with the
aortic valve opening. On aortic valve closure, the minimal LV
volume is obtained. The difference in volume between aortic

Thus, systole consists of a contraction and ejection
phase. Contraction starts after electrical stimulation
and encompasses mitral valve closure, isovolumic
contraction, and ejection as long as the ventricular
pressure is higher than the pressure in the receiving
vessel. Most fascinating in this cascade of events is
the highly efficient design of the heart to function as a
pump, allowing it to achieve with a myofiber short-
ening of only 10-15% a ventricular ejection fraction
of 65-70%. The highly complex myofiber anatomy
with profound differences in transmural fiber orien-
tation is not at random but in fact represents a
powerful mechanism to enhance the efficiency of
single-fiber shortening. As we know from anatomical
studies and novel techniques such as diffusion MRI
(see Sect. 5), left ventricular (LV) midwall fibers
have predominantly a circumferential course. Toward

valve opening and aortic valve closure represents the stroke
volume. The time period between aortic valve closure and
mitral valve opening is the isovolumic relaxation (b). At the
moment of mitral valve opening, ventricular filling starts. This
is characterized by an early, fast filling phase (c), a period with
nearly no filling, called “diastasis” (d), and a final phase of
filling caused by the atrial contraction (e). The last part, i.e.,
isovolumic contraction, starts with mitral valve closure and
ends with aortic valve opening (f)

the endocardium and epicardium the fiber orientation
progressively becomes oblique but in an opposite
direction, bringing these fibers into an almost per-
pendicular orientation to each other (Streeter et al.
1969; Greenbaum et al. 1981). On the other hand,
truly longitudinally oriented fibers are, except in the
papillary muscles and the endocardial trabeculations,
sparse in the LV wall. Fiber contraction leads,
because of this complex fiber orientation, to an
intricate myocardial and ventricular deformation
consisting in a combination of circumferential and
longitudinal shortening, radial thickening, and shear
motions (e.g., ventricular torsion). Circumferential
shortening with centripetal wall motion is primarily
caused by midwall fiber contraction, whereas
longitudinal LV shortening is largely the result of
contraction of the oblique epicardial and endocardial
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Fig. 3 Mechanisms of (left) ventricular ejection. On the left
the ventricle at the end of diastole is shown, and on the right the
ventricle at the end of ejection is shown: a—c Three different
hypothetical mechanisms of endocardial inward motion: a pure
wall thickening; b circumferential shortening; ¢ longitudinal
ventricular shortening. The normal ventricular ejection relies on
a combination of these three mechanisms

fibers. Myocardial wall thickening (“radial strain™),
although in part secondary to circumferential short-
ening, is mainly caused by a transmural interaction
between the oblique epicardial and endocardial fibers,
a phenomenon called myocardial tethering. Physi-
cally, the torque of the epicardial fibers exceeds the
endocardial fiber torque, which means that epicardial
fiber shortening will largely affect the behavior of the
endocardial fiber bundles, and force them to passively
rearrange and shorten along the direction of the epi-
cardial fibers, which is nearly perpendicular to the
endocardial fiber direction. This passive phenomenon
is called cross-fiber shortening, and its magnitude
exceeds that of the active shortening of endocardial
fibers. Taking into account the principle of conser-
vation of mass, shortening of a volume in two
directions necessitates lengthening in the third direc-
tion, which is radial wall thickening. This tethering is
a highly effective mechanism to improve the effi-
ciency of the individual myocardial layers. It has been
shown that destruction of the epicardial fibers leads to
an abolishment of endocardial cross-fiber shortening
and wall thickening. Although myocardial deforma-
tion is greatest in the inner part of the myocardium,

this deformation is directed by the outer myocardial
wall. Myocardial tagging studies have shown in
normal human hearts a LV circumferential shortening
ranging from 44% in the subendocardial layers and
30% in the midwall layers to 21% in the subepicardial
part of the myocardium (Palmon et al. 1994). LV
shortening in the longitudinal direction is 17%, and
radial wall thickening is approximately 40-50%
(Rogers et al. 1991; Bogaert and Rademakers 2001;
Figs. 3, 4). The net result on the ventricular level is a
volume reduction of approximately 65-70% at the
end of systole. If we take into account the complex
anatomy, it is understandable that in pathological
conditions, such as myocardial ischemia, primarily
affecting the subendocardium, functional parameters
reflecting subendocardial function such as long-
itudinal shortening may be a sensitive parameter to
early detect ischemia (Brecker 2000).

Diastole represents the filling phase of the ven-
tricles. Although mechanically the filling phase is the
period between mitral valve opening and mitral valve
closure, filling will be determined by myocardial
relaxation, atrial contraction, and the compliance of
the ventricle and atrium (Fig. 2). Physiologically and
conceptually, diastole encompasses a longer period
starting at the time the myocardium loses its ability to
generate force and shorten and returns to an unstres-
sed length and force. Thus, ventricular relaxation
begins when myofiber tension starts to decline during
late ejection, proceeds rapidly as pressure falls during
isovolumic relaxation, and continues through the
period of early filling. With the onset of myocardial
relaxation, the ventricular pressure drops, and con-
tinues to drop until a pressure is reached below the
pressure of the atrium even after filling has started,
caused by the active relaxation process and the pres-
ence of restoring forces. It is thought that during
contraction and early ejection, energy is stored in the
myocardial cytoskeleton or collagen matrix that sub-
sequently during relaxation acts as a restoring force,
lowering ventricular pressure and sucking atrial blood
into the ventricle. From the moment the ventricular
pressure drops under the atrial pressure, the atrio-
ventricular valve opens and ventricular filling starts.
Depending also on the ventricular compliance and
distensibility, the local gradients across the atrioven-
tricular valve will switch, blood flow will be decel-
erated, and will only continue through diastasis,
dependent on momentum. With atrial contraction a
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Fig. 4 Mechanisms of (left)
ventricular ejection, studied
with cine MRI. Cine imaging
in the cardiac short axis (fop
row and middle row) and the
horizontal long axis (bottom
row) at the end of diastole
(left) and at the end of systole
(right). The top row
represents the mechanism of
wall thickening (mean value,
approximately 40-50%), the
middle row shows the
mechanism of circumferential
shortening, which is larger at
the endocardium (mean value
approximately 44%) than at
the epicardium (mean value
approximately 21%), and the
bottom row shows the
mechanism of longitudinal
ventricular shortening (mean
value approximately 17%)

new gradient and acceleration is created, further fill-
ing the ventricle, depending on atrial and ventricular
compliance and the force of atrial contraction. Active
relaxation is only responsible for the first part of
ventricular filling, but its influence can be prolonged
in the case of abnormal, prolonged relaxation, for
instance, in myocardial ischemia. Compliance, in
contrast, is important throughout filling but owing to

the shape of the passive pressure—volume relation of
the ventricle, it plays its most important role at the
end of fast filling and during atrial contraction.
Another characteristic phenomenon in particular of
the left ventricle is the torsional or twisting motion,
exhibiting a counterclockwise rotation when viewed
from the apex (Buchalter et al. 1990, 1994). Twisting
is an essential component of normal systolic function,



114

J. Bogaert

Fig. 5 Postsystolic contraction during a dobutamine—atropine
stress MRI study in a patient with significant stenosis in the
proximal left anterior descending coronary artery. Cine imaging
in the midventricular cardiac short axis at the end of diastole
(a), at the end of systole (b), and on isovolumic relaxation (c).

whereas untwisting is considered an important deter-
minant of normal myocardial relaxation. Although the
exact explanation for this rotational motion is
unknown, it is likely related to an imbalance between
the obliquely oriented fibers, with dominance of
epifibers over endofibers. Torsion likely leads to an
increased efficiency of transmural myocardial func-
tion by equalizing fiber stress and function, and
therefore can be considered as a necessary component
of wall thickening and ejection (Arts et al. 1991).
Ventricular wringing increases the longer the distance
from the base (up to £28° of rotation) but the spread
is fairly homogeneous from the base to the apex.
Ventricular untwisting is clearly dissociated from
ventricular filling, starting during isovolumic relaxa-
tion and sometimes already in the latter part of ejec-
tion (Rademakers et al. 1992; Dong et al. 2001). Most
likely, ventricular unwringing releases kinetic energy
stored in the myocardium during systole as explained
in the previous paragraph, and represents a potent
mechanism for the suction of blood during early
diastole.

Assessment of the ventricular performance also
includes assessment of the synchronization of
mechanical events between the different parts of the
ventricle. In many conditions related to pathological
abnormality of the electrical activation or to patho-
logical abnormality of the myocardium itself such as
myocardial infarction, ventricular dyssynchrony
occurs impeding ventricular performance. Therefore,
use of a single time point to look at the end of systole

During systole (b), the ischemic myocardium in the anterior
wall is akinetic (arrows). However, during isovolumic relax-
ation (c), while the nonischemic regions start to relax,
myocardial thickening can be well appreciated in the ischemic
anterior LV wall (arrows)

is not sufficient to appreciate well this temporal
inhomogeneity or to assess the maximal extent of
deformation. Although there is a time point during the
cardiac cycle when the ventricle reaches its smallest
volume and ejection ends, maximal deformation in
different parts of the ventricle does not necessarily
coincide with that specific time point. For instance,
postsystolic contraction is a well-known phenomenon
in ischemically diseased myocardium (Fig. 5). To
fully appreciate the dynamic events occurring during
the cardiac cycle, therefore, multiple time points
should be used.

3 Systolic Function
3.1 Ventricular Volumes, Global
Function, and Ventricular Mass

“Global ventricular performance” is generally
understood to mean the capability of the ventricles to
eject blood into the great vessels. Since the ventricles
exhibit a repetitive process of ejection and filling,
having a mutual influence on each other, both
phenomena should be evaluated together when con-
sidering assessment of global ventricular performance.
For the sake of simplicity, the diastolic ventricular
function is discussed separately (see Sect. 4). More-
over, the condition of the cardiac valves should be
taken into account (see “Valvular Heart Disease”).
For instance, a leaking valve causes ventricular volume
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Table 1 Global functional parameters
EDV — ESV = SV (ml)

SV/EDV = EF (%)

SV x HR = CO (ml/min)

EDVindex = EDV/BSA (ml/m?)
ESVindex = ESV/BSA (ml/m?)
CO/BSA = CI (ml/min/m?)

BSA body surface area, CI cardiac index, CO cardiac output,
EDV end-diastolic volume, EF ejection fraction, ESV end-sys-
tolic volume, HR heart rate, SV stroke volume

overload, whereas ventricular dilatation (e.g., dilated
cardiomyopathy) may lead to mitral annulus dilatation
and secondary mitral regurgitation.

To achieve a complete analysis of systole, one
should describe the temporal changes in ventricular
volumes and related velocities throughout systole.
In clinical practice, however, systole is usually
appreciated considering ventricular volumes at two
time points, i.e., maximal filling (end of diastole),
and maximal emptying (end of systole). From these,
all other global functional parameters can be
deduced. Subtracting end-systolic volume from end-
diastolic volume yields the stroke volume (Table 1).
Dividing stroke volume by end-diastolic volume
gives the ejection fraction, whereas multiplying
stroke volume and heart rate yields cardiac output.
To achieve normalized data, these parameters can
be indexed to body parameters, e.g., weight, length,
body surface area, and lean body mass. It is obvi-
ous that the reliability of the deduced global func-
tional parameters is only as good as the accuracy
with which the “raw” ventricular volumes are
acquired. Another important parameter of global
ventricular performance, and an independent pre-
dictor of morbidity and mortality from many car-
diac diseases (e.g., coronary artery disease, arterial
hypertension), is the ventricular or myocardial mass
(Levy et al. 1990).

3.1.1 Strategies for Ventricular Volume,
Global Function, and Mass
Quantification

Although ventricular volumes and function can be
appreciated by visual eyeballing, quantitative
measures are largely preferred to achieve a more
objective and reproducible assessment. The latter can be
achieved by geometric assumptions or by volumetric

quantification (Figs. 6, 7, 8, 9). Geometric assumptions
compare the ventricular cavity with a geometrical
model. Using a (limited) number of standardized mea-
surements of the ventricular cavity, one calculates the
corresponding volumes. For the left ventricle, short-axis
views (e.g., hemisphere cylinder model and Teichholz
model), long-axis views (e.g., biplane ellipsoid model
and single-plane ellipsoid model), or a combination of
long- and short-axis views can be used for calculations of
ventricular models (Dulce et al. 1993; Thiele et al. 2002)
(Figs. 6, 7, 8). Geometric assumptions are commonly
used in planar imaging techniques, such as contrast
ventriculography and radionuclide scintigraphy, as well
asin echocardiography (M-mode and two-dimensional).
They have the advantage of rapidly providing informa-
tion regarding ventricular volumes and mass, but they
are only reliable as long as the geometrical model
corresponds to the true ventricular cavity or myocardial
wall, which might not be the case in (focally) diseased
ventricles (Bellenger et al. 2000a; Fig. 10). Myerson
et al. (2002a) showed that this technique cannot be
recommended to assess LV mass, and the volumetric
approach is preferable either for a single measurement or
to follow up patients.

The advent of tomographic cardiac imaging by
means of three-dimensional echocardiography, com-
puted tomography, and MRI opened the door toward
true volumetric quantification based on Simpson’s
rule, i.e., the volume of a complex structure, for
instance, the cardiac ventricle, can be accurately
assessed by dividing this structure into a set of sub-
volumes which are quantifiable (Fig. 9). Addition of
all subvolumes yields the total volume of the complex
structure. In practice, this is done by using a stack of
parallel slices entirely encompassing the ventricle
(or generally speaking, the cardiac chamber of interest).
In the next step, the endocardial border of each slice is
delineated, providing a two-dimensional area, and
when this multiplied by the distance between two
slices (equivalent to the sum of the slice thickness and
the interslice distance), a three-dimensional subvo-
lume is obtained. If all three-dimensional subvolumes
are summed, the total ventricular volume is obtained.
To calculate ventricular mass, epicardial borders need
to be delineated as well (Aurigemma et al. 1992;
Lima et al. 1993; Forbat et al. 1994; Germain et al.
1992). The area between the endocardial and epicar-
dial border is used to calculate myocardial mass in a
similar way as for ventricular volume. The volume
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Fig. 6 Geometric assumptions techniques for ventricular
quantification; a Teichholz method; b hemisphere cylinder
method; ¢ single-plane ellipsoid model. The formula for each of

Fig. 7 Biplane ellipsoid
model. Horizontal long-axis
view (a) and vertical long-
axis view (b). The formula for
the calculation is shown .

A area, L length

obtained needs to be multiplied by the specific density
of myocardium, i.e., 1.05 g/cm3, to get myocardial
mass. This volumetric approach has superior repro-
ducibility and accuracy in comparison with the
geometric assumptions techniques, but has the dis-
advantage of being more time-consuming for both
image acquisition and postprocessing (Grothues et al.
2002, 2004).

To obtain the most reliable estimates of ventricular
volumes and masses, several issues, discussed in the
following paragraphs, should be taken into consider-
ation. Although volumetric approaches are definitely
preferable and should be used as much as possible, a
visual estimation of volumes, function, and mass is
always recommended because it provides a fast
impression about the cardiac condition and should
match with the calculated results obtained. Moreover,

h | Hemisphere Cylinder Model

(Am + 2 x Am/3) x L/2

=" Single-plane Ellipsoid Model

— —-—

8xA13(3xTtxL)

the different techniques is shown. A area, Am area at mitral
level, D diameter, L length

in clinical practice, geometric assumptions may be of
interest, for instance, if the acquired data for volu-
metric quantification are insufficient for analysis, or if
there is a clear mismatch between the observed and
calculated results. A simple geometric formula, such

as Ly x L, x L3 x n/6, where L; represent the
longitudinal LV diameter (measured on the vertical
or horizontal long-axis image) and L, and Lj
represent the maximal short-axis LV diameters
in two perpendicular views, is very useful for this

purpose.

3.1.2 MRI Sequence Design

Nowadays, assessment of ventricular volumes and
mass is achieved using bright-blood techniques,
which have completely replaced the dark-blood
(spin-echo) technique for this purpose. The major
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Combined Triplane Model

b

Fig. 8 Combined triplane model. Horizontal long-axis view (a), vertical long-axis view (b), and midventricular short-axis view
(c). The formula for the calculation is shown. A area, Ap area at papillary level

(A1+A2+A3+...+An) x slice thickness

Fig. 9 Slice summation technique for ventricular volume
quantification. Horizontal long-axis view. The formula for the
calculation is shown. A area

shortcoming of the latter technique, even when using
the newest developments such as dark-blood turbo
spin-echo or half-Fourier single shot turbo spin-echo
imaging, is that only a single phase during the cardiac
cycle is studied, providing limited information
regarding ventricular function, and useful only for
assessment of myocardial mass (Caputo et al. 1990;
Pattynama et al. 1992; Scharhag et al. 2002). The
advantages of the spoiled gradient-echo (GE) tech-
nique (i.e., fast low flip angle single shot or fast-
field-echo technique) to study ventricular function

became evident in the late 1980s (Sechtem et al. 1987,
Utz et al. 1987; Buser et al. 1989). If data acquisition is
gated or synchronized with the cardiac cycle, time-
resolved (cine) anatomical images can depict the
dynamics of cardiovascular geometry during the
cardiac cycle, allowing noninvasive assessment of
global and regional cardiac function. This kind of
multiphase cardiac imaging is feasible if short repe-
tition times (e.g., 30—40 ms) are used in combination
with small flip angles. Although use of segmented
spoiled GE sequences was initially very time-
consuming, their introduction in the early 1990s allowed
the measurement time to be significantly reduced and
such sequences to be used in daily routine practice
(Atkinson and Edelman 1991; Bloomgarden et al.
1997). By the acquisition of multiple lines of k-space
per heart beat (i.e., “segmented k-space approach™),
and the use of very short repetition times and low flip
angles, the imaging time could be reduced to the
length of a breath-hold without compromising tem-
poral resolution when using echo sharing (Sakuma
et al. 1993; Bogaert et al. 1995; Schulen et al. 1996).
As such, a limited number (e.g., eight to 12) of
repeated breath-holds was sufficient to obtain a
complete set of short-axis images through the left
ventricle. With the advent of the breath-hold seg-
mented spoiled GE technique, MRI became for the
first time a competitor to echocardiography, allowing
besides morphologic evaluation also accurate func-
tional cardiac evaluation.

The phenomenon of inflow enhancement 1is
responsible for the bright-blood appearance when
using the spoiled GE technique. During image
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Fig. 10 Important LV
remodeling in a patient with
acute transmural inferoseptal
myocardial infarction. Late
Gd MRI at 1 week (a) and

4 months (b) after infarction.
Short-axis cine MRI at

1 week, end-diastolic (¢) and
end-systolic (e) time frames;
at 4 months end-diastolic

(d) and end-systolic (f) time
frames. Late Gd imaging at

1 week shows transmural
enhancement inferoseptally in
the mid-basal left ventricle
(white arrowheads), with
presence of a no-reflow zone
(black arrow). The infarct
area is edemateously
thickened and shows severe
hypokinesia on cine MRI (c-e).
At 4 months, the scarred
infarct is visible as a thin
hyperintense curvilinear line
(arrowheads) (b), showing
akinetic wall motion on cine
imaging (d—f). Assessment of
global LV function using the
slice summation volumetric
approach shows moderately
decreased function in the first
week (ejection fraction 54%).
However, because of an
important remodeling of the
ventricle, at 4 months after
the acute event, end-diastolic
and mainly end-systolic
volumes are increased,
whereas stroke volume and
ejection fraction show an
important decrease (ejection
fraction 40.5%). Although
most of the geometric
assumptions techniques show
a decrease in global function
(ejection fraction), they
underestimate the severity

of ventricular remodeling
(IW 1 week; 4M 4 months)

EDV (ml) ESV  (ml) SV (ml) EF (%)

1w 4M 1w 4M 1w 4M 1w 4M
Slice Summation 158 17 73 102 85 69 54.0 40.5
Hemisphere 196 209 99 112 97 97 49.4 46.4
Teichholz 167 173 83 93 84 80 50.2 46.2
Single-plane 202 195 73 83 129 112 63.9 574
Biplane 206 200 78 88 128 112 62.1 56.0
Combined Triplane 205 208 81 97 124 111 60.5 533
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Table 2 Influence of MRI sequence on left ventricular (LV) volume and mass calculations in controls and patients
Spoiled GE b-SSFP Difference p value
Controls (n = 10)
EDV (ml) 133 £+ 37 151 £+ 37 18 (13%) <0.001
ESV (ml) 46 + 14 55 £ 18 9 (17%) 0.001
EF (%) 66 £ 3 64 + 4 -2 (—3%) 0.19
LV mass (g) 145 + 46 120 £ 37 —25 (—19%) <0.001
Patients (n = 10)
EDV (ml) 202 + 78 208 £ 69 6 (4%) 0.25
ESV (ml) 116 £+ 65 123 £+ 65 8 (6%) 0.001
EF (%) 44 £+ 14 43 £ 17 —2 (—4%) 0.27
LV mass (g) 202 + 46 181 &+ 51 =21 (—11%) <0.001

Adapted from Moon et al. (2002)
GE gradient echo, b-SSFP balanced steady-state free precession

acquisition, the signal of stationary tissues is pro-
gressively suppressed by the repetitive excitation,
whereas the blood pool is continuously refreshed by
inflow of fully relaxed spins into the image slice. As a
consequence, the blood in the cardiac chambers and
blood vessels is bright, whereas the surrounding
myocardium appears gray. This also explains why
imaging in the short-axis direction yields the highest
blood—myocardium contrast, whereas imaging in
imaging in long-axis planes may suffer from in-plane
saturation especially toward the LV apex. The great-
est shortcoming of this sequence is the low contrast
between blood and myocardium, hampering, for
instance, the use of automated edge detection algo-
rithms (Romiger et al. 1999). Several authors, there-
fore, advocated the use of intravascular contrast
agents to increase the blood—-myocardium contrast
and thus to facilitate endocardial border detection
(Stillmann et al. 1997; Alley et al. 1999).

The beginning of this century coincided with the
reintroduction and revival of the balanced steady-state
free-precession GE sequence, which rapidly became
the preferred bright-blood sequence for dynamic
cardiac imaging (cine MRI) (Barkhausen et al. 2001;
Carr et al. 2001; Thiele et al. 2001; Plein et al. 2001;
Moon et al. 2002; Lee et al. 2002; Fieno et al. 2002;
Alfakih et al. 2003a; Hori et al. 2003; Spuentrup et al.
2003). Use of this sequence, introduced in the early
1980s, was hampered for a long time because of
issues such as main field nonuniformity, eddy cur-
rents, and inhomogeneous magnetic susceptibility,

which have been solved with the newest-generation
scanners. The steady-state signal is largely indepen-
dent of inflow but is dependent on the T2-to-T1 ratio.
The benefits are not only a higher contrast between
cardiac cavities (high signal) and adjacent myocar-
dium (low signal), but also a significant improvement
in endocardial border detection (Barkhausen et al.
2001). Endocardial trabeculations and papillary
muscles are sharply defined independent of slice
orientation. A first consequence is that automated
algorithms should benefit from the increased blood-
myocardium contrast, but otherwise the increased
anatomic detail may pose new challenges to these
algorithms. Second, the differences in endocardial
border visualization between sequences will have a
significant impact on calculations of myocardial
thickness and mass, and ventricular volumes. Practi-
cally, the novel sequence yields consistently a sig-
nificantly thinner myocardial wall and lower
myocardial mass but conversely a higher ventricular
volume than the old spoiled GE sequences (Moon
et al. 2002; Alfakih et al. 2003a; Table 2). Similar
consistent differences between both sequences
were reported for cine imaging at high field (3 T)
(Hudsmith et al. 2006; Grothues et al. 2007).
Moreover, it is obvious that new reference values
are needed, although some suggest that existing
databases can be converted (Malayeri et al. 2008;
Cain et al. 2009). At the end of this chapter a
summary of normal values is provided (Maceira
et al. 2006a, b, 2010).
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3.1.3 Spatiotemporal Resolution,
Acquisition Time, and Acquisition
Window Length

Cine imaging is constrained by several issues, and one

should strive to find the best compromise between

parameters, which are hardware-, software-, and
patient-related. Patient-related issues (e.g., patient
safety, comfort) are primordial but only to a small
extent modifiable. For instance, one can endeavor to
increase the temporal resolution but if this is at the
expense of unacceptable long breath-hold periods this
will negatively impact patient comfort and coopera-
tion, and ultimately impair image quality. On the
other hand, progress in hardware and software design
has been that impressive in the last three decades that
imaging can be pushed nowadays toward its limits,
with high spatial and temporal resolution real-time
free breathing and four-dimensional breath-hold
imaging as the newest developments (Jahnke et al.

2006; Muthurangu et al. 2008).

Parameters that are important to consider for cine
imaging are acquisition window length, total acqui-
sition time, and spatial and temporal resolution. These
parameters are not independent but have a mutual
influence on each other. Changing one parameter will
have an immediate impact on the other parameters.
As discussed before, with the implementation of the
segmented k-space technique, the total imaging time
could be reduced to the length of a breath-hold period.
Hereby, the total acquisition time can be traded for
temporal resolution, and vice versa. To illustrate this,
if one uses 128 phase-encoding steps and a repetition
time of 9 ms, an increase of the number of k-lines
acquired per heart beat of 2 (from seven to nine)
decreases the breath-hold length by four heart beats
(from 18 to 14) but obligatorily prolongs the acqui-
sition window length by 18 ms (from 63 to 81 ms).
Thus, faster imaging is possible, hereby increasing
patient comfort, but these benefits are opposed by
increased motion blurring caused by the longer
acquisition length. Increasing acquisition length (e.g.,
100 ms) also signifies a lower number of image
frames per cardiac cycle, making dynamic views
shaky and resulting in a temporal resolution that may
be too low to accurately study the different events
occurring during the cardiac cycle, which may be
worsened, for instance, during stress imaging with
high heart rates (Setser et al. 2000). Incorrect deter-
mination of the end of systole (which lasts only for

40-50 ms) leads to an overestimation of end-systolic
volumes and underestimation of stroke volumes and
ejection fractions (Barkhausen et al. 2002; Miller
et al. 2002).

Several approaches have been developed to modify
one of the above-mentioned parameters (e.g., tem-
poral resolution) without influencing the others. One
is echo sharing or view sharing, which allows one to
double the effective temporal resolution without
changing the true temporal resolution or acquisition
time (number of k-lines x repetition time—Foo et al.
1995). It is based on reconstructing an intermediate
image with a timing exactly between two original
images, which is achieved by using the second half of
the k-lines from the original image immediately
before and the first half of the k-lines from the ori-
ginal image just after the newly reconstructed image.
A second way to increase temporal resolution is by
using echo-planar readout schemes, shortening
acquisition times (Lamb et al. 1996; Bornstedt et al.
2001). A third and highly versatile approach is par-
allel imaging (see “Cardiac MR Physics”; Sodickson
and Manning 1997; Griswold et al. 1999; Weiger
et al. 2000; van den Brink et al. 2003). Parallel
imaging offers a spectrum of flexibility that can be
used to shorten scan times in patients with limited
breath-hold capacity, or to increase the temporal or
spatial resolution (Kacere et al. 2005). One of the
major strengths of MRI is its high spatial resolution.
Normally, an in-plane pixel size of 1-2 mm can be
achieved in a reasonable breath-hold period while
maintaining high temporal resolution. Further
increase in spatial resolution would imply longer
acquisition times extending beyond the limits of
acceptable breath-hold periods. If the pixel size
increases, the accuracy of measurements, primarily of
ventricular volumes, decreases (Miller et al. 2002).
Slice thickness and slice spacing are two other
important parameters to consider, since they are a
main determinant of the total measurement time and
have an impact on assessment of global and regional
function. Use of thinner slices may be beneficial to
obtain sharper depiction of the myocardial borders,
and to reduce partial volume effects, in particular in
the LV apex, but the downside is that more slices (and
thus more breath-holds) are required to encompass the
ventricle, which increases the time for both acquisi-
tion and postprocessing. Moreover, the thinner the
slice, the lower the signal-to-noise ratio, although this is
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partially counteracted by the high intrinsic contrast-to-
noise ratios achieved with current cine imaging
sequences. In practice, a slice thickness of 6-10 mm in
adults and 5-8 mm in children can be recommended.
Slices do not necessarily need to be contiguous, and a
small slice gap (e.g., 2—4 mm) is acceptable to reduce
the measurement and postprocessing time without
influencing the accuracy of measurements (Debatin
et al. 1992a; Cottin et al. 1999).

3.1.4 Ultrafast and Real-Time Cine Imaging
The acquisition length of “regular” cine imaging has
been reduced to the duration of one breath-hold
period, during which up to three image slices can be
obtained. To cover completely the ventricle, a
number of repeated breath-holds is required.
Although this is sufficient to scan most patients in
resting conditions, there are a number of occasions
where accelerated imaging with further reduction in
acquisition length is absolutely required, allowing
one to acquire data in real time without the need for
breath-holding. These include patients with severe
cardiac arrhythmias, patients unable to cooperate
with or having difficulties in breath-holding such as
young children with congenital heart disease and
elderly patients having difficulties to understand the
operator’s instructions, and examinations during
stress conditions. Although regular cine sequences
can be modified into real-time sequences, this is at
the cost of lower spatiotemporal resolution, which
may affect diagnostic accuracy and impair image
quality. This has urged several groups to develop
clinically useful ultrafast and real-time sequences
with an acceptable temporal resolution (below
50 ms) and in-plane spatial resolution (below
2.5 mm) (Kramer et al. 2008). In addition to use of
techniques such as view or echo sharing and parallel
imaging, a substantial reduction in measurement
time can be achieved by developing novel strategies
to fill the k-space (e.g., partial k-space filling, radial
or spiral k-space filling), and by exploiting correla-
tions in k-space and time (k-t) such as k-t BLAST
and k-t SENSE techniques (see “Cardiac MR
Physics”; Setser et al. 2000; Nagel et al. 2000;
Kaji et al. 2001; Barkhausen et al. 2002; Lee et al.
2002; Spuentrup et al. 2003; Hori et al. 2003; Kiihl
et al. 2004; Taylor et al. 2005; Jahnke et al. 2006,
2007; Muthurangu et al. 2008; Lurz et al. 2009).

Other groups have explored the use of novel multi-
channel technology to speed up the acquisition
time for real-time two-dimensional and segmented
three-dimensional cine imaging (Parish et al. 2010;
Davarpanah et al. 2010). The results are promising,
showing good correlations between regular and accel-
erated cine imaging and applicable for both ventricles.
As an alternative to standard ECG-triggered cine
imaging, prospective cardiac—respiratory self-gated
cine imaging has recently been proposed (Manka et al.
2010). Particularly for patients who are unable to hold
their breath for a long period and for patients who
show ECG signal disturbances, this sequence may be a
valuable alternative.

3.1.5 Correction for Through-Plane Motion

Through-plane motion represents a major challenge to
achieve accurate volume measurements of the ven-
tricular cavities during the cardiac cycle. The
currently used two-dimensional tomographic MRI
techniques with fixed imaging planes encounter
problems in the study of organs such as the heart
exhibiting a three-dimensional deformation pattern.
The position of the heart with regard to a (fixed)
imaging plane constantly changes during the cardiac
cycle, and thus the heart will move forward and
backward through the slice of interest, a phenomenon
called “through-plane motion.” Thus, besides the
in-plane deformation and motion, one should take into
account the effect of through-plane motion as well.
The latter is most obvious at the atrioventricular
interface, when the heart is imaged in the short-axis
direction. Owing to the longitudinal systolic short-
ening of the ventricles (approximately 15% in normal
ventricles), the base of the heart moves toward the
cardiac apex (Rogers et al. 1991). As a direct conse-
quence, a short-axis slice positioned at the end of
diastole in the ventricular base will move during
systole into the atrium, and then return to its original
position during diastole (Fig. 11). Without correction
for through-plane motion, end-systolic ventricular
volumes are significantly overestimated, and stroke
volumes are underestimated (Marcus et al. 1999a).
Although slice-tracking techniques whereby the
position of the image slice is corrected for the
through-plane motion have been presented, they have
not yet become clinically available (Kozerke et al.
1999, 2001). Thus, correction techniques need to be
applied during image postprocessing, or alternative
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Fig. 11 Effect of through-plane motion. Horizontal long-axis
cine imaging with end-diastolic (a) and end-systolic (b) time
frames. As a consequence of longitudinal shortening (arrows)

approaches need to be used where the effects of
through-plane motion have a less important influence
on the volumetric measurements (see Sect. 3.1.6).
A first approach is the slice-omission technique,
omitting slicing that are atrially located at the end of
systole. This can be achieved taking into account
ventricular morphology, which is straightforward for
the left ventricle but more cumbersome for the right
ventricle. Short-axis slices with a complete LV mus-
cular ring are considered as ventricular, whereas
incomplete muscular rings with less than 50 or 75%
myocardium or thin-walled rings are considered as
atrial and are not taken into account. Although this
approach is easy to apply, it is not entirely correct
since the LV outflow tract is not taken into account.
Moreover, for instance, in patients with an inferobasal
LV infarct the normal myocardium may be replaced
by a thin fibrous scar and thus mistaken for an atrial
slice. This approach is much more difficult to apply to
the right ventricle because of the thin tight ventricular
free wall. A second approach is to use information
regarding the magnitude of long-axis shortening. This
can be achieved by measuring the longitudinal
shortening on a vertical or horizontal long axis and in
a next step by determining the number of short-axis
slices that need to be omitted at the end of systole, or

end systoleN

of the ventricle during systole, a slice through the basal part of
the left ventricle at the end of diastole will be positioned in the
left atrium at the end of systole

preferably by determining the position of the atrio-
ventricular valve on long-axis views and projecting
this information onto short-axis images. A third
approach is to use anatomical information specific for
the ventricles/atria to define the position of the
atrioventricular valve. This approach is more difficult
since it assumes appropriate knowledge of cardiac
morphology. Finally, it is important to emphasize that
because through-plane motion has a major impact on
calculated ventricular volumes, a consistent approach
is definitely necessary for repeated studies.

3.1.6 Cardiac Image Plane

Another important issue in assessing ventricular vol-
umes and function is the choice of imaging plane. It is
of interest to discuss and compare the advantages
and limitations of the different cardiac imaging
planes for both global and regional functional
assessment. The short-axis image plane is the most
commonly used. The left ventricle is shown as a
doughnut with the thin-walled right ventricle ven-
trally attached to it. On these short-axis slices
16 of the 17 standardized wall segments are well
visible (except the LV apex or segment 17, see
“Cardiovascular MR Imaging Planes and Segmentation”;
Cerqueira et al. 2002). Contouring of the endocardial
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and epicardial borders poses no problem and myo-
cardial contraction patterns are well evaluable.
However, it is not well suited to evaluate the apical
region of the ventricles, as well as the atrioventricular
interface, and no information regarding longitudinal
shortening is available. As discussed in the previous
section, correction for through-plane motion is of
utmost importance to achieve correct estimates of
ventricular volumes. A simple calculation under-
scores the magnitude of potential errors. The most
basal short-axis slice (using a thickness of 1 cm) has a
volume of 17 =9 ml at the end of diastole and
9 + 4 ml at the end of systole, (normal volunteers,
unpublished data). For LV end-diastolic and end-
systolic volumes of 130 ml and 45 ml, respectively,
including or excluding this slice leads to a volume
change of 13% and 20%, respectively.

The horizontal long-axis image plane (and also the
transverse image plane) has the intrinsic advantage that
the atrioventricular valves and their motion during the
cardiac cycle, as well as the ventricular apices, are well
visible. Moreover, in this plane the effects of through-
plane motion, for instance, at the region of the aortic or
pulmonary valve, are far less pronounced than the
through-plane motion occurring at the basal part of the
ventricles in short-axis views. Redoing our simple
calculation, the subaortic image slice has a volume of
6 = 1 mlat the end of diastole and 5 + 1 ml at the end
of systole (unpublished data). Any inaccuracies will
have a much smaller impact on LV volume calculations
than the short-axis image plane. However, this image
plane focuses also shortcomings. Because the image
plane is nearly perpendicular to the direction of dia-
phragmatic motion, inconsistencies in breath-hold
depth between the consecutive breath-holds may lead
to erroneous volume measurements. Moreover, the risk
of partial volume effects is greater than in the short-axis
direction, in particular along the anterior and inferior
LV wall, and in the neighborhood of the papillary
muscles.

A combination of imaging planes may potentially
overcome some of the inaccuracies related to the use
of a single image plane approach. A combination of
long-axis and short-axis images, for instance,
whereby short-axis information is used for the main,
central part of the left ventricle and the long-axis
information is used for assessment of the apical and
basal part of the left ventricle, may be a good alter-
native. Fusion of short- and long-axis information,

however, is still quite challenging. Another intrinsi-
cally highly appealing approach, described by
Bloomer et al. (2001) is a radial approach with long-
axis views, whereby the image plane is oriented
radially around the long-axis centerline of the left
ventricle (Clay et al. 2006). This approach has several
intrinsic advantages. The aortic valve, mitral valve,
and LV apex are well visible; the effects of through-
plane motion and partial volume effects are minimal,
and interobserver variability is low (variability less
than 2.3%). The greatest shortcoming is that the
sequence is designed to study the left ventricle, and
therefore no information regarding right ventricular
(RV) volumes and function is provided.

3.1.7 Endocardial and Epicardial Borders,
Myocardial Trabeculations,
and Papillary Muscles

As discussed in Sect. 3.1.2, the design of the bright-
blood sequence significantly influences endocardial
border visualization and thus has a nonnegligible
impact on ventricular volume and mass values.
Moreover, visualization of the external myocardial
border on bright-blood imaging may be impeded at
the heart-lung or heart—diaphragm interface because
of lack of contrast between these structures. Black-
blood cine imaging has recently been proposed as an
alternative for improved epicardial border depiction
(Basha et al. 2009). In our experience, border delin-
eation may be improved by using the dynamics of
cine imaging, i.e., using the forward and backward
button allows one to easily discriminate contractile
myocardial tissue from surrounding tissues.

Although anatomical structures such as the papil-
lary muscles and endocardial muscular trabeculations
represent only a small part of the myocardium, their
weight is nonnegligible and it should be decided
during image analysis whether they belong to the
myocardium or whether they are included in the
ventricular cavity, and it is obvious that for repeated
studies a consistent approach is obligatory (Papavassiliu
et al. 2005; Janik et al. 2008; Weinsaft et al. 2008;
Table 3; Fig. 12). The approach to be used will be
influenced by the underlying pathological abnormal-
ity. For instance, if the question is assessment of
myocardial mass such as in patients with arterial
hypertension, aortic stenosis, hypertrophic cardiomy-
opathy, or myocardial storage diseases, it is advisable
to include papillary muscle volumes because they are
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Table 3 Inclusion or exclusion of papillary muscles and trabeculations into the LV cavity and the influence on global functional
parameters and LV mass

Papillary muscles and trabeculations included

Papillary muscles excluded

Trabeculations excluded

120.8 £ 31.7 101.1 £ 27.8%*
424 £ 143 326 £ 11.1*
652 £ 4.4 68.2 £ 4.8*

118.7 £ 23.0 129.7 £ 25.1*

EDV (ml) 130.8 + 334
ESV (ml) 512 £ 155
EF (%) 60.9 £ 3.7
Mass (g) 110.6 + 23.1
*p < 0.001

EDV (ml) ESV SV(ml) | EF (%) Mass (g)
(ml)
Papillary muscles / trabeculations 134 39 95 71 138
included in myocardium
Papillary muscles / trabeculations 161 59 102 63 114
included in LV cavity

Fig. 12 Impact of endocardial trabeculations and papillary mus-
cles on calculations of LV volumes, mass, and function. Midven-
tricular short-axis cine imaging at the end of diastole (a) and at the
end of systole (b). The continuous line shows the endocardial
border including the papillary muscles and trabeculations into the
myocardium. The fine dashed line shows the endocardial border,
excluding the aforementioned structures from the myocardium.

usually pathologically remodeled or involved. In most
other conditions, however, it may be recommendable
to consider the papillary muscles and myocardial
trabeculations as part of the ventricular cavity. For
instance, to achieve homogeneous regional data on

The coarse dashed line shows the epicardial LV border. Note that
the interface with the adjacent lung (white arrowheads) and
infradiaphragmatic structures (white arrows) impedes the visual-
ization of the epicardial contours. Compaction of the endocardial
trabeculations in the right ventricle to the ventricular septum at the
end of systole (black arrows) may lead to an overestimation of the
true septal wall thickness and thus of the LV mass

systolic LV wall thickening, the papillary muscles and
trabeculations located principally along the lateral LV
wall can be best excluded both at the end of diastole
and at the end of systole. This approach yields data
regarding the thickness and systolic thickening of the
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compact myocardial layer (see Table 13; Dawson
et al. 2011). Regarding the right ventricle, which
usually more trabeculated than its left counterpart, it
is nearly impossible to delineate all individual
trabeculations.

3.1.8 Recommendations for Right
Ventricular Volume, Function,
and Mass Assessment

Quantification of RV volume, mass, and function is
important in numerous congenital and acquired car-
diac diseases primarily or concomitantly affecting the
right ventricle (Katz et al. 1993; Tardivon et al. 1994;
Casalino et al. 1996; Marcus et al. 1998; Kroft et al.
2000; Hoeper et al. 2001). Because of the complex
anatomy and form, the thin wall with coarse trabe-
culations, and the anterior position within the chest of the
right ventricle, accurate imaging of RV function is
challenging with traditional imaging modalities such as
echocardiography (Mertens and Friedberg 2010).
Although MRI can tackle these challenges much more
easily, and therefore can be considered presently as the
reference technique, recommendations for appropriate
image acquisition and analysis are needed (Sugeng et al.
2010; Haber et al. 2005). It is obvious that because of the
complex shape of the right ventricle, volumetric quan-
tification is preferred above geometric assumptions
(Markiewicz et al. 1987a). The influence of the image
plane on ventricular volume calculations was discussed
in Sect. 3.1.6. Whereas for the left ventricle the short-
axis plane is the standard image plane, the transverse or
horizontal long-axis plane is probably more appropriate
to quantify RV volumes and function (Jauhiainen et al.
2002; Alfakih et al. 2003b). In patients with primary RV
disease (e.g., arrhythmogenic RV dysplasia/cardiomy-
opathy—pulmonary hypertension—tetralogy of Fallot),
most likely a combination of imaging in two perpen-
dicular directions, e.g., short-axis and horizontal long-
axis imaging, is the most appropriate because it yields
the advantage that regional function can be well assessed
throughout the right ventricle. Accurate quantification of
RV mass remains problematic in patients with normal
RV wall thickness, and even in patients with wall
hypertrophy it remains challenging and time-consuming
to delineate the individual trabeculations (Winter et al.
2008). For RV wall mass calculations the ventricular
septum is usually excluded. Normal values for RV vol-
umes, function, and mass are provided at the end of this
chapter (see Table 7).

Reference value
r

Probability
density

Accuracy

‘% Value
Precision

Fig. 13 Accuracy and precision of cine imaging measure-
ments. “Accuracy” indicates the proximity of the measure-
ment result to the true value, and “precision” indicates
the degree of reproducibility of the measurement. (From
http://en.wikipedia.org/wiki/Accuracy_and_precision)

3.1.9 Accuracy and Precision
of Measurements

A measurement, for example, of LV ejection fraction,
is valid if it is both accurate and precise. It is
important to be familiar with the difference between
the terms “accuracy” and “precision” (Fig. 13).
“Accuracy” is the degree of veracity, whereas
“precision” is the degree of reproducibility or repeat-
ability. Ideally a measurement device, such as cardiac
MRI, should be both accurate and precise, with
measurements all close to and tightly clustered around
a single value, representing the truth. To determine the
accuracy of a technique, comparison with a reference
standard (e.g., phantom model) (Debatin et al. 1992a,
b; Verberne et al. 2006) is the most established method,
and the question to be answered is how close does the
estimate approach the reference.

However, when estimates are repeated by same
observer in the same person over a short period of time
under the same conditions using the same instrument,
most likely different values will be obtained (Semelka
et al. 1990a, b; Yamaoka et al. 1993; Pattynama et al.
1993, 1995; Bogaert et al. 1995). The size of the data
cluster determines how precise the technique is, or how
reproducible the measurements are. Knowledge of the
precision is crucial to determine whether a change in a
measured parameter is due to a real change or due to a
lack of precision, and it has to take into account the
relative contribution of interstudy, interobserver, and
intraobserver error (or variability). For instance, a 5%
gain in LV ejection fraction after myocardial infarction
may reflect a true functional improvement (e.g., recovery
of stunned myocardium) when using one imaging
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Table 4 Variability of LV measurements obtained with cine MRI

Mean value Within-subject variance Within-subject SD 95% range for change
EDV (ml) 187 20.2 45 12.5
ESV (ml) 68 15.9 4.0 11.0
SV (ml) 119 14.0 3.7 10.4
EF (%) 63.6 297 1.7 4.8
CO (I/min) 6.86 0.13 0.36 0.99
MM (g) 119.4 16.9 4.1 11.4

The 95% range for change is also called the “repeatability coefficient.” Data were calculated by performing ten repeated MRI studies
in two controls over a period of five consecutive days. Imaging was performed in the short-axis direction using b-SSFP cine MRI

SD standard deviation, MM myocardial mass

Fig. 14 End-diastolic (fop) and end-systolic (bottom) short-axis cine images at the midventricular level from four different studies
obtained in a control subject (see Table 4). Note slight differences in respiratory depth between studies

modality but lack of precision when using another.
Precision is usually characterized in terms of the standard
deviation (SD) of the measurements. The spread of
measured values around the expected value, reflecting
the statistical dispersion, is also known the variance
(Fig. 13). The square root of the variance, or the within-
subject SD, is often used as a summary of dispersion. This
parameter indicates the limits around a single measure-
ment that must be regarded as possible values for the
true measurement. To determine whether in a patient a
change in the value between repeated measurements
reflects a true change, the 95% range for change or
repeatability coefficient is used, which is defined as
2\/2 x within-subject SD. In analogy to a previous

study by Pattynama et al. (1993), the above values were
recalculated for the novel steady-state free-precession
cine MRI sequence by performing ten repeated studies in
two normal controls (Table 4, Figs. 14, 15).

The precision of an imaging technique determines
the sample size required to demonstrate a clinical
change, which is a major cost in pharmaceutical trials
(Bottini et al. 1995; Bellenger et al. 2000b). Com-
pared with echocardiography using geometric models
to quantify LV volumes and mass, breath-hold cine
MRI with volumetric ventricular quantification has a
much higher reproducibility, thus requiring smaller
sample sizes than echocardiography to detect changes
in volumes, mass, and function (Myerson et al. 2002b;
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Ejection Fraction
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Fig. 15 Bland-Altman plots showing mean the interobserver
and intraobserver difference, and the upper and lower limits of
agreement for LV ejection fraction. The range of values for the
ejection fraction obtained in ten repeated cine imaging studies
in two healthy controls can be well appreciated. The open
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circles represents one control, and the filled circles represent
the other control. All studies were read twice by one observer,
as well as independently by a second observer, allowing the
intraobserver and interobserver variability to be calculated

Table 5 Sample size required to detect the same change in LV mass and function by echocardiography and MRI with a power of

90% and p < 0.05

Clinical change Echocardiography

SD n
EDV, 10 ml 23.8 121
ESV, 10 ml 15.8 53
EF, 3% (abs) 6.6 102
Mass, 10 g 36.4 273

MRI Reduction in sample size (%)
SD n

74 12 90

6.5 10 81

2.5 15 85

6.4 9 97

Adapted from Bellenger et al. (2000a, b, c)

Table 5). In a study by Grothues et al. (2004) evalu-
ating the interstudy reproducibility of MRI, they
reported lower reproducibility values for the right
ventricle, indicating that the sample sizes for this
ventricle need to be larger than those for the left
ventricle.

3.1.10 Comparison with Other Cardiac
Imaging Techniques

Since the first publications on the use of MRI for quan-
tification of cardiac volumes, function, and mass, results
have been compared with those obtained with other
“established” techniques, such as contrast ventriculog-
raphy, echocardiography, radionuclide imaging, and
indicator dilution or thermodilution techniques

(Longmore et al. 1985; Stratemeier et al. 1986; Kaul
etal. 1986; Mogelvang et al. 1986; Dilworth et al. 1987;
Markiewicz et al. 1987b; van Rossum et al. 1988a, b;
Culham and Vince 1988; Debatin et al. 1992b; Gopal
etal. 1993; Herregods et al. 1994; Bavelaar-Croon et al.
2000; Chuang et al. 2000; Bellenger et al. 2000a, 2002;
Chuang et al. 2000; Myerson et al. 2002a; Rajappan
et al. 2002; Sierra-Galan et al. 2003; Ichikawa et al.
2003). Nowadays, we notice the opposite phenomenon,
i.e., MRI is increasingly used to validate other (novel)
quantification approaches, emphasizing that MRI has
become a front player when it comes to assessment of
cardiac functional performance (Sugeng et al. 2006;
Niemann et al. 2007; Nesser et al. 2007, 2009). Another
important issue is whether results are interchangeable
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Fig. 16 Ventricular stroke volume assessment with phase-
contrast MRI. The left panel shows a LV inflow—outflow tract
view. Phase-contrast velocity imaging through the aortic root
(red line) or the mitral valve (black line) allows one to visualize
and quantify the amount of blood that passes through the aortic
root (arrow, a) and the mitral valve (arrowhead, b), and allows

among imaging modalities. The literature often shows
poor to moderate agreement between imaging tech-
niques, and points out that one has to be careful
when extrapolating data (Bellenger et al. 2000a, 2002;
Bavelaar-Croon et al. 2000; Chuang et al. 2000;
Rajappan et al. 2002). This is not surprising if we
realize that with a single imaging technique differ-
ences of up to 15% in ejection fraction were found in
39 participating centers that tested their performance
to assess LV ejection fraction with a gated single-
photon-emission computed tomography phantom
(Verberne et al. 2006).

3.2 Ventricular Stroke Volume

Assessment with Phase-Contrast MRI

Phase-contrast imaging does not provide information
on ventricular volumes, ejection fraction, or mass, but

one to calculate the stroke volume curves (right panel).
Although this technique is accurate for measurement of stroke
volume, no information is provided on ventricular volumes,
ejection fraction, or mass. This technique is routinely used for
valvular heart disease assessment and for shunt calculation

it is still a very attractive, fast sequence that is very
often used in daily routine practice to assess cardiac
performance (Kondo et al. 1991; Fig. 16). It can be
seen as an adjunct to the previously described volu-
metric approaches to assess the cardiac ventricles.
Although volumetric approaches deduce the ventric-
ular stroke volume by measuring the difference
between end-diastolic and end-systolic volume,
similar information can be obtained by performing a
flow measurement through the atrioventricular
(“inflow”) or the ventriculoarterial (“outflow”) valve
of the ventricle of interest. In normal circumstances,
volumetric stroke volumes and inflow and outflow
stroke volumes should be identical. This combined
approach is the method to quantify leaking cardiac
valves and determine the degree of secondary ven-
tricular remodeling (see “Valvular Heart Disease”).
By measuring stroke volumes in the ascending aorta
and pulmonary artery, one can noninvasively quantify
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Fig. 17 Overestimation of true myocardial wall thickness
using nonperpendicular imaging. Horizontal (a) and vertical
(b) cine imaging showing the end-systolic time frame. The
short-axis image direction is shown by the dashed lines.
Although the risk of overestimation of true myocardial wall

the presence and severity of a cardiac shunt (Arheden
et al. 1999; Beerbaum et al. 2001; Powell et al. 2003;
see “Congenital Heart Disease”).

3.3 Regional Ventricular Function

A comprehensive evaluation of ventricular performance
should extend beyond the level of assessment of global
ventricular performance (see Sect. 3.1) and should also
include evaluation of regional performance. This is
crucial since many cardiac diseases focally affect the
heart, causing functional impairment in the diseased
region. The net effect on global performance depends on
the extent of regional dysfunction, and the impact on the
remote myocardium. In the following sections, first the
routinely used parameters to express regional ventricular
function are highlighted, followed by a discussion on
myocardial tagging and how this technique can be used
to measure myocardial strain.

3.3.1 Myocardial Wall Motion and Wall
Thickening

As mentioned in Sect. 2, the left ventricle exhibits
a complex contraction, causing longitudinal and

thickness (ideal slice cut for correct measurement shown by the
full lines) is minimal at the LV base, because of its curved
nature, the wall thickness is significantly overestimated
approaching the LV apex

circumferential shortening, and myocardial wall
thickening. These can be evaluated to express regio-
nal performance. For instance, preserved myocardial
wall thickness is a good indicator of the presence of
viable myocardium in the setting of chronic myo-
cardial ischemia (Baer et al. 1994), whereas systolic
wall thickening provides a powerful measure of
regional performance, which is independent of any
external reference point and can be used for assess-
ment during pharmacological stress. Wall motion and
wall thickening can be visually assessed using a
grading system or can be quantified. A useful visual
grading system for systolic wall thickening is normal
wall thickening, diminished or absent wall thickening,
systolic wall thinning, and conversely increased wall
thickening. Delineating endocardial and epicardial
borders at the end of diastole and at the end of systole,
usually on short-axis cine images, enables one to
calculate absolute and relative wall thickening. The
results can be averaged and expressed per region,
using, for instance, the standardized 17-segment
approach, or a modified centerline technique running
through the middle of the myocardium on which
100 chords are defined and the systolic changes in
chord length quantified (see Fig. 40). Although both
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methods represent an accurate way to express wall
thickening, some comments are necessary. To achieve
acorrect estimate of wall thickness, one should perform
perpendicular measurements through the wall. How-
ever, as shown in Fig. 17, short-axis images cut the
myocardium not perpendicularly but obliquely in the
LV apex, leading to some degree of partial volume
effect and overestimation. Three-dimensional recon-
structions can completely compensate for this devia-
tion and provide an exact wall thickness (Aurigemma
et al. 1992; Lima et al. 1993; Forbat et al. 1994).
Second, because of through-plane motion, one
should correct for this motion to achieve correct mea-
surements of wall thickening (Pattynama et al. 1992).
Third, as mentioned in Sect. 3.1.7, the papillary
muscles as well as trabeculations may significantly
influence (i.e., overestimate) wall thickness values,
especially at the end of systole. Therefore, it is advis-
able to exclude during delineation both structures from
the myocardium (Dawson et al. 2011; Fig. 12).

For regional wall motion analysis, a semiquanti-
tative visual analysis is often used clinically. Different
grades for wall motion are used: normokinesia
(i.e., normal wall motion toward the center of the
ventricle), hypokinesia (i.e., decreased wall motion),
akinesia (i.e., absent wall motion), dyskinesia
(i.e., outward wall motion), and hyperkinesia
(i.e., increased wall motion) (Fig. 18). Hypokinetic
wall motion can be furthermore subdivided according
to the severity (e.g., mild, moderate, severe). As for
systolic wall thickening, contouring of the endocar-
dial and epicardial border may help to quantify
motion, e.g., the amount of centripetal motion of the
endocardial border during systole. Again some com-
ments are needed. First, circumferential wall motion
is expressed using a reference point, which is usually
the center point of the LV cavity. Use of a fixed center
point may be preferable to use of a floating center
point (i.e., center point redefined at the end of
systole), in particular in patients with focal disease
(e.g., myocardial infarction), because the latter tends
to overestimate the wall motion in the diseased
regions at the cost of wall motion in the remote
regions (Masci et al. 2009). Second, endocardial cir-
cumferential wall motion is heavily influenced by
wall thickness and systolic wall thickening (see
Sect. 2). Therefore, Ugander et al. (2010) argued that
epicardial wall motion and related changes in epi-
cardial volume are a better measure of short-axis

function than endocardial motion. Third, to accurately
quantify wall motion patterns, myocardial markers are
needed enabling one to trace the motion throughout
the cardiac cycle. Although this can be achieved to a
limited extent using anatomical landmarks (RV
insertions, papillary muscles), MRI myocardial tag-
ging and related techniques are ideal for this purpose.
Finally, in contrast to the three-layered configuration
of the LV wall (i.e., oblique endocardial and epicar-
dial layer, circumferential midwall), the RV wall has
a two-layered appearance with oblique epicardial and
longitudinally oriented endocardial fibers, whereby
the latter follow the direction of the inflow and out-
flow tract. As a consequence, the kinetics of the RV
wall differs from that of its left counterpart, exhibiting
a similar twisting pattern, but more longitudinal strain
and a greater amount of displacement.

3.3.2 Myocardial Strain and Motion Imaging
Myocardial strain can be defined as the relative two-
dimensional or three-dimensional deformation of
myocardium by an internal or external force, whereas
strain rate is the rate of this deformation (Abraham and
Nishimura 2001). Before the era of MRI, implantation
of metallic beads, strain gauges, or coils was indis-
pensable to study myocardial strain and motion pat-
terns (Hansen et al. 1988; Waldman et al. 1985, 1988),
evidently limiting this kind of research to animal
models or posttransplant patients. In the late 1980s, two
landmark articles opened the door toward noninvasive
myocardial strain assessment using an MRI technique
called myocardial tagging (Zerhouni et al. 1988; Axel
and Dougherty 1989a, b ). Briefly, tagging consists in
creating markers on the myocardium that can be used as
internal landmarks to depict the myocardial deforma-
tion. Spatially selective destruction of the myocardial
magnetization occurs if in one or more planes orthog-
onal to the imaging plane radio-frequency pulses are
applied prior to the imaging process (Fig. 19). As a
consequence, at the intersection of the tagging plane(s)
and the imaging plane, local magnetization is destroyed
and this will be visible as hypointense or black line(s)
on the image plane in clear contrast with the nontagged
gray myocardium. If subsequent myocardial deforma-
tion occurs, these tag line(s) will deform, and this
deformation and displacement can be used for strain
analysis (Young and Axel 1992; Young et al. 1993).
Depending on the T1 relaxation time of myocardium,
the tags slowly fade away but normally persist for
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Fig. 18 Examples of the
different wall motion patterns
on short-axis cine imaging.
Each row shows an end-
diastolic (/eft), a mid-systolic
(middle), and an end-systolic
(right) image.

a Normokinesia, b minor
hypokinesia in ventricular
septum (arrows), ¢ focal
severe hypokinesia in anterior
LV wall (arrows), d akinesia
of the inferolateral LV wall in
an old transmural myocardial
infarction (arrows),

e dyskinesia of the inferior
wall in a patient with an old
transmural myocardial
infarction with aneurysm
formation (arrows), and

f hyperkinesia of the entire
LV wall in a patient with a
severe congenital aortic
stenosis. Careful analysis of
endocardial and epicardial
border motion during cardiac
contraction allows one to
express the wall motion
pattern. Dynamic assessment
using the viewing mode is
very helpful for visual
analysis. Note the outward
motion of the aneurysm in the
patient with the dyskinetic
wall motion pattern (e), and
the subtotal occlusion of the
LV cavity in the patient with
the hyperkinetic wall motion
pattern (f). Moreover, focal
hypokinesia (b) may be
masked if the contractility of
the surrounding myocardium
is well preserved
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Radial Tagging

_r—

.» cardiac short-axis

Fig. 19 Principles of creating myocardial tags using radial
MRI tagging. Short-axis view (left) and enlarged view (right)
using the spoiled gradient-echo technique. Tag prepulses, in
four tag planes perpendicular on the short-axis plane crossing in

Fig. 20 Spatial modulation
of magnetization (SPAMM)
tagging creates a grid on the
myocardium. Example of
short-axis SPAMM tagging.
Six time points are shown
during cardiac systole
(45-345 ms). The original
grid at the end of diastole is
rapidly deformed by the
myocardial deformation. Note
that in the inner myocardial
layers, deformation is larger
than in the outer layers

several hundred milliseconds, and if they are imple-
mented at the time of the end of diastole, a large portion
of the cardiac cycle can be studied. Different types of
tagging sequences are currently available (Axel et al.

non-tagged
myocardium

the center of the left ventricle, create eight tag lines on the
myocardium. These tag lines are in contrast with the nontagged
myocardium, and allow one to analyze the myocardial defor-
mation during the cardiac cycle

2005). Spatial modulation of magnetization (SPAMM)
tagging is likely the most frequently used tagging
technique (Axel and Dougherty 1989a, b; Fig. 20). The
tagging sequence modulates the magnetization, and



Cardiac Function

133

Fig. 21 Two-dimensional
tagging analysis. Tagging in
the cardiac short-axis view
(a, b) and horizontal long-axis
view (¢, d) and end-diastolic
(right) and end-systolic (left)
time frames. Tracking of the
grid intersections (indicated in
red) on the short-axis views
and the intersections of the
tags with the endocardial and
epicardial border (indicated in
red) on the long-axis views
allows one to analyze the
local myocardial deformation

thus the magnetic resonance signal, with a sinusoid line
profile in one direction or in two perpendicular direc-
tions, creating a set of parallel line tags or a grid on the
myocardium. It is basically a two-dimensional
approach, although three-dimensional approaches have
been proposed (Kuijer et al. 2002; Ryf et al. 2002). The
other approach is to use precise definition of the tag
lines, enabling one to study a ventricle in different
geometric patterns (Zerhouni et al. 1988). Because of
the helical configuration, an elegant approach to study
the left ventricle is the use of a radial geometric pattern
with the tag lines crossing each other in the center of the
LV cavity, whereas in the long-axis direction, parallel
oriented tags are used (see Fig. 21). Both approaches
have advantages and disadvantages. Radial tagging has
the advantage of easier merging of short-axis and long-
axis images in a truly three-dimensional data set
(Fig. 14). The markers or tagging points are more
homogeneously distributed over the myocardium, and
the endocardial and epicardial borders are more easily
delineated than on SPAMM tagged images. However,

implementation of these tags is not straightforward and
no postprocessing packages are commercially avail-
able. Prolonged tag persistence can be achieved when
scanning with high-field (3-T) magnets (i.e., longer T1
relaxation time), and by using optimized sequences
such as complementary SPAMM tagging (Fischer et al.
1993). Several further improvements of the tagging
technique have been proposed, but an extensive
description is beyond the scope of this chapter (Bolster
et al. 1990; Pipe et al. 1991; Rogers et al. 1991;
McVeigh and Zerhouni 1991; McVeigh and Atalar
1992; Hendrich et al. 1994; Moore et al. 1994; O’Dell
et al. 1995; Perman et al. 1995; Bosmans et al. 1996;
Spiegel et al. 2003). It should be added that tagging can
be perfectly applied to the right ventricle as well (Naito
et al. 1995), but the thin RV wall and complex RV
geometry makes tagging technically more challenging.
For completeness, tagging techniques are not exclu-
sively designed to study the myocardium, but can also
be applied to evaluate inflammatory fusion of pericar-
dial layers, to distinguish slow flow from thrombus, or
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Cine Imaging Strain Encoded MR

Longitudinal Strain (%)

Longitudinal Strain Rate (1/s) .

10 min. After Dobutamine Stress

Fig. 22 Strain-encoded (SENC) MRI in a patient with CAD.
Mid-short-axis SENC and cine images are shown (a—h). With
cine images, inducible ischemia is detected only during peak
stress in the midanterior left ventricular wall (e, white arrow).
Conversely, with SENC images, a subtle, albeit clearly
detectable, strain defect is already observed during intermediate
stages (e, white arrow). Quantification analysis showed that
peak systolic strain decreased stepwise during inotropic

to differentiate solid structures (e.g., differentiate
muscular tissue from tumor) (Hatabu et al. 1994,
Kojima et al. 1999). A major shortcoming to clinically
implement myocardial tagging is the tedious and time-
consuming analysis, necessitating operator interaction.
To overcome this problem, the harmonic phase
(HARP) method, measuring the spectral peaks in
k-space, was proposed, providing automatic and rapid
analysis of tagged images, thus opening the door
toward strain imaging in stress conditions (Osman et al.
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stimulation (as indicated by black arrows and green arrows
in i), whereas the peak systolic strain rate remained unchanged
(j, dotted circle). The presence of a 68% diameter lesion in the
left distal anterior descending artery was confirmed by angi-
ography (k, 1). Arrowheads indicate signal voids on SENC
images due to low signal-to-noise ratio. (Reprinted from
Korosoglou et al. 2010b)

1999; Sampath et al. 2003). In 2001, Osman et al.
(2001) proposed the strain-encoded (SENC) MRI
method, based on the principle of HARP-MRI. Instead
of planning the tag surfaces orthogonal to the image
plane, positioning tag planes parallel to the image
plane provides information regarding through-plane
motion and strain. This is achieved by applying the
tagging (modulation) gradient in the slice-selection
direction. In this way short-axis SENC-MRI provides
information regarding the longitudinal cardiac strain.
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Mid-systole

Fig. 23 Magnitude images (top row), color-coded maps of
radial velocities (middle row), and pixelwise arrow plots of in-
plane velocity vector fields (bottom row) in a basal slice for five
cardiac frames (isovolumetric contraction/relaxation). The data

To compute a SENC strain map, two SENC images
with different tuning frequencies (low and high tuning)
are acquired. This strain map is subsequently overlaid
on the anatomical image, and is presented as a color-
coded functional image. Pan et al. (2006) developed a
real-time FastSENC variant with an in-plane resolution
of 4 mm x 4 mm, a temporal resolution of 37 ms, and
complete coverage of the cardiac cycle. This technique
has the major advantage over conventional tagging
techniques that strains are directly visualized. Promis-
ing results have been reported by single centers,
awaiting a more widespread use of the FastSENC
technique (Fig. 22) (Korosoglou et al. 2008, 2009a,
2010a, b; Neizel et al. 2009).

A second approach to measure myocardial motion
is phase-contrast velocity imaging (Constable et al.
1994; Lingamneni et al. 1995). Since each pixel
contains velocity data, this intrinsic information can
be used to measure myocardial velocities and dis-
placement. Displacement encoding with stimulated
echoes (DENSE) imaging represents a phase-contrast

Mid-d_iastole Late diastole

set of a healthy volunteer was acquired during free breathing
with a temporal resolution of 13.8 ms. (Reprinted from Jung
et al. 2006b)

imaging sequence that is optimized to measure
myocardial displacement and enable two- or three-
dimensional tissue tracking (Aletras et al. 1999a, b;
Kim et al. 2004; Spottiswoode et al. 2008; Hess et al.
2009). Recently, the DENSE technique showed that
the highest contractility inside the LV myocardium
has the form of an open figure eight, suggesting the
existing of a functional helical myocardial band
(Nasiraei-Moghaddam and Gharib 2009). Tissue
phase mapping is another optimized phase-contrast
imaging sequence with three-dimensional velocity
encoding, sensitivity for low velocities, and black-
blood preparation to directly measure myocardial
velocities with high spatial and temporal resolution
(as short as 14 ms) (Petersen et al. 2006; Jung et al.
2006a; Foll et al. 2009, 2010; Lutz et al. 2011;
Figs. 23, 24). Although the temporal resolution is
excellent, making it competitive with tissue-Doppler
imaging, the data acquisition and image processing
times remain long, limiting its use in daily practice
(Foll et al. 2009).
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Fig. 24 Time courses of
radial (fop), circumferential
(middle), and longitudinal
(bottom) velocities with high
temporal resolution averaged
over all volunteers. Each
graph shows a comparison of
data for basal, midventricular,
and apical slice location. ES
end of systole. (Reprinted
from Jung et al. 2006b)

<V circumferential> [cnv's) <V radial> [cm/s)
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Fig. 25 Two-dimensional principal strain analysis (“Moore’s
principle”). Short-axis SPAMM tagging at the end of diastole
(a) and at the end of systole (b). The circle that fits in the
equiangular triangle at the end of diastole is transformed by
the underlying myocardial deformation into an oval at the
end of systole. This oval is defined by two axes. The short
axis corresponds with the first principal strain. This is a
shortening strain and corresponds with the circumferential

3.3.3 Principles of Myocardial Strain
Analysis

To properly describe and decompose the complex
three-dimensional myocardial strain during the
cardiac cycle, one can use a Cartesian coordinate
system, or describe strain independently of a coordi-
nate system (Waldman et al. 1985, 1988; Figs. 25, 26,
27). It is obvious that a local cardiac coordinate sys-
tem is much more practical to describe and under-
stand myocardial strain than the XYZ coordinate used
by the magnet (Fig. 26). This local coordinate system
consists of three orthogonal axes, radial-circumferential—
longitudinal (RCL), the first two, i.e., circumferential
and longitudinal, are oriented tangential to the LV
wall, whereas the third one, i.e., radial, is perpendic-
ular to the LV wall. Deformation is then described
in three normal strains and three shear strains
(Moore et al. 1992; Pipe et al. 1991; Young and Axel
1992; Young et al. 1993, 1994; Bogaert 1997; Gotte
et al. 2006). Normal strains quantify displacements or
changes in length along a coordinate system. They
can be positive or negative, for example, positive

shortening. The long axis of the oval represents the third
principal strain. This strain is a positive strain and corre-
sponds with the radial strain (systolic wall thickening). The
principal axes reflect the direction of the principal strains.
The axes of shortening and lengthening correspond closely
with the direction of circumferential shortening and wall
thickening, respectively. The dashed lines represent the
endocardial and epicardial borders

radial strains represent wall thickening, whereas
negative strains represent segment shortening for
longitudinal shortening. Shear strains quantify forces
acting in two opposite directions. These will typically
deform a square into a parallelogram (Fig. 27). For
the RCL coordinate system, the shear strains
are radial-circumferential, longitudinal-radial, and
circumferential-longitudinal. The best known shear
strain is the circumferential-longitudinal shear strain,
describing the LV (un)twisting. Quantification of the
shear strain is a parameter of ventricular torsion
(Buchalter et al. 1990; Lorenz et al. 2000). In Fig. 26
shows how with the use of merging of tagging at
short-axis and long-axis levels (using the planes both
for imaging and for tagging) the left ventricle can be
divided into 32 small myocardial pieces (cuboids)
(Goshtasby and Turner 1996; see Fig. 26). Each of
these cuboids is defined by eight node points,
obtained from the crossing of tag lines with endo-
cardial and epicardial borders, allowing a four-
dimensional analysis of this cuboid based on the
three-dimensional displacement of the node points
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Fig. 26 Merging of long-axis and short-axis radial tagging
into a three-dimensional myocardial deformation scheme.
Using a combination of long-axis and short-axis tagging, one
can divide the LV myocardium into small blocks of myocardial
tissue (cuboids) defined by the node points in three-dimensional

during the cardiac cycle. To increase our under-
standing of how the basic action of fiber shortening
and lengthening relates to the regional myocardial and
global ventricular deformation, the RCL coordinate
system can be transformed into a local fiber coordi-
nate system (radial-fiber—cross-fiber), using standard
fiber angle orientations obtained from autopsy studies
(ideally these data should be measured in vivo using,
for instance, diffusion tensor imaging). The fiber
direction represents the oblique direction of the
endocardial or epicardial fibers, whereas the cross-
fiber is oriented orthogonally in the endocardial or
epicardial surface, and the radial axis remains the
same as in the RCL coordinate system.

If no coordinate system is used, one can describe
myocardial strain in three principal strains and and
with three principal angles or axes of deformation
(Waldman et al. 1985; Azhari et al. 1993; Croisille

tag plane
cardiac short-axis

\\
imaging plane
cardiac long-axis

node point

/\ myocardial

coordinates

fiber
coordinates

F

space. Their coordinates can be expressed in a local cardiac
radial-circumferential-longitudinal coordinate system or in a
fiber radial-fiber—cross-fiber coordinate system. This approach
allows a three-dimensional strain calculation during the cardiac
cycle

et al. 1999; Fig. 25). The (end-systolic) principal
strains are ranked according to the magnitude of
deformation starting with the (most) negative. Thus,
the first principal strain is a shortening strain. The
second is often negligible but sometimes shows a
substantial shortening, especially near the endocar-
dium, whereas the third principal strain is usually a
positive (or thickening) strain, corresponding to the
radial strain. The principle axes reflect the direction of
the three principal strains. Whereas at the subepicar-
dium the principal axis of shortening corresponds to
the direction of the obliquely oriented subepicardial
fibers, at the subendocardium this axis is nearly
perpendicular to the endocardial fiber direction,
suggesting substantial transmural fiber interaction,
leading to the so-called phenomenon of cross-fiber
shortening (Waldman et al. 1985, 1988; Rademakers
et al. 1994).
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Fig. 27 Decomposition of the complex deformation of the
myocardial cuboid during systole into three normal strains
(middle left) and three shear strains (middle right).

g

end diastole end systole

Fig. 28 Regional ejection fraction. Two adjacent radial tag
lines on two adjacent levels describe an intracavitary triangle
with the apex in the center of the left ventricle and the base on
the endocardial surface. In this way, one cuboid describes a
triangular volume, which permits calculation and quantification
of the regional ejection fraction for this cuboid

3.3.4 Regional Ejection Fraction

Defining a simple-to-use parameter that expresses
regional performance, i.e., regional ejection fraction,
remains challenging. Such a parameter would be most
welcome to better appreciate the contribution of the
different parts of the ventricular wall to the global

CL Shear

RL Shear

APEX

End Ejection

CR Shear

Nondeformed myocardial cuboid at the of end diastole (left)
and the same cuboid at the end of systole (right)

ventricular performance. As mentioned earlier, tag-
ging can be used to divide the myocardium into small
cuboids. Since each cuboid describes a triangular
volume of blood, the changes in this blood volume
over the cardiac cycle can be used to calculate a
regional ejection fraction (Bogaert et al. 1999, 2000;
Bogaert and Rademakers 2001; Rademakers et al.
2003; Fig. 28). This parameter can be seen as a
composite measure reflecting the effects of circum-
ferential and longitudinal shortening and radial
thickening occurring in the cuboid. It is a relative
measure, and therefore, for example, near the ven-
tricular apex, the triangular blood volumes are
somewhat smaller and a larger regional ejection
fraction could still represent a smaller absolute vol-
ume change than at the base. Another approach to
achieve an estimate of regional ejection fraction
particularly in patients with focal myocardial disease,
such as patients with a myocardial infarction, is the
merging of late Gd MRI and cine MRI.

The infarct area can be determined on the late Gd
images, whereas the functionality of this area, pref-
erably using a fixed-center system, can be determined
on the cine images (Fig. 29; Masci et al. 2009).
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Fig. 29 Regional ejection fraction assessment by merging cine
imaging and late Gd imaging in a patient with an acute inferior
LV infarct. Late Gd imaging (a) and cine imaging at the end of
diastole (b) and at the end of systole (c). The extent of
enhancement on late Gd imaging can be used to determine the

3.3.5 Intrinsic Myocardial Contractility

All parameters used clinically to express ventricular
performance such as stroke volume, ejection fraction,
fractional shortening or rate of ejection, and circum-
ferential or fiber shortening are not only determined
by the intrinsic myocardial contractility but are also
significantly influenced by the ventricular loading
(preloading and afterloading) conditions (Streeter
et al. 1970; Mirsky et al. 1988; Legget 1999; Abraham
and Nishimura 2001). A load-free estimate of the
intrinsic myocardial contractility would be welcome
in many cardiac diseases, for example, in patients
with dilated cardiomyopathies. This can be achieved
by evaluating the influence of a progressive increase
of ventricular afterload (e.g., by leg lifting, pharma-
cologic interventions, or static exercise, handgrip) on
ventricular functional parameters such as fractional
shortening and shortening velocities. The inverse
linear relation between both of these reflects the
intrinsic myocardial contractility (Mirsky et al. 1988).
In patients with aortic stenosis presenting with
reduced ejection fraction, it may be of value to dis-
tinguish between reduced myocardial shortening due
to excessive afterload and that due to depressed
myocardial contractility (Borow et al. 1992; Legget
1999). Rather than varying the end-systolic LV wall
stress to determine the myocardial contractility,
Rademakers et al. (Rademakers et al. 2003) used the
regional differences in wall stress to determine a
stress—strain relation, reflecting myocardial contrac-
tility at a single load level. A close inverse linear

infarct area, and next to define periinfarct border zones as well
as the remote myocardium on cine images. This approach
allows one to calculate a regional ejection fraction in the
infarcted area, i.e., 16.5%, and remote myocardium, i.e., 66.2%.
(Adapted from Masci et al. 2009)
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Fig. 30 Assessment of intrinsic contractility using the
(inverse) relation between regional load and regional perfor-
mance in a group of healthy controls (n = 87) and patients with
idiopathic dilated cardiomyopathy (n = 12). The regional load
(or wall stress) is obtained using the radii of curvature in the
long-axis and short-axis directions, the wall thickness, and the
intraventricular pressure. The regional performance represents
the regional ejection fraction (see Fig. 28). R? of the correlation
in controls is 0.76 and in patients with dilated cardiomyopathy
is 0.58. (Partially adapted from Bogaert 1997; Rademakers
et al. 2003)

relationship was found between regional wall stress
(or load) and regional ejection fraction (Fig. 30). This
implies that regions with higher (end-systolic) load
contribute relatively less to the ventricular ejection
than regions with lower load (Fujita et al. 1993).
Moreover, the tight link between regional stress and
strain suggests that myocardial contractility is highly
uniform throughout the left ventricle. Although the
afterload is similar for the entire ventricle, because of
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important differences in regional morphology (wall
thickness, circumferential and longitudinal radii of
curvatures), local loading conditions differ signifi-
cantly, and consequently the regional functional
response differs too (Bogaert and Rademakers 2001).

3.3.6 Myocardial Tagging and Ventricular
Morphology

MRI myocardial tagging techniques, especially
radial tagging and to a lesser extent SPAMM tagging,
provide information about local ventricular mor-
phology, in particular myocardial wall thickness and
the radii of curvature. For instance, adjusting the tag
length for longitudinal wall curvature provides more
reliable estimates of true myocardial wall thickness
especially in the apical half of the left ventricle (Lima
et al. 1993) (see also Table 12). The circumferential
radius of curvature and the longitudinal radius of
curvature are calculated in each cuboid using the
chord and arch lengths fitting a model. A small radius
of curvature denotes a curved surface, whereas a large
radius of curvature is representative of a flat surface.
Changes in the radii of curvature during the cardiac
cycle denote regional shape changes of the ventricle
and can be used together with wall thickness to
calculate wall stresses (Beyar et al. 1993).

4 Diastolic Function

Heart failure caused by a predominant abnormality in
diastolic function (i.e., diastolic heart failure) is
considered to be responsible for at least one third of
all patients with congestive heart failure (Paelinck
et al. 2002; Rademakers and Bogaert 2006; Caudron
et al. 2011; see also “Heart Failure and Heart
Transplantation”). However, the diagnosis of dia-
stolic dysfunction and diastolic heart failure is still
challenging because of controversy concerning the
definition of diastolic dysfunction and the criteria for
diastolic heart failure. “Diastolic dysfunction” refers
to a condition in which abnormalities in mechanical
function are present during diastole. Abnormalities in
diastolic function can occur in the presence or
absence of a clinical syndrome of heart failure and
with normal or abnormal systolic function. “Diastolic
dysfunction” describes an abnormal mechanical
property; “diastolic heart failure” describes a clinical
syndrome (Zile and Brutsaert 2002). Noninvasive
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Fig. 31 Pressure and velocity changes in the left atrium,
left ventricle, and aorta during the cardiac cycle. Ao aorta,
IVCT isovolumic contraction time, IVRT isovolumic relaxa-
tion time

imaging plays a central role in the diagnosis of heart
failure, assessment of prognosis, and monitoring of
therapy, and the role of MRI is rapidly emerging in
this field (Karamitsos et al. 2009).

4.1 Assessment of Diastolic Function
and Dysfunction
For several reasons, assessment of diastolic

(dys)function is definitely more challenging and
complicated than evaluation of systolic (dys)function.
Since different physiological mechanisms contribute
to ventricular filling, the study of diastolic
(dys)function is hampered by the absence of an easily
obtained global parameter such as ejection fraction
used to express global systolic function. The ven-
tricular relaxation process is difficult to assess by
noninvasive means, because imaging methods cannot
directly measure cavity pressure changes (Fig. 31).
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Echocardiographic, Doppler, and radionuclide
parameters of diastolic function are derived from rates
of inflow of blood or outward movement of the
myocardium (Lester et al. 2008). However, the pro-
cess of relaxation occurs mostly during the diastolic
isovolumic period of the cardiac cycle, before blood
flow or wall motion begins. Indexes measured later in
the cycle examine only the final stages of relaxation.
Furthermore, these parameters are subject to
“pseudonormalization” because the variation in atrial
pressure profoundly affects filling dynamics and thus
confounds attempts to indirectly estimate the relaxa-
tion rate (Dong et al. 2001; Hees et al. 2004). In
normal subjects, aging has a significant impact on RV
and LV filling patterns (Iwase et al. 1993). Although
Doppler echocardiography is currently the most used
noninvasive imaging technique to assess diastolic
function (Mandinov et al. 2000), MRI is emerging as
a valuable alternative, having the unique potential of
three-dimensional function analysis with great accu-
racy and reproducibility (Bellenger et al. 2000a;
Paelinck et al. 2002; Daneshvar et al. 2010; Caudron
et al. 2011). Another unique advantage of MRI is that
information regarding diastolic (dys)function can be
linked to morphologic and tissue characteristics,
allowing, for example, not only patients with
cardiac amyloidosis or myocardial iron deposition
to be diagnosed but also the functional conse-
quences to be evaluated (see “Heart Muscle
Diseases”). It was recently shown that the degree
of myocardial fibrosis depicted with late Gd MRI
significantly correlates with the degree of diastolic
dysfunction in a broad range of cardiac conditions
(Moreo et al. 2009).

4.2  Ventricular Mass and Volumes

As ventricular mass is a major determinant of dia-
stolic function and filling, precise and accurate
quantification is crucial. As discussed earlier, MRI is
not dependent on assumptions about the shape and
geometry, but its volumetric approach provides highly
accurate values with very good intraobserver and
interobserver variability (see Sect. 3.1.9). The current
cine imaging sequences in combination with parallel
imaging allow dynamic cardiac imaging with tem-
poral resolutions as short as 10 ms. This should allow
one to accurately follow the changes in ventricular

volumes throughout the cardiac cycle, and to obtain
the ventricular filling curves, and their derivative
with peak rates and time to peak rate (Fujita et al.
1993; Soldo et al. 1994; Kudelka et al. 1997; Fig. 2).
Moreover, MRI can potentially provide interesting
information with regard to the timing and rate of wall
thinning. This interesting (but underused) parameter
is very helpful to differentiate normal from pseudo-
normal inflow patterns, but necessitates a tedious and
often time-consuming delineation of the epicardial
and endocardial borders. Finally, MRI allows one to
quantify atrial volumes, providing information on
atrial filling and emptying curves in normal, diseased,
and transplanted hearts (Jarvinen et al. 1994a, b;
Lauerma et al. 1996).

4.3 Ventricular Inflow Patterns

Doppler echocardiography has emerged clinically as
the most important tool to obtain reliable and useful
data on diastolic performance. It consists of an
assessment of mitral flow and pulmonary venous flow
patterns for the left side of the heart, and tricuspid
flow and hepatic of inferior vena cava flow patterns
for the right side of the heart, thereby measuring peak
velocities, acceleration and deceleration times, and
the duration of isovolumic relaxation (Fig. 32).
Similar measurements can be performed by phase-
contrast MRI (Mohiaddin et al. 1990, 1991; Mostbeck
et al. 1993; Galjee et al. 1995; Kroft and de Roos
1999). An advantage of MRI over Doppler echocar-
diography is that MRI can quantify the flow through
the entire valve area or vessel, in contrast to Doppler
imaging, where flow and flow velocity are measured
in a relatively small area of interest. Since flow is not
necessary homogeneously spread, a change in posi-
tioning of the Doppler sample volume can yield
different values, with possible impact on the inter-
pretation (Fyrenius et al. 1999). With the advent of
real-time MRI, also available for phase-contrast
imaging, it has become feasible to quantify in real
time ventricular inflow, as well as venous flow pat-
terns (van den Hout et al. 2003). This allows evalu-
ation of respiratory-related beat-to-beat variation, and
should help to differentiate patients with restrictive
cardiomyopathy from those with constrictive pericar-
ditis (Giorgi et al. 2003; see “Pericardial Disease”).
Improvements in the design of the two-dimensional
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Fig. 32 Transmitral and
pulmonary venous flow
pattern. The upper panel
shows early diastolic (E) and
atrial (A) filling velocity. The
pressure half time (PTy s), the
total time—velocity integral
(tviior), and the first—third
filling fraction (ty;.334) are
shown in the left panel. The
right panel shows the
pulmonary vein flow pattern
(PV): atrial flow reversal

(m/s)
1.0

Velocity

(PV,), early systolic flow
velocity (PVy;), and mid-

systolic flow velocity(PV,) as Velocity
well as diastolic flow velocity (m/s)
(PVd). PVay,, represents the 1.0 -

duration of atrial flow
reversal. (Reprinted from
Mandinov et al. 2000)

l———Diastole —— Time

ECG M

phase-contrast imaging sequence have been presented,
such as three-dimensional three-directional phase-
contrast imaging with retrospective tracking adapted to
the continuously changing position and angulation of
the mitral or tricuspid valve (Westenberg et al. 2008;
Brandts et al. 2011).

The transmitral (or transtricuspid) velocity pattern
is easy to acquire and can rapidly categorize patients
with normal or abnormal diastolic function by the E/A
ratio (ratio of early to late filling velocity—Fig. 32).
The acquisition plane is placed perpendicular to the
LV (or RV) inflow at the top of the mitral (tricuspid)
valve opening. In healthy, young individuals, most of
the ventricular filling occurs in early diastole, so the
E/A > 1 (Figs. 32, 34). When there is an impairment
in myocardial relaxation (e.g., myocardial hypertro-
phy, ischemia), early diastolic filling decreases pro-
gressively, and a vigorous compensatory atrial
contraction (“atrial kick”) occurs. This results in a
reversed E/A ratio (E/A <1, corresponding
to a “delayed relaxation” pattern), increased decel-
eration time, and increased isovolumic relaxation
time (Figs. 33, 35). However, with increasing age,

PVs1
"V \
Time PVa i
PVa dur

myocardial relaxation is prolonged, and myocardial
stiffness and chamber stiffness increase, also resulting
in a decrease of the E/A ratio. If ventricular compli-
ance is reduced (e.g., restrictive cardiomyopathy), the
filling pressures increase, leading to a compensatory
augmentation of the atrial pressure with an increase in
early filling despite a concomitant impaired relaxa-
tion. As a consequence, this filling pattern resembles
a normal filling pattern (“pseudonormalization” pat-
tern, E/A > 1). This pattern, however, represents
abnormalities of both relaxation and compliance and
is distinguished from normal filling by a shortened
early deceleration time. In patients with a severe
decrease in ventricular compliance, atrial pressures
are markedly elevated and are compensate for with
vigorous early diastolic filling for impaired relaxation.
This “restrictive” filling pattern (E/A > 1) is con-
sistent with an abnormal rise in ventricular pressure
and an abrupt deceleration of flow with little addi-
tional deceleration during mid-diastole and atrial
contraction (Fig. 33; Mandinov et al. 2000).
Analysis of the venous flow patterns in the pul-
monary veins or caval veins also provides valuable
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Fig. 33 Transmitral and pulmonary venous flow pattern
according to Appelton and Hatle. With increasing age the
E/A ratio decreases. In elderly patients the ratio is less than 1
(“impaired relaxation” pattern), and the pulmonary venous
flow shows a decrease in diastolic flow. In subjects with
impaired LV relaxation (e.g., myocardial hypertrophy, ische-
mia), the filling pattern shows a further decrease in the E-wave,
whereas with a decrease in LV compliance the filling pattern
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Fig. 34 Mitral inflow pattern in a 24-year-old normal subject.
The fast, early filling velocity (E) is almost twice as large the
flow velocity during atrial contraction (A)

information regarding LV or RV diastolic (dys)func-
tion, respectively (Fig. 32). The S wave represents
the forward venous flow occurring during ventricular
systole. It is determined by atrial relaxation, and by
the atrioventricular valve annulus motion due to
longitudinal ventricular shortening. The D wave rep-
resents the forward diastolic venous flow and reflects
ventricular filling. Finally, the A wave, which has a

changes toward normal (“pseudonormalization”) and even
shows enhanced early diastolic filling with an E/A ratio greater
than 2 (“restrictive filling” pattern). With the progressive
decrease in LV compliance, pulmonary venous flow shows a
diminution of systolic flow with an enhanced early diastolic
flow and a reversal of atrial flow. (Reprinted from Mandinov
et al. 2000)

direction opposite to that of the S and D waves,
occurs during atrial contraction, and reflects ventric-
ular compliance. Whereas in younger subjects, the
D-wave velocity is larger than the S-wave velocity,
with aging the D-wave velocity decreases as a result
of an age-related prolonged and impaired myocardial
relaxation and the A wave increases in magnitude
(Figs. 33, 36). In patients with decreased ventricular
compliance, the systolic venous flow is diminished,
the early diastolic flow is enhanced, and flow during
atrial contraction is reversed. The latter is the result of
contraction against increased afterload caused by
elevated diastolic filling pressure and increased
ventricular stiffness. Accordingly, reversed flow into
the pulmonary or caval veins occurs, resulting in a
venous A wave that is high in magnitude and long in
duration.

4.4 Myocardial Tissue Phase Mapping

As discussed already, the flow through the mitral
(tricuspid) valve results from the instantaneous
atrioventricular pressure gradient. It is a dynamic
phenomenon determined by several parameters, such
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Fig. 35 Severe myocardial relaxation disturbance leading to a
reversal of the E/A ratio. The early filling velocities are strongly
decreased (E), whereas the late filling velocities are increased

A

as atrial pressure, elastic recoil of the ventricle,
myocardial relaxation, and chamber compliance. Use
of this parameter to differentiate patients with
impaired myocardial relaxation (e.g., LV hypertro-
phy) may be challenging, because inflow curves may
be very similar. Similarly to Doppler tissue imaging,
myocardial tissue phase mapping can be used to
measure myocardial velocities and thus to obtain data
regarding myocardial relaxation (Paelinck et al.
2005). So, normalizing early mitral velocity for the
influence of myocardial relaxation by combining
E with the early myocardial tissue velocity (Ea)
provides a more accurate estimate of filling pressure.
To measure myocardial velocities, short-axis phase-
contrast velocity imaging with a low velocity
encoding (e.g., 30 cm/s) and that is slightly more
apical than the plane for measuring the mitral flow is
chosen. Similar to Doppler measurements, the inferior
septal basal level is the best localization to optimally
measure myocardial velocities (Caudron et al. 2011).
The myocardial tissue phase mapping curve is com-
posed of three waves: Sa, corresponding with the
longitudinal systolic LV shortening, and the diastolic
velocities (Ea and Aa) that are markers of myocardial
relaxation (Fig. 37). The ratio E/Ea provides infor-
mation regarding filling pressures: if the E/Ea < 8,
the filling pressures are considered to be low; if
E/Ea > 15, the filling pressures are considered to be
increased; if the E/Ea ratio is between 8 and 15,
additional investigation is necessary, such as analysis
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Fig. 36 Venous flow patterns in a 39-year-old normal subject
through the inferior vena cava (a) and pulmonary vein (b). In
the inferior vena cava, the systolic forward flow velocity (S) is
slightly larger than the diastolic forward flow velocity (D).
A represents the reversed flow caused by the atrial contraction.
In the pulmonary vein (a), diastolic forward flow velocities
slightly exceed systolic forward velocities

of the pulmonary venous flow. Other techniques such
as myocardial tagging and magnetic resonance elas-
tography have been proposed to study diastolic
function, but currently their role in daily clinical
practice is limited (Edvardsen et al. 2002; Elgeti et al.
2009).

4.5  Atrial Volumes and Function

Assessment of atrial volumes is becoming increas-
ingly important because an increased atrial volume is
an independent predictor of adverse cardiovascular
events, including stroke and congestive heart failure
(Whitlock et al. 2010). In patients with diastolic
dysfunction, atrial size is considered a reliable



146

J. Bogaert

T T T T T T T T T 1
1] 100 200 300 400 500 600 700 800 900 1000

Fig. 37 Phase-contrast velocity imaging to assess mitral
inflow and myocardial velocities in a 47-year old man. Short-
axis imaging at the level of the mitral valve (a) and 1 cm
toward the LV apex (b) using a velocity encoding of 1 m/s
(a) and 30 cm/s (b). The mitral inflow (a) shows E > A. Myo-
cardial tissue phase mapping allows one to appreciate

indicator of the duration and severity of dysfunction,
regardless of the loading conditions at the time of the
examination (Maceira et al. 2010). The atria have
primarily a reservoir function, modulating ventricular
filling. If ventricular filling pressure increases, the
atria will consequently dilate. However, other causes
of atrial dilatation, such as atrial fibrillation, mitral/
tricuspid valve stenosis, and regurgitation, have to be
excluded (Caudron et al. 2011). To achieve the
maximal atrial size, measurements should be per-
formed at the end of systole. Different methods are
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longitudinal velocities throughout the cardiac cycle, with
systolic shortening (Sa), early diastolic lengthening (Ea), and
late diastolic lengthening due to the atrial contraction (Aa).
From the ratio of E/Ea, i.e., 35 cm/s/8 cm/s (i.e., 4.4), diastolic
dysfunction can be excluded

currently available, e.g., one-dimensional measure-
ments (transverse and/or longitudinal diameters),
planimetry performed on a four-chamber view,
biplane area-length methods using a four-chamber and
vertical two-chamber view, and a volumetric method
using a set of short-axis images from the base of the
atrium to the atrioventricular junction (Anderson et al.
2005; Hudsmith et al. 2005, 2007 ). Others prefer the
use of the vertical long-axis because of a better defi-
nition of the atrioventricular borders (Jarvinen et al.
1994a, b ). For the volumetric approach of the left



Cardiac Function

147

atrium, the appendage is usually included, whereas the
pulmonary veins are excluded from the left atrial
volume. At the end of this chapter a summary of normal
values for atrial dimensions, areas, and volumes is
given based on a recent study by Maceira et al. (2010)
of 120 healthy subjects covering six decades. For a
more extensive overview including indexed age- and
gender-specific values, we refer to specific literature
(Jarvinen et al. 1994a, b; Anderson et al. 2005; Sievers
et al. 2005; Hudsmith et al. 2005, 2007; Tsao et al.
2008). Besides a reservoir function, the atrium also has
a conduit function, and has an active contractile func-
tion. To obtain data regarding the phasic changes in
atrial volumes and function, volumetric imaging of the
atria enable one to measure maximal and minimal atrial
volume, atrial volume just before atrial contraction,
atrial reservoir volume, atrial ejection fraction,
and passive atrial emptying volume (Jarvinen et al.
1994a, b; Lauerma et al. 1996; Wen et al. 2010).

4.6 Ventricular Relaxation

Cardiac catheterization with simultaneous pressure and
volume measurements is the gold standard for assess-
ing ventricular relaxation and ventricular compliance.
The myocardial or ventricular relaxation can be
quantified by calculation of the time constant (t) of
myocardial relaxation. High-fidelity manometer-
tipped catheters measure the intraventricular pressure
changes. The pressure from the time of aortic
valve closure to mitral valve opening is fitted to a
monoexponential equation. In normal humans, t
is 3040 ms, and relaxation is considered to be
“complete” after three time constants (90-120 ms).
Assessment of ventricular relaxation by noninvasive
means, e.g., Doppler echocardiography and radionu-
clide methods, is difficult because imaging methods
cannot directly measure cavity pressure. The measured
indexes such as rates of inflow of blood and outward
movement of the myocardium reflect only the final
stages of relaxation. MRI myocardial tagging, how-
ever, allows accurate and noninvasive measurement of
the global and regional deformation and shape of the
heart and its cavities throughout the cardiac cycle,
enabling the calculation of strains (normal and shear).
One shear strain parameter that has particular impor-
tance for diastolic function is the circumferential—
longitudinal shear or torsion, expressing wringing

motion of the left ventricle (Rademakers et al. 1992;
Dong et al. 1999). Counterclockwise torsion develops
during ejection, but the clockwise recoil of torsion, or
untwisting, is a deformation that occurs largely during
isovolumic relaxation, before mitral valve opening.
This recoil is associated with the release of restoring
forces that have been accumulated during systole and is
thought to contribute to diastolic suction (Robinson
et al. 1986). The extent of torsion is correlated with
cavity pressure, and its recoil rate is closely related to
the rate of pressure fall and the relaxation time constant
(1) (Dong et al. 2001). Recently, Hees et al. (2004),
studying changes in recoil rate with aging using myo-
cardial tagging, remarkably found that the decrease in
early filling velocities with aging was rather related to
changes in left atrial pressure than to changes in
myocardial relaxation behavior. Untwisting may be
abnormal in timing and extent in several diseases,
including heart failure from various causes, myocardial
infarction, hypertrophy due to hypertension, and aortic
disease (Matter et al. 1996; Stuber et al. 1999).

4.7 Ventricular Coupling

Although the left and right ventricles are physically
separate in humans, both ventricles are anatomically
and functionally bound together in many ways. They
share a common ventricular septum and ventricular,
myocardial bundles and are enclosed and bound
together by the common pericardium. In addition, the
left ventricle is indirectly connected with the right
ventricle via the pulmonary circulation (so-called
series interaction). There is a close functional inter-
action between the right and left ventricles, not only
in diastole but also in systole. This ventricular inter-
action is reflected by the position and configuration of
the ventricular septum, which is determined by the
pressure difference between the left and right ventri-
cles, i.e., the transseptal pressure gradient. In normal
loading conditions the septum has a concave shape
toward the left ventricle because of a left-to-right
positive transseptal pressure gradient, and this shape
is maintained during the cardiac cycle (Weyman et al.
1976, Brinker et al. 1980; Guzman et al. 1981; Lima
et al. 1986). The phenomenon whereby the function
of one ventricle is altered by changes in the filling of
the other is called ventricular coupling or interven-
tricular dependence. Pathologic ventricular coupling
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Fig. 38 Real-time cine imaging to assess the influence of
respiration on ventricular filling. Cardiac short-axis cine
imaging showing six images obtained at early diastolic filling
at six points of respiration. The end-expiratory time frame is
shown on the left. The horizontal dashed line shows the

occurs when there is an acute or chronic imbalance
between the LV and RV loading conditions,
e.g., constrictive pericarditis, mitral stenosis, and cor
pulmonale (Weyman et al. 1977; Jessup et al. 1987;
Giorgi et al. 2003). In these circumstances, this
imbalance will lead to an abnormal motion and con-
figuration of the ventricular septum. Ventricular
coupling is moreover significantly influenced by res-
piration (Hatle et al. 1989; Klein et al. 1993; Hurrell
et al. 1996). During inspiration, the intrathoracic
pressure decreases, leading to a diminished pulmon-
ary venous return and a decreased LV filling and an
increased systemic venous return and RV filling,
whereas the opposite phenomenon is found during
expiration. Assessment of the impact of respiration on
ventricular coupling is, for instance, crucial to dif-
ferentiate patients with constrictive pericarditis from
those with restrictive cardiomyopathy.

Presently, Doppler echocardiography is the image
modality of choice to assess the influence of respira-
tion on ventricular inflow and septal motion (Hatle
et al. 1989). With the advent of MRI systems with
stronger gradient systems, faster gradient switching
capabilities, and new cine MRI sequences in combi-
nation with parallel imaging, the time required for
data acquisition has shortened considerably, enabling
real-time dynamic evaluation of ventricular septal
motion and configuration throughout the cardiac
cycle. This has opened up new perspectives for
cardiac MRI to become competitive with echocardi-
ography. Real-time cine imaging allows one to eval-
uate the impact of respiration on ventricular filling
such as in patients with restrictive inflow patterns
(Fig. 38) (Francone et al. 2005, 2006), or in patients
with chronic cor pulmonale (Ilino et al. 2008).

position of the diaphragm at the end of inspiration. Eventual
inspiratory septal flattening/inversion and total septal excursion
can be easily assessed using real-time cine imaging. (Partially
adapted from Francone et al. 2005)

In patients with constrictive pericarditis, a ventricular
septal flattening or inversion was found on real-time
MRI during early ventricular filling (see “Pericardial
Disease”). The intensity of the abnormalities was
most pronounced for the first heart beat after onset of
inspiration, and rapidly decreased for the next heart
beats, and completely disappeared during expiration.
This pattern was absent in patients with restrictive
cardiomyopathy.

5 Wall Stress and Myocardial
Stress-Strain Relation

Wall stress, or the force generated by the intraven-
tricular cavity pressure on the surrounding myocardial
wall, is a major determinant of the systolic myocar-
dial deformation and ventricular ejection. Moreover,
myocardial oxygen consumption is closely related to
wall stress. Since wall stress cannot be measured, it
has to be assumed (Arts et al. 1991). Several
assumptions for wall stress have been proposed, the
one more complex than the other, but most of them
are based on the measurable parameters, i.e., wall
thickness, radii of curvature, and systolic blood
pressure, whereas parameters such as the influence of
the fiber direction and anisotropy are usually ignored
(Wong and Rautaharju 1968; Streeter et al. 1970; Janz
1982). For a similar cavity pressure, wall stress
decreases if the wall becomes more curved, or if the
wall thickness increases. This explains why the LV
apex, which is highly curved, can sustain high systolic
pressures without bulging or rupturing. Because of the
lower wall stress in the LV apex, the systolic strains
and thus the contribution to the ventricular ejection is
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proportionally larger in the apex than in other seg-
ments of the left ventricle (Bogaert and Rademakers
2001). The transmural spread of wall stress is inho-
mogeneous, with the highest wall stresses in the
subendocardium, making this area especially vulner-
able to ischemia. Wall stress gradually decreases
toward the subepicardium.

With the advent of MRI, in particular of myocardial
tagging and related techniques, accurate information
can be obtained on regional morphology, i.e., wall
thickness and circumferential and longitudinal radii of
curvature, and regional myocardial strain data can also
be obtained. MRI diffusion techniques have been
shown to noninvasively depict myocardial fiber direc-
tions, and even to quantify myocardial fiber shortening
(Hsu et al. 1998; Scollan et al. 1998; Tseng et al.
2000; Buckberg et al. 2006; Sosnovik et al. 2009;
Nasiraei-Moghaddam and Gharib 2009). This should
allow more accurate estimates of regional wall stresses,
and should allow the regional stress—strain relationship
to be determined (Rademakers et al. 2003). Using a
simple formula for wall stress estimations, based on
wall thickness (corrected for angulation), circumfer-
ential and longitudinal radii of curvature, and systolic
blood pressure, rather than the true measured intra-
ventricular pressure, Rademakers et al. (2003) found
a close, inverse relation between the regional systolic
wall stress and the corresponding amount of defor-
mation. Since systolic wall stress is also a major
determinant of myocardial relaxation, quantification
may be helpful in unraveling the regional pattern in
myocardial relaxation. The same principles are also
valid for assessment of RV wall stress, which is even
more difficult to estimate, mainly because of the
complex shape of the right ventricle (Naito et al.
1995; Yim et al. 1998). As mentioned already,
improved insight into wall stress would also help us
to better understand the mechanism of ventricular
coupling and the impact on ventricular filling.

6 Stress Imaging

In patients with obstructive coronary artery disease,
myocardial function at rest is often within normal
limits. However, during periods of increased oxygen
consumption, e.g., during physical exercise, the
oxygen supply through a stenotic coronary artery
might be insufficient to cover the increased needs,

leading to regional or more global myocardial ische-
mia (see “Myocardial Perfusion, Ischemic Heart
Disease”). A series of events, i.e., the ischemic
cascade, occurs after the onset of disturbances in
myocardial blood flow, starting with diastolic and
systolic functional abnormalities, followed by chan-
ges in the ECG and later symptoms of angina. With
the new imaging modalities, earlier manifestations of
ischemia could be used as a marker of significant
coronary artery disease. Although clinically still
underused, MRI likely has the greatest potential as a
stress imaging technique. For this purpose, stress
perfusion, stress cine MRI, stress myocardial tagging,
and strain encoding and FastSENC, and even stress
aortic flow measurements have been applied (Pennell
et al. 1990, 1992; 1995; Baer et al. 1992, 1993, 1994;
Cigarroa et al. 1993; van Rugge et al. 1993a, b, 1994,
Hartnell et al. 1994; Croisille et al. 1999; Jahnke
et al. 2006; Korosoglou et al. 2009a, b). This issue is
discussed extensively in “Ischemic Heart Disease”.

7 Postprocessing and Delineation
Techniques

Fast and accurate analysis of image data is a
prerequisite for each imaging modality to be imple-
mented in clinical routine. The success of other
imaging techniques, such as radionuclide imaging,
depends on the availability of postprocessing tech-
niques with fast, automated extraction of ventricular
volumes, function, and mass. Although MRI has all
the intrinsic qualities to be considered a reference
technique for assessment of global and regional
cardiac function, mainly the lack of easy-to-use
postprocessing and delineation techniques still ham-
pers a thorough clinical use (Young et al. 2000). One
of the major strengths of MRI, i.e., the superb
depiction of cardiac morphology, is unfortunately the
greatest challenge for most automated delineation
techniques. Another impediment is the discrimination
between atria and ventricles because of difficulties in
defining the atrioventricular valve position. Different
methods have been reported for automatic segmen-
tation of the endocardial border, including region
growing, edge detection, adaptive thresholding, fuzzy
logic, volumetric surface detection, and three-
dimensional information for contour detection
(Singelton and Pohost 1997; Furber et al. 1998; Baldy
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Fig. 39 Assessment of regional cardiac function on a com-
mercially available workstation (Easy-Vision, Philips Medical
Systems, Best, The Netherlands) in a patient with a large,
inferior aneurysm following a transmural myocardial infarc-
tion. After epicardial and endocardial contours have been
contoured, several parameters such as wall thickness, absolute

et al. 1994; Lalande et al. 1999; Santaralli et al. 2003;
Corsi et al. 2005; van Geuns et al. 2006; Codella et al.
2008). Results have been ambiguous. Van der Geest
et al. (1997) concluded that LV functional parameters
can be obtained with a high degree of accuracy with
semiautomatic contour detection, Romiger et al.
(1999) reported that semiautomatic evaluation is
erroneous and manual correction of the contours took
more time than manual contour tracing. Use of the
same software in the balanced steady-state free-pre-
cession technique provided, in contrast, accurate
cardiodynamic measurements (Barkhausen et al.
2001). Currently, most vendors of MRI instruments

7.5 mm -

| FrEml
s1f7
P 10 7 300 ms

and relative systolic wall thickening, and endocardial wall
motion can be assessed. The results can be shown numerically,
graphically (top left), or as a bull’s eye (top right), better
allowing one to appreciate the spread of data throughout the left
ventricle

have dedicated postprocessing packages available
(Fig. 39). Besides, other companies have specialized
in commercial software for analysis of cardiac MRI
studies, including analysis of myocardial tagging
studies. Because of the growing interest in cardiac
MRI, postprocessing tools will certainly improve
soon (Fig. 40). One way to accomplish this task is by
using a priori knowledge of the ventricular anatomy
and function patterns (preferably of both ventricles)
in normal subjects and a series of different cardiac
disease states. This approach would likely be very
useful in improving the reliability of a (semi)automated
delineation technique.
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Fig. 40 Modified centerline technique to express regional morphology (wall thickness) and function (systolic wall thickening and
motion) using changes in chord length

Table 6 Normal left ventricular values (mean, SD, and 95% confidence interval)

EDV (ml)
EDV/BSA (ml/m?)

ESV (ml)
ESV/BSA (ml/m?)

SV (ml)
SV/BSA (ml/m?)

EF (%)

Mass (g)
Mass/BSA (g/m2)

All (n = 120)
142 £+ 21 (102, 183)
78 £ 9 (60, 95)

47 £ 10 (27, 68)
26 + 5 (16, 36)

95 & 14 (67, 123)
52 £ 6 (40, 64)

67 £ 5 (58, 76)

127 £ 19 (90, 164)
69 = 8 (53, 84)

Data adapted from Maceira et al. (2006a)

BSA body surface area, EDV end-diastolic volume, EF ejection fraction, ESV end-systolic volume, SV stroke volume

Males (n = 60)

156 £ 21 (115, 198)

80 £ 9 (63, 98)

53 £ 11 (30, 75)
27 £ 6 (16, 38)

104 £ 14 (76, 132)
53 £ 6 (41, 65)

67 £5(58,75)

146 = 20 (108, 184)

74 £ 9 (58, 91)

Females (n = 60)
128 + 21 (88, 168)

75 £ 9 (57, 92)

42 £ 10 (23, 60)
24 £ 5 (15, 34)

86 & 14 (58, 114)
50 £+ 6 (38, 63)

67 £ 5 (58, 76)

108 & 18 (72, 144)

63 £+ 8 (48, 77)
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Table 7 Normal right ventricular values (mean, SD, and 95% confidence interval)

All (n = 120)
144 + 23 (98, 190)
78 £ 11 (57, 99)

EDV (ml)
EDV/BSA (ml/m?)

ESV (ml)
ESV/BSA (ml/m?)

50 + 14 (22, 78)
27 £ 7 (13, 41)

SV (ml) 94 £ 15 (64, 124)
SV/BSA (ml/m?) 51 + 7 (37, 65)

EF (%) 66 + 6 (54, 78)
Mass (g) 48 + 13 (23, 73)

Mass/BSA (z/m?) 31 £ 6 (19, 43)
Data adapted from Maceira et al. (2006b)

Males (n = 60)
163 £ 25 (113, 213)
83 £ 12 (60, 106)

57 £ 15 (27, 86)
29 + 7 (14,43)

106 £ 17 (72, 140)
54 + 8 (38, 70)

66 £ 6 (53, 78)

66 + 14 (38, 94)
34 + 7 (20, 47)

Females (n = 60)
126 £ 21 (84, 168)
73 £ 9 (55, 92)

43 £ 13 (17, 69)
25 + 7 (12, 38)

83 + 13 (57, 108)
48 + 6 (36, 60)

66 + 6 (54, 78)

48 = 11 (27, 69)
28 £ 5 (18, 38)

Table 8 Sex- and age-specific pediatric values for ventricular size and mass indexed for BSA (mean, SD)

Boys
8-15 years (n = 35)

Left ventricle

EDV/BSA (ml/m?) 81.9 + 12.9 93.5 &+ 10.9
ESV/BSA (ml/m?) 282+ 6.7 359 £ 7.1
SV/BSA (ml/m?) 537 + 8.5 57.6 £ 5.9
EF (%) 65.7 + 4.9 61.8 + 4.3
CO/BSA (I/min/m%)  4.42 + 0.85 4.02 & 0.79
Mass/BSA (g/m?) 52.1 + 10.6 67.6 £ 7.7
Right ventricle
EDV/BSA (ml/m?) 82.9 + 12.6 90.2 + 10.9
ESV/BSA (ml/m?) 313+ 6.1 36.1 + 6.3
SV/BSA (ml/m?) 51.6 + 8.4 541+ 73
EF (%) 623 + 43 60.0 £ 4.4
Mass/BSA (g/m?) 183 +£55 269 + 7.9

Data adapted from Sarikouch et al. (2010)

8 Normal Values for Cardiac Function

Before the cardiac performance in a patient can be
defined as abnormal, the normal values for ventricular
volumes, function, and mass as well as their physio-
logical ranges (95% confidence intervals) need to be
known (Lorenz et al. 1999; Lorenz 2000; Marcus

16-20 years (n = 35)

Girls

78.7 £ 10.7
289 £ 6.1
49.7 £ 83
632 + 6.3
3.94 £ 0.62
48.2 £ 8.2

783 £9.7
29.2 £ 4.6
49.1 £ 6.8
62.6 £ 3.6
17.3 £ 4.7

8-15 years (n = 16)

16-20 years (n = 13)

80.7 £ 9.5
290+ 75
51.7 £ 6.8
65.7 £ 49
3.85 £ 0.86
512+£73

79.7 £10.3
304 £69
493 £63
62.1 £ 6.0
204 £55

et al. 1999b). Normal values are not only influenced
by body constitution, age, sex, and level of training or
fitness, but also by technical issues such as MRI
sequence design, use of imaging plane and image
analysis. A compilation of the currently available
literature data is provided is provided in several
tables. To improve the convenience of these tables for
routine clinical use, normalized data (i.e., indexed to
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Table 9 LV and right ventricular morphologic and functional parameters of triathletes and control subjects

Left ventricle
EDV/BSA (ml/m?)
ESV/BSA (ml/m?)
SV/BSA (ml/m?)
Mass/BSA (g/m?)
EF (%)

CO/BSA (I/min/m?)
Wall thickness (mm)

Right ventricle
EDV/BSA (ml/m?)
ESV/BSA (ml/m?)
SV/BSA (ml/m?)
Mass/BSA (g/m?)
EF (%)

Data adapted from Scharf et al. (2010)

Triathletes (n = 26)

115 £ 12
46 £+ 10
69 £ 7
83 £ 8
60.2 £ 5.6
4.0 £ 0.6
9.8 £1.0

124 + 13
56 £ 8
69 £ 10
28 £2
552+ 438

Table 10 Normal left atrial values (mean, 95% confidence interval)

All (n = 120)
Longitudinal diameter—4-ch (cm) SD 0.7* 5.7

(4.3, 7.0)
Longitudinal diameter/BSA—4-ch (Cm/mz) SD 0.4° 3.1

(2.3, 3.9)
Transverse diameter—4ch (cm) SD 0.5 4.1

(3.0, 5.1)
Transverse diameter/BSA—4-ch (cm/m?) SD 0.3% 2.2

(1.6, 2.8)
Area—4-ch (cm®) SD 3.7 21

(14, 28)
Area/BSA—4-ch (cm*/m?) SD 1.8° 12

(8, 15)
Volume (ml) SD 14.9* 73

(44, 102)
Volume/BSA (ml/m?) SD 6.7 40

(27, 53)

Data adapted from Maceira et al. (2010)

4-ch four-chamber view

Males (n = 60)
5.9
45,72)
3.0

(23, 3.7)
4.1
(3.0,5.2)
2.1

(15, 2.8)
22

(14, 30)
11

(7, 15)
77

(48, 107)
39

(26, 53)

Control subjects (n = 27)

91 £ 11
37 £8

54 £ 8

64 £ 7
59.5 £ 6.0
3.7+£0.8
8.5+ 0.9

97 £ 13
44 £ 8
547
21 £3
553 £ 45

Females (n = 60)
5.5

4.1, 6.9)
32

(2.4, 4.1)
4.1

(3.0, 5.1)
2.4

(1.8, 3.0)
20

(14, 27)
12

(8, 15)
68

(42, 95)
40

(27, 52)

 Significant differences (p < 0.05) between males and females on multivariable analysis. Atrial appendages were included in the

analysis
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Table 11 Normal values of LV wall thickness and chamber dimensions

Study n Sequence  PWT IVS EDD 2-chl 4-chl
mm (mm/m*) mm (mm/m?) mm (mm/m?) mm (mm/m?>)  mm (mm/m?)

Salton et al. 63 males  Spoiled 9.9 (5.0) 10.1 (5.1) 50.2 (25.3) 82.3 (41.3) 81.9 (41.5)
(2002) GE

(95% upper limit) 11.2 (6.0) 11.7 (6.2) 58.5 (29.7) 93.8 (46.8) 93.0 (47.7)

79 Spoiled 8.7 (5.2) 8.9 (5.3) 45.6 (27.1) 73.2 (43.5) 71.7 (42.7)

females GE

(95% upper limit) 9.8 (6.3) 10.1 (6.4) 51.1 (31.8) 83.7 (48.4) 81.5 (47.8)

The values normalized to body surface area are given in parentheses. All results are shown at the end of diastole
2-chl two-chamber length, 4-chl four-chamber length, EDD end-diastolic diameter, /VS interventricular septum thickness, PWT
posterior wall thickness

Table 12 Regional variation in LV wall thickness and myocardial strains in a normal population, using three-dimensional MRI
myocardial tagging

Basal Mid Apical

End-diastolic wall thickness (mm)

Septum 9.1 9.3 8.0

Inferior 9.3 9.3 8.1

Lateral 9.6 9.6 8.2

Anterior 9.6 9.2 7.6
Radial thickening (%)

Septum 32 38 40

Inferior 36 37 38

Lateral 36 35 44

Anterior 35 45 53
Circumferential shortening (%)

Septum 28 34 39

Inferior 36 40 43

Lateral 36 42 46

Anterior 28 38 42
Longitudinal shortening (%)

Septum 14 17 18

Inferior 21 18 20

Lateral 21 19 21

Anterior 18 15 17
Circumferential-longitudinal shear strain (%)

Septum 10 11 12

Inferior 14 6 6

Lateral 12

Anterior 11 11 11

Data from Bogaert (1997). The study group consisted of 87 normal subjects (31 females), ranging from 21 to 75 years. Data were
obtained using a radial tagging technique, dividing the LV myocardium into 32 cuboids. These data are the means for 12 regions,
i.e., four segments (septum, inferior, lateral, anterior) per level (basal, mid, apical). The longitudinal and circumferential shortening
strains represent the endocardial strain. The circumferential-longitudinal shear strain quantifies LV torsion
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Table 13 End-diastolic wall thickness of myocardial wall per segment using the 16-segment frame of reference

Segment Males (n = 60)
Basal
1 8.6 £0.2
2 105 £0.3
3 9.6 £0.2
4 85+ 0.2
5 7.7+£0.2
6 7.7+£0.2
Mid
7 72+£02
8.6 £ 0.2
9 8.8 £0.2
10 7.7 £ 0.1
11 6.8 £ 0.1
12 6.9 £ 0.1
Apical
13 6.5+0.2
14 7.9 +£0.2
15 6.6 £ 0.2
16 64 +0.2

Females (n = 60)

7.1 £ 02
8.6 +0.3
7.8 £0.2
69 £ 0.2
63 +£0.2
6.3 £ 0.1

6.1 £0.2
7.1 £0.2
74 £0.2
6.5+0.2
5.7 +£0.1
56 £02

6.0 £0.2
6.6 £0.2
57+£02
59+£02

Adapted from Dawson et al. (2011). The data are expressed in millimeters, and were obtained exclusively using the thickness of

the compacted myocardial layer

body surface area), confidence limits, separate data
for females and males, or different age groups, and the
type of MRI sequence are given (Tables 6, 7). Normal
MRI values in children are shown in Table 8. Values
for triathletes are shown in Table 9. Normal left atrial
values are given in Table 10. Normal values for LV
wall thickness, and chamber dimensions are shown in
Table 11. Table 12 shows the regional variation in
myocardial wall thickness and myocardial strains in a
normal population group (Bogaert 1997). Table 13
shows the end-diastolic thickness of the myocardial
wall per segment using only the myocardial com-
pacta, thus excluding the trabeculated part.

9 Key Points

— Assessment of cardiac function involves evaluation
of both systolic and diastolic function.

— The efficiency of the myofiber shortening is strongly
enhanced by the complex fiber anatomy, leading to a

phenomenon of transmural fiber interaction. As a
result, the left ventricle undergoes a circumferential
and longitudinal ventricular shortening, and exten-
sive wall thickening during systole, allowing an
ejection fraction of 65-70% to be obtained with a
fiber shortening of only 10-15%.

MRI can be considered together with echocardi-
ography as the primary imaging modality to assess
cardiac function.

Cine MRI is likely the reference technique to
quantify ventricular volumes, function, and mass.
One should be aware of different parameters, such
as through-plane motion, anatomical structures,
and temporal and spatial resolution, that have a
major impact on the results. One should therefore
use a consistent approach when assessing cardiac
function with MRI.

The volumetric quantification approach is superior
to geometric assumptions, but is more time-
consuming for data acquisition and analysis.

One should use a combination of short-axis and
long-axis (horizontal and vertical) views to study
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the regional LV function. Because of its complex
shape, the right ventricle can be best studied using
a combination of short-axis and longitudinal (axial
or horizontal long-axis) views.

— Myocardial tagging is an ideal technique to analyze
myocardial deformation but requires time-consuming
postprocessing. Novel approaches such as SENC-
MRI provide direct strain information and are
highly appealing as a useful clinical alternative.

— MRI has an arsenal of techniques to accurately
assess cardiac diastolic function.

— There is still need for more sophisticated automated
analysis packages for functional cardiac evaluation.

References

Abraham TP, Nishimura RA (2001) Myocardial strain: can we
finally measure contractility? J Am Coll Cardiol 37:731-734

Aletras AH, Ding S, Balaban RS, Wen H (1999a) DENSE:
displacement encoding with stimulated echoes in cardiac
functional MRI. J Magn Reson 137:247-252

Aletras AH, Balaban RS, Wen H (1999b) High-resolution strain
analysis of the human heart with fast-DENSE. J Magn
Reson 140:41-57

Alfakih K, Plein S, Thiele H et al (2003a) Normal human left
and right ventricular dimensions for MRI as assessed by
turbo gradient echo and steady-state free precession imag-
ing sequences. J] Magn Reson Imaging 17:323-329

Alfakih K, Plein S, Bloomer T, Jones T, Ridgway J, Sivanan-
than M (2003b) Comparison of right ventricular volume
measurements between axial and short axis orientation
using steady-state free precession magnetic resonance
imaging. J] Magn Reson Imaging 18:25-32

Alley MT, Napel S, Amano Y et al (1999) Fast 3D cardiac cine
MR imaging. J] Magn Reson Imaging 9:751-755

Anderson JL, Horne BD, Pennell DJ (2005) Atrial dimensions
in health and left ventricular disease using cardiovascular
magnetic resonance. J Cardiovasc Magn Reson 7:671-675

Arheden H, Holmgqyvist C, Thilen U et al (1999) Left-to-right
shunts: comparison of measurement obtained with MR
velocity mapping and with radionuclide angiography.
Radiology 211:453-458

Arts T, Bovendeerd PHM, Prinzen FW, Reneman RS (1991)
Relation between left ventricular cavity pressure and
volume and systolic fiber stress and strain in the wall.
Biophys J 59:93-102

Atkinson DJ, Edelman RR (1991) Cineangiography of the heart
in a single breath hold with a segmented turboflash
sequence. Radiology 178:357-360

Aurigemma G, Davidoft A, Silver K, Boehmer J (1992) Left
ventricular mass quantitation using single-phase cardiac
magnetic resonance imaging. Am J Cardiol 70:259-262

Axel L, Dougherty L (1989a) Heart wall motion: improved
method for spatial modulation of magnetization for MR
imaging. Radiology 172:349-350

Axel L, Dougherty L (1989b) MR imaging of motion with spatial
modulation of magnetization. Radiology 171:841-845

Axel L, Montillo A, Kim D (2005) Tagged magnetic resonance
imaging of the heart: a survey. Med Image Analysis
9:376-393

Azhari H, Weiss JL, Rogers WJ, Siu CO, Zerhouni EA,
Shapiro EP (1993) Noninvasive quantification of principal
strains in normal canine hearts using tagged MRI images in
3D. Am J Physiol Heart Circ Physiol 264:33—41

Baer FM, Smolarz R, Jungehulsing M et al (1992) Feasibility of
high-dose dipyridamole MRI for detection of coronary
artery disease and comparison with coronary angiography.
Am J Cardiol 69:51-56

Baer FM, Theissen P, Smolarz K et al (1993) Dobutamine
versus dipyridamole-magnetic resonance imaging: safety
and sensitivity for the diagnosis of coronary artery stenoses.
Z Kardiol 82:494-503

Baer FM, Theissen P, Schneider CA, Voth E, Schicha H,
Sechtem U (1994) Magnetic resonance imaging techniques
for the assessment of residual myocardial viability. Herz
19:51-64

Baldy C, Duke P, Crossville P, Magnum IE, Revel D, Amyl M
(1994) Automated myocardial edge detection from breath-
hold cine MR images: evaluation of left ventricular volumes
and mass. Magn Reson Imaging 12:589-598

Barkhausen J, Ruehm SG, Goyen M, Buck T, Laub G, Debatin J
(2001) MR evaluation of ventricular function: true fast
imaging with steady-state precession versus fast low-angle
shot cine MR imaging: feasibility study. Radiology 219:
264-269

Barkhausen J, Goyen M, Riihm SG et al (2002) Assessment of
ventricular function with single breath-hold real-time
steady-state free precession cine MR imaging. Am J
Roentgenol 178:731-735

Basha TA, Ibrahim EH, Weiss RG, Osman NF (2009) Cine
cardiac imaging using black-blood steady-state free preces-
sion (BB-SSFP) at 3T. J Magn Reson Imaging 30:94-103

Bavelaar-Croon CDL, Kayser HWM, van der Wall EE et al
(2000) Left ventricular function: correlation of quantitative
gated SPECT and MR imaging over a wide range of values.
Radiology 217:572-575

Beerbaum P, Koperich H, Barth P, Esdorn H, Gieseke J, Meyer H
(2001) Noninvasive quantification of left-to-right shunts in
pediatric patients: phase-contrast cine magnetic resonance
imaging compared with invasive oxymetry. Circulation 103:
2476-2482

Bellenger NG, Burgess MI, Ray SG et al (2000a) Comparison
of left ventricular ejection fraction and volumes in heart
failure by echocardiography, radionuclide ventriculography
and cardiovascular magnetic resonance. Are they inter-
changeable? Eur Heart J 21:1387-1396

Bellenger NG, Davies LV, Francis JM, Coats AJS, Pennell DJ
(2000b) Reduction of sample size for studies of remodeling
of heart failure by the use of cardiovascular magnetic
resonance. J Cardiovasc Magn Reson 2:271-278

Bellenger NG, Francis JM, Davies CL, Coats AJ, Pennell DJ
(2000c) Establishment and performance of a magnetic
resonance cardiac function clinic. J Cardiovasc Magn Reson
2:271-278

Bellenger NG, Marcus NJ, Rajappan K, Yacoub M, Banner NR,
Pennell DJ (2002) Comparison of techniques for the



Cardiac Function

157

measurement of left ventricular function following cardiac
transplantation. J Cardiovasc Magn Reson 4:255-263

Beyar R, Weiss JL, Shapiro EP, Graves WL, Rogers W1J,
Weisfeldt ML (1993) Small apex-to-base heterogeneity in
radius-to-thickness ratio by three-dimensional magnetic
resonance imaging. Am J Physiol 264:H133-H140

Bloomer TN, Plein S, Radjenovic A et al (2001) Cine MRI
using steady state free precession in the radial long axis
orientation is a fast and accurate method for obtaining
volumetric data of the left ventricle. ] Magn Reson Imaging
14:685-692

Bloomgarden DC, Fayad ZA, Ferrari VA, Chin B, Sutton MGA
(1997) Global cardiac function using fast breath-hold MRI:
validation of new acquisition and analysis techniques. Magn
Reson Med 37:683-692

Bogaert J (1997) Three-dimensional strain analysis of the
human left ventricle. PhD dissertation, Catholic University,
Leuven

Bogaert J, Rademakers FE (2001) Regional nonuniformity of
the normal adult human left ventricle. A 3D MR myocardial
tagging study. Am J Physiol 280:H610-H620

Bogaert JG, Bosmans H, Rademakers F et al (1995) Left
ventricular quantification with breath-hold MR imaging:
comparison with echocardiography. MAGMA 3:5-12

Bogaert J, Maes A, Van de Werf F et al (1999) Functional
recovery of subepicardial myocardial tissue in transmural
myocardial infarction after successful reperfusion. Circula-
tion 99:36-43

Bogaert J, Bosmans H, Maes A, Suetens P, Marchal G,
Rademakers FE (2000) Remote myocardial dysfunction
following acute anterior myocardial infarction. Impact of
LV shape on regional function. ] Am Coll Cardiol 35:
1525-1534

Bolster BJ, McVeigh ER, Zerhouni EA (1990) Myocardial
tagging in polar coordinates with use of striped tags.
Radiology 177:769-772

Bornstedt A, Nagel E, Schalla S, Schnackenburg B, Klein C,
Fleck E (2001) Multi-slice dynamic imaging: complete
functional cardiac MR examination within 15 seconds.
J Magn Reson Imaging 14:300-305

Borow KM, Neumann A, Marcus RH, Sareli P, Lang RM
(1992) Effects of simultaneous alterations in preload and
afterload on measurements of left ventricular contractility in
patients with dilated cardiomyopathy: comparisons of
ejection phase, isovolumetric and end-systolic force-veloc-
ity indexes. J Am Coll Cardiol 20:787-795

Bosmans H, Bogaert J, Rademakers FE et al (1996) Left
ventricular radial tagging acquisition using gradient-
recalled-echo techniques: sequence optimization. MAGMA
4:123-133

Bottini PB, Carr AA, Prisant M, Flickinger FM, Allison JD,
Gottdiener JS (1995) Magnetic resonance imaging com-
pared to echocardiography to assess left ventricular mass in
the hypertensive patient. Am J Hypertens 8:221-228

Brandts A, Bertini M, van Dijk E-J et al (2011) Left ventricular
diastolic function assessment from three-dimensional three-
directional velocity-encoded MRI with retrospective valve
tracking. J Magn Reson Imaging 33:312-319

Brecker SID (2000) The importance of long axis ventricular
function. Heart 84:577-579

Brinker JA, Weiss JL, Lappe DL et al (1980) Leftward septal
displacement during right ventricular loading in man.
Circulation 61:626—-633

Buchalter MB, Weiss JL, Rogers WIJ (1990) Noninvasive
quantification of left ventricular rotational deformation in
normal humans using magnetic resonance imaging myo-
cardial tagging. Circulation 81:1236-1244

Buchalter MB, Rademakers FE, Weiss JL, Rogers WIJ,
Weisfelt ML, Shapiro EP (1994) Rotational deformation
of the canine left ventricle measured by magnetic resonance
tagging: effects of catecholamines, ischaemia, and pacing.
Cardiovasc Res 28:629-635

Buckberg GD, Mahajan A, Jung B, Markl M, Hennig J,
Ballester-Rodes M (2006) MRI myocardial motion and fiber
tracking: a confirmation of knowledge from different
imaging modalities. Eur J Cardio-Thorac Surg 295:
S165-S177

Buser PT, Auffermann W, Holt WW et al (1989) Noninvasive
evaluation of global left ventricular function with use of
cine nuclear magnetic resonance. J Am Coll Cardiol
13:1294-1300

Cain PA, Ahl R, Hedstrom E et al (2009) Age and gender
specific normal values of left ventricular mass, volume and
function for gradient echo magnetic resonance imaging: a
cross sectional study. BMC Med Imaging 9:1-10

Caputo GR, Suzuki JI, Kondo C et al (1990) Determination of
left ventricular volume and mass with use of biphasic spin-
echo MR imaging: comparison with cine MR. Radiology
177:773-777

Carr JC, Simonetti O, Bundy J et al (2001) Cine MR angiography
of the heart with segmented true fast imaging with
steady-state precession. Radiology 219:828-834

Casalino E, Laissy JP, Soyer P, Bouvet E, Vachon F (1996)
Assessment of right ventricle function and pulmonary artery
circulation by cine MRI in patients with AIDS. Chest 110:
1243-1247

Caudron J, Fares J, Bauer F, Dacher JN (2011) Evaluation of
left ventricular diastolic function with cardiac MR imaging.
Radiographics 31:239-261

Cerqueira MD, Weissman NJ, Dilsizian V et al (2002)
Standardized myocardial segmentation and nomenclature
for tomographic imaging of the heart. J Cardiovasc Magn
Reson 4:203-210

Chuang ML, Hibberd MG, Salton CJ (2000) Importance of
imaging method over imaging modality in noninvasive
determination of left ventricular volumes and ejection
fraction. ] Am Coll Cardiol 35:477-484

Cigarroa CG, de Filippi C, Brickner ME, Alvarez LG, Wait
MA, Grayburn PA (1993) Dobutamine stress echocardiog-
raphy identifies hibernating myocardium and predicts
recovery of left ventricular function after coronary revas-
cularization. Circulation 88:430-436

Clay SR, Alfakih K, Radjenovic A et al (2006) Normal range of
human left ventricular volumes and mass using steady state
free precession MRI in the radial long-axis orientation.
Magn Reson Mater Phys 19:41-45

Codella NCF, Weinsaft JW, Cham MD, Janik M, Prince MR,
Wang Y (2008) Left ventricle: automated segmentation by
using myocardial effusion threshold reduction and intravoxel
computation at MR imaging. Radiology 248:1004-1012



158

J. Bogaert

Constable RT, Rath KM, Sinusas AJ, Gore JC (1994)
Development and evaluation of tracking algorithms for
cardiac wall motion analysis using phase velocity MR
imaging. Magn Reson Med 32:33-42

Corsi C, Lamberti C, Catalano O et al (2005) Improved
quantification of left ventricular volumes and mass based on
endocardial and epicardial surface detection from cardiac
MR images using level set models. J Cardiovasc Magn
Reson 7:595-602

Cottin Y, Touzery C, Guy F et al (1999) MR imaging of the
heart in patients after myocardial infarction: effect of
increasing intersection gap on measurements of left ven-
tricular volume, ejection fraction and wall thickness.
Radiology 213:513-520

Croisille P, Moore CC, Judd RM et al (1999) Difterentiation of
viable and nonviable myocardium by the use of three-
dimensional tagged MRI in 2-day old reperfused canine
infarcts. Circulation 99:284-291

Culham J, Vince DJ (1988) Cardiac output by MR imaging: an
experimental study comparing right ventricle and left
ventricle with thermodilution. J Can Assoc Radiol 39:
247-249

Daneshvar D, Wei J, Tolstrup K, Thomson LEJ, Shufelt C,
Merz CNB (2010) Diastolic dysfunction: improved under-
standing using emerging imaging techniques. Am Heart J
160:394-404

Davarpanah AH, Chen Y-P, Kino A et al (2010) Accelerated
two- and three-dimensional cine MR imaging of the heart
by using a 32-channel coil. Radiology 254:98-108

Dawson DK, Maceira AM, Ray VJ et al (2011) Regional
thicknesses and thickening of compacted and trabeculated
myocardial layers of the normal left ventricle studied by
cardiovascular magnetic resonance. Circ Cardiovasc Imag-
ing 4:139-146

Debatin JF, Nadel SN, Sostman HD, Spritzer CE, Evans AJ,
Grist TM (1992a) Magnetic resonance imaging-cardiac
ejection fraction measurements: phantom study comparing
four different methods. Invest Radiol 27:198-204

Debatin JF, Nadel SN, Paolini JF et al (1992b) Cardiac ejection
fraction: phantom study comparing cine MR imaging,
radionuclide blood pool imaging and ventriculography.
J Magn Reson Imaging 2:135-142

Dilworth LR, Aisen AM, Mancini J, Lande I, Buda AJ (1987)
Determination of left ventricular volumes and ejection
fraction by nuclear magnetic resonance imaging. Am Heart
J 113:24-32

Dong SJ, Hees PS, Huang WM, Buffer SA, Weiss JL Jr,
Shapiro EP (1999) Independent effects of preload, afterload,
and contractility on left ventricular torsion. Am J Physiol
277:H1053-H1060

Dong SJ, Hees PS, Siu CO, Weiss JL, Shapiro EP (2001) MRI
assessment of LV relaxation by untwisting rate: a new
isovolumic phase measure of 7. J Cardiovasc Magn Reson
281:H2002-H2009

Dulce MC, Mostbeck GH, Friese KK, Caputo GR, Higgins CB
(1993) Quantification of the left ventricular volumes and
function with cine MR imaging: comparison of geometric
models with three-dimensional data. Radiology 188:
371-376

Edvardsen T, Gerber BL, Garot J, Bluemke DA, Lima JAC,
Smiseth OA (2002) Quantitative assessment of regional

myocardial deformation by Doppler strain rate echocardi-
ography in humans. Validation against three-dimensional
tagged magnetic resonance imaging. Circulation 160:50-56

Elgeti T, Laule M, Kaufels N et al (2009) Cardiac MR
elastography: comparison with left ventricular pressure
measurement. J Cardiovasc Magn Reson 11:44

Fieno DS, Jaffe WC, Simonetti OP, Judd RM, Finn JP (2002)
TrueFISP: assessment of accuracy for measurement of left
ventricular mass in an animal model. J Magn Reson
Imaging 15:526-531

Fischer SE, McKinnon GC, Maier SE, Boesiger P (1993)
Improved myocardial tagging contrast. Magn Reson Med
30:191-200

Foll D, Jung B, Staehle F et al (2009) Visualization of
multidirectional regional left ventricular dynamics by high-
temporal-resolution tissue phase mapping. J Magn Reson
Imaging 29:1043-1052

Foll D, Jung B, Elfried S et al (2010) Magnetic resonance tissue
phase mapping of myocardial motion. New insight in age
and gender. Circ Cardiovasc Imaging 3:54-64

Foo TK, Bernstein MA, Aisen AM, Hernandez RJ, Collick BD,
Bernstein T (1995) Improved ejection fraction and flow
velocity estimates with use of view sharing and uniform
repetition time excitation with fast cardiac techniques.
Radiology 195:471-478

Forbat SM, Karwatowski SP, Gatehouse PD, Firmin DN,
Longmore DB, Underwood SR (1994) Technical note: rapid
measurement of left ventricular mass by spin echo magnetic
resonance imaging. Br J Radiol 67:86-90

Francone M, Dymarkowski S, Kalantzi M, Bogaert J (2005)
Real-time MRI of ventricular septal motion: a novel
approach to assess ventricular coupling. J Magn Reson
Imaging 21:305-309

Francone M, Dymarkowski S, Kalantzi M, Rademakers FE,
Bogaert J (2006) Assessment of ventricular coupling with
real-time cine MRI and its value to differentiate constrictive
pericarditis from restrictive cardiomyopathy. Eur Radiol
16:944-951

Fujita N, Duerinckx AJ, Higgins CB (1993) Variation in left
ventricular regional wall stress with cine magnetic reso-
nance imaging: normal subjects versus dilated cardiomyo-
pathy. Am Heart J 125:1337-1345

Furber A, Balzer P, Cavaro-Menard C et al (1998) Experi-
mental validation of an automated edge-detection method
for a simultaneous determination of the endocardial and
epicardial borders in short-axis cardiac MR images:
application in normal volunteers. ] Magn Reson Imaging
8:1006-1014

Fyrenius A, Wigstrom L, Bolger AF et al (1999) Pitfalls in
Doppler evaluation of diastolic function: insights from 3-
dimensional magnetic resonance imaging. J Am Soc
Echocardiogr 12:817-826

Galjee MA, van Rossum AC, van Eenige MJ, Visser FC,
Kamp O, Falke TH, Visser CA (1995) Magnetic resonance
imaging of the pulmonary venous flow pattern in mitral
regurgitation. Independence of the investigated vein. Eur
Heart J 16:1675-1685

Germain P, Roul G, Kastler B, Mossard JM, Bareiss P,
Sacrez A (1992) Inter-study variability in left ventricular
mass measurement. Comparison between M-mode echog-
raphy and MRI. Eur Heart J 13:1011-1019



Cardiac Function

159

Giorgi B, Matton N, Dymarkowski S, Rademakers FE,
Bogaert J (2003) Assessment of ventricular septal motion
in patients clinically suspected of constrictive pericarditis,
using magnetic resonance imaging. Radiology 228:417—424

Gopal AS, Keller AM, Rigling R, King DL, King DK Jr (1993)
Left ventricular volume and endocardial surface area
by three-dimensional echocardiography: comparison with
two-dimensional echocardiography and nuclear magnetic
resonance imaging in normal subjects. J] Am Coll Cardiol
22:258-270

Goshtasby AA, Turner DA (1996) Fusion of short-axis and
long-axis cardiac MR images. Comput Med Imaging
Graph 20:77-87

Gotte MJW, Germans T, Riissel IK et al (2006) Myocardial
strain and torsion quantified by cardiovascular magnetic
resonance tissue tagging. Studies in normal and impaired
left ventricular function. J Am Coll Cardiol 48:2002-2011

Greenbaum RA, Ho SY, Gibson DG, Becker AE, Anderson RH
(1981) Left ventricular fibre architecture in man. Br Heart J
45:248-263

Griswold MA, Jakob PM, Chen Q et al (1999) Resolution
enhancement in single-shot imaging using simultaneous
acquisition of spatial harmonics (SMASH). Magn Reson
Med 41:1236-1245

Grothues F, Smith GC, Moon JCC et al (2002) Comparison of
interstudy reproducibility of cardiovascular magnetic reso-
nance with two-dimensional echocardiography in normal
subjects and in patients with heart failure or left ventricular
hypertrophy. Am J Cardiol 90:29-34

Grothues F, Moon JC, Bellenger NG, Smith GS, Klein HU,
Pennell DJ (2004) Interstudy reproducibility of right
ventricular volumes, function, and mass with cardiovascular
magnetic resonance. Am Heart J 147:218-223

Grothues F, Boenigk H, Graessner J, Kanowski M, Klein HU
(2007) Balanced steady-state free precession versus seg-
mented fast low-angle shot for the evaluation of ventricular
volumes, mass, and function at 3 Tesla. ] Magn Reson
Imaging 26:392-400

Guzman PA, Maughan WL, Yin FC et al (1981) Transseptal
pressure gradient with leftward septal displacement during
the Mueller manoeuvre in man. Br Heart J 46:657-662

Haber I, Metaxas DN, Geva T, Axel L (2005) Three-
dimensional systolic kinematics of the right ventricle. Am
J Physiol Heart Circ Physiol 289:H1826-H1833

Hansen DE, Daughters G, Alderman EL, Ingels NJ, Miller DC
(1988) Torsional deformation of the left ventricular midwall
in human hearts with intramyocardial markers: regional
heterogeneity and sensitivity to the inotropic effects of
abrupt rate changes. Circ Res 62:941-952

Hartnell G, Cerel A, Kamalesh M et al (1994) Detection of
myocardial ischemia, value of combined myocardial perfu-
sion and cineangiographic MR imaging. Am J Roentgenol
163:1061-1067

Hatabu H, Gefter WB, Axel L (1994) MR imaging with spatial
modulation of magnetization in the evaluation of chronic
central pulmonary thromboemboli. Radiology 190:791-796

Hatle LK, Appleton CP, Popp RL (1989) Differentiation of
constrictive pericarditis and restrictive cardiomyopathy by
Doppler echocardiography. Circulation 79:357-370

Hees PS, Fleg JL, Dong SJ, Shapiro EP (2004) MRI and
echocardiographic assessment of the diastolic dysfunction

of normal aging: altered LV pressure decline or load? Am J
Physiol 286:H782-H788

Hendrich K, Xu Y, Kim S, Ugurbil K (1994) Surface coil cardiac
tagging and (31)P spectroscopic localization with B-1-
insensitive adiabatic pulses. Magn Reson Med 31:541-545

Herregods M, De Paep G, Bijnens B et al (1994) Determination of
left ventricular volume by two-dimensional echocardiogra-
phy: comparison with magnetic resonance imaging. Eur
Heart J 15:1070-1073

Hess AT, Zhong X, Spottiswoode BS, Epstein FH,
Meintjes EM (2009) Myocardial 3D strain calculation by
combining cine displacement encoding with stimulated
echoes (DENSE) and cine strain encoding (SENC) imaging.
Magn Reson Med 62:77-84

Hoeper MM, Tongers J, Leppert A, Baus S, Maier R, Lotz J
(2001) Evaluation of right ventricular performance with a
right ventricular ejection fraction thermodilution catheter
and MRI in patients with pulmonary hypertension. Chest
102:502-507

Hori Y, Yamada N, Higashi M, Hirai N, Nakatani S (2003)
Rapid evaluation of right and left ventricular function and
mass using real-time true-FISP cine MR imaging without
breath-hold: comparison with segmented true-FISP cine MR
imaging with breath-hold. J Cardiovasc Magn Reson
5:439-450

Hsu EW, Muzikant AL, Matulevicius SA, Penland RC,
Henriquez CS (1998) Magnetic resonance myocardial
fiber-orientation mapping with direct histologic correlation.
Am J Physiol 274:H1627-H1634

Hudsmith LE, Petersen SE, Francis JM, Robson MD, Neubauer S
(2005) Normal human left and right ventricular and left
atrial dimensions using steady state free precession mag-
netic resonance imaging. J Cardiovasc Magn Reson 7:
775-782

Hudsmith LE, Petersen SE, Tyler DJ et al (2006) Determination
of cardiac volumes and mass with FLASH and SSFP cine
sequences at 1.5 and 3 Tesla: a validation study. J] Magn
Reson Imaging 24:312-318

Hudsmith LE, Cheng AS, Tyler DJ et al (2007) Assessment of
left atrial volumes at 1.5 Tesla and 3 Tesla using FLASH
and SSFP cine imaging. J Cardiovasc Magn Reson 9:
673-679

Hurrell DG, Nishimura RA, Higano ST et al (1996) Value of
dynamic respiratory changes in left and right ventricular
pressures for the diagnosis of constrictive pericarditis.
Circulation 93:2007-2013

Ichikawa Y, Sakuma H, Kitagawa K et al (2003) Evaluation of
left ventricular volumes and ejection fraction using fast
steady-state cine MR imaging: comparison with left
ventricular angiography. J Cardiovasc Magn Reson 5:
333-342

Iino M, Dymarkowski S, Chaothawee L, Delcroix M, Bogaert J
(2008) Time course of reversed cardiac remodeling after
pulmonary endarterectomy in patients with chronic pul-
monary thromboembolism. Eur Radiol 18:792-799

Iwase M, Nagata K, Izawa H (1993) Age-related changes in
left and right ventricular filling velocity profiles and
their relationship in normal subjects. Am Heart J 126:
419-426

Jahnke C, Paetsch I, Gebker R, Bornstedt A, Fleck E, Nagel E
(2006) Accelerated 4D dobutamine stress MR imaging with



160

J. Bogaert

k-t BLAST: feasibility and diagnostic performance.
Radiology 241:718-728

Jahnke C, Nagel E, Gebker R et al (2007) Four-dimensional
single breath-hold magnetic resonance imaging using
kt-BLAST enables reliable assessment of left- and right-
ventricular volumes and mass. J Magn Reson Imaging
25:737-742

Janik M, Cham MD, Ross MI et al (2008) Effects if papillary
muscles and trabeculae on left ventricular quantification:
increased impact of methodological variability in patients
with left ventricular hypertrophy. ] Hypertens 26:1677-1685

Janz RF (1982) Estimation of local myocardial stress. Am J
Physiol 242:H875-H881

Jarvinen VM, Kupari MM, Hekali PE, Poutanen VP (1994a)
Assessment of left atrial volumes and phasic function using
cine magnetic resonance imaging in normal subjects. Am J
Cardiol 73:1135-1137

Jarvinen VM, Kupari MM, Hekali PE, Poutanen VP (1994b)
Right atrial MR imaging studies of cadaveric atrial casts and
comparisons with right and left atrial volumes and function
in healthy subjects. Radiology 191:137-142

Jauhiainen T, Jdrvinen VM, Hekali PE (2002) Evaluation of
methods for MR imaging of human right ventricular heart
volumes and mass. Acta Radiol 43:587-592

Jessup M, Sutton MS, Weber KT, Janicki JS (1987) The effect
of chronic pulmonary hypertension on left ventricular size,
function, and interventricular septal motion. Am Heart J
113:1114-1122

Jung B, Markl M, Foll D, Hennig J (2006a) Investigating
myocardial motion by MRI using tissue phase mapping. Eur
J Cardiothorac Surg 29S:S150-S157

Jung B, Foll D, Bottler P et al (2006b) J Magn Reson Imaging
24:1033-1039

Kacere RD, Pereyra M, Nemeth MA, Muthupillai R, Flamm SD
(2005) Quantitative assessment of left ventricular function:
steady-state free precession MR imaging with or without
sensitivity encoding. Radiology 235:1031-1305

Kaji S, Yang PC, Kerr AB et al (2001) Rapid evaluation of left
ventricular volume and mass without breath-holding using
real-time interactive cardiac magnetic resonance imaging
system. J Am Coll Cardiol 38:527-533

Karamitsos TD, Francis JM, Myerson S, Selvanayagam JB,
Neubauer S (2009) The role of cardiovascular magnetic
resonance imaging in heart failure. J Am Coll Cardiol
54:1407-1424

Katz J, Whang J, Boxt LM et al (1993) Estimation of right
ventricular mass in normal subjects and in patients with
primary pulmonary hypertension by nuclear magnetic
resonance imaging. J Am Coll Cardiol 21:1475-1481

Kaul S, Wismer GL, Brady TJ (1986) Measurement of normal
left heart dimensions using optimally oriented MR images.
Am J Roentgenol 146:75-79

Kim D, Gilson WD, Kramer CM, Epstein FH (2004)
Myocardial tissue tracking with two-dimensional cine
displacement-encoded MR imaging: development and
initial evaluation. Radiology 230:862-871

Klein AL, Cohen GI, Pietrolungo JF et al (1993) Differentiation
of constrictive pericarditis from restrictive cardiomyopathy
by Doppler transesophageal echocardiographic measure-
ments of respiratory variations in pulmonary venous flow.
J Am Coll Cardiol 22:1935-1943

Kojima S, Yamada N, Goto Y (1999) Diagnosis of constrictive
pericarditis by tagged cine magnetic resonance imaging.
N Engl J Med 341:373-374

Kondo C, Caputo GR, Semelka R, Foster E, Shimakawa A,
Higgins CB (1991) Right and left ventricular stroke volume
measurements with velocity-encoded cine MR imaging: in
vitro and in vivo validation. Am J Roentgenol 157:9-16

Korosoglou G, Youssel AA, Bilchick KC et al (2008) Real-time
fast strain-encoded magnetic resonance imaging to evaluate
regional myocardial function at 3.0 Tesla: comparison to
conventional tagging. ] Magn Reson Imaging 27:1012-1018

Korosoglou G, Futterer S, Humpert PM et al (2009a) Strain-
encoded cardiac MR during high-dose dobutamine stress
testing: comparison to cine imaging and to myocardial
tagging. ] Magn Reson Imaging 29:1053-1061

Korosoglou G, Lossnitzer D, Schellberg D et al (2009b) Strain-
encoded cardiac magnetic resonance imaging as an adjunct for
dobutamine stress testing. Incremental value to conventional
wall motion analysis. Circ Cardiovasc Imaging 2:132-140

Korosoglou G, Elhmidi Y, Steen H et al (2010a) Prognostic value
of high-dose dobutamine stress magnetic resonance imaging
in 1,493 consecutive patients. Assessment of myocardial wall
motion and perfusion. J Am Coll Cardiol 56:1225-1234

Korosoglou G, Lehrke S, Wochele A et al (2010b) Strain-
encoded CMR for the detection of inducible ischemia
during intermediate stress. J Am Coll Cardiol Imaging
3:361-371

Kozerke S, Scheidegger MB, Pedersen EM, Boesiger P (1999)
Heart motion adapted cine phase-contrast flow measure-
ments through the aortic valve. Magn Reson Med 42:
970-978

Kozerke S, Schwitter J, Pedersen EM, Boesiger P (2001) Aortic
and mitral regurgitation: quantification using moving slice
velocity mapping. J Magn Reson Imaging 14:106-112

Kramer CM, Barkhausen J, Flamm SD, Kim R, Nagel E (2008)
Society for cardiovascular magnetic resonance board of
trustees task force on standardized protocols standardized
cardiovascular magnetic resonance imaging (CMR) proto-
cols. J Cardiovasc Magn Reson 10:35

Kroft LJ, de Roos A (1999) Biventricular diastolic cardiac
function assessed by MR flow imaging using a single
angulation. Acta Radiol 40:563-568

Kroft LIM, Simons P, Van Laar JM, de Roos A (2000) Patients
with pulmonary fibrosis: cardiac function assessed with MR
imaging. Radiology 216:464-471

Kudelka AM, Turner DA, Liebson PR, Macioch JE, Wang JZ,
Barron JT (1997) Comparison of cine magnetic resonance
imaging and Doppler echocardiography for evaluation of
left ventricular diastolic function. Am J Cardiol 80:384-386

Kiihl HP, Spuentrup E, Wall A et al (2004) Assessment of
myocardial function with interactive non-breath-hold real-
time MR imaging: comparison with echocardiography and
breath-hold cine MR imaging. Radiology 231:198-207

Kuijer JPA, Marcus JT, Gotte MJW, van Rossum AC, Heethaar
RM (2002) Three-dimensional myocardial strains at end-
systole and during diastole in the left ventricle of normal
humans. J Cardiovasc Magn Reson 4:341-351

Lalande A, Legrand L, Walker PM et al (1999) Automatic
detection of left ventricular contours from cine magnetic
resonance imaging using fuzzy logic. Invest Radiol 34:
211-217



Cardiac Function

161

Lamb HJ, Doornbos J, Van der Velde EA, Kruit MC, Reiber JH,
de Roos A (1996) Echo planar MRI of the heart on a
standard system: validation of measurements of left ven-
tricular function and mass. J Comput Assist Tomogr
20:942-949

Lauerma K, Harjula A, Jarvinen V, Kupari M, Keto P (1996)
Assessment of right and left atrial function in patients with
transplanted hearts with the use of magnetic resonance
imaging. J Heart Lung Transplant 15:360-367

Lee VS, Resnick D, Bundy JM, Simonetti OP, Lee P,
Weinreb JC (2002) Cardiac function: MR evaluation in
one breath hold with real-time true fast imaging with
steady-state precession. Radiology 222:835-842

Legget ME (1999) Usefulness of parameters of left ventricular
wall stress and systolic function in the evaluation of patients
with aortic stenosis. Echocardiography 16:701-710

Lester SJ, Tajik AJ, Nishimura RA, Kandheria BK, Seward JB
(2008) Unlocking the mysteries of diastolic function.
Deciphering the Rosetta stone 10 years later. J Am Coll
Cardiol 51:679-689

Levy D, Garrison RJ, Savage DD, Kannel WB, Castelli WP
(1990) Prognostic implications of echocardiographically
determined left ventricular mass in the Framingham heart
study. N Engl J Med 322:1561-1566

Lima JA, Guzman PA, Yin FC et al (1986) Septal geometry in
the unloaded living human heart. Circulation 74:463-468

Lima JAC, Jeremy R, Guier W et al (1993) Accurate systolic
wall thickening by nuclear magnetic resonance imaging
with tissue ragging: correlation with sonomicrometers in
normal and ischemic myocardium. J Am Coll Cardiol
21:1741-1751

Lingamneni A, Hardy PA, Powell KA, Pelc NJ, White RD
(1995) Validation of cine-phase-contrast MR imaging for
motion analysis. ] Magn Reson Imaging 5:331-338

Longmore DB, Underwood SR, Hounsfield GN (1985)
Dimensional accuracy of magnetic resonance in studies of
the heart. Lancet 15:1360-1362

Lorenz CH (2000) The range of normal values of cardiovas-
cular structures in infants, children and adolescents
measured by magnetic resonance imaging. Pediatr Cardiol
21:37-46

Lorenz CH, Walker ES, Morgan VL, Klein SS, Graham TP Jr
(1999) Normal human right and left ventricular mass,
systolic function, and gender differences by cine magnetic
resonance imaging. J Cardiovasc Magn Reson 1:7-21

Lorenz CH, Pastorek JS, Bundy JM (2000) Delineation of
normal human left ventricular twist throughout systole by
tagged cine magnetic resonance imaging. J Cardiovasc
Magn Reson 2:97-108

Lurz P, Muthurangu V, Schievano S et al (2009) Feasibility and
reproducibility of biventricular volumetric assessment of
cardiac function during exercise using real-time radial k-t
SENSE magnetic resonance imaging. J Magn Reson
Imaging 29:1062-1070

Lutz A, Bornstedt A, Manzke R, Etyngier P et al (2011)
Acceleration of tissue phase mapping by k-t BLAST: a
detailed analysis of the influence of k-t BLAST for the
quantification of myocardial motion at 35. J Cardiovasc
Magn Reson 13:5

Maceira AM, Prasad SK, Khan M, Pennell DJ (2006a)
Normalized left ventricular systolic and diastolic function

by steady state free precession cardiovascular magnetic
resonance. J Cardiovasc Magn Reson 8:417-426

Maceira AM, Prasad SK, Khan M, Pennell DJ (2006b)
Reference right ventricular systolic and diastolic function
normalized to age, gender and body surface area from
steady-state free precession cardiovascular magnetic reso-
nance. Eur Heart J 27:2879-2888

Maceira AM, Cosin-Sales J, Roughton M, Prasad SK,
Pennell DJ (2010) Reference left atrial dimensions and
volumes by steady state free precession cardiovascular
magnetic resonance. J Cardiovasc Magn Reson 12:65

Malayeri AA, Johnson WC, Macedo R, Bathon J, Lima JAC,
Bluemke DA (2008) Cardiac cine MRI: quantification of the
relationship between fast gradient echo and steady-state free
precession for determination of myocardial mass and
volumes. J] Magn Reson Imaging 28:60-66

Mandinov L, Eberli FR, Seiler C, Hess OM (2000) Diastolic
heart failure. Cardiovasc Res 45:813-825

Manka R, Buehrer M, Boesiger P, Fleck E, Kozerke S (2010)
Performance of simultaneous cardiac-respiratory self-gated
three-dimensional MR imaging of the heart: initial experi-
ence. Radiology 255:909-916

Marcus JT, Vonk Noordegraaf A, De Vries PM et al (1998) MRI
evaluation of right ventricular pressure overload in chronic
pulmonary disease. J Magn Reson Imaging 8:999-1005

Marcus JT, Gotte MIW, DeWaal LK et al (1999a) The
influence of through-plane motion on left ventricular
volumes measured by magnetic resonance imaging: impli-
cations for image acquisition and analysis. J Cardiovasc
Magn Reson 1:1-6

Marcus JT, DeWaal LK, Gotte MJ, van der Geest RIJ,
Heethaar RM, Van Rossum AC (1999b) MRI-derived left
ventricular function parameters and mass in healthy young
adults: relation with gender and body size. Int J Card
Imaging 15:411-419

Markiewicz W, Sechtem U, Higgins CB (1987a) Evaluation of
the right ventricle by magnetic resonance imaging. Am
Heart J 113:8-15

Markiewicz W, Sechtem U, Kirby R, Derugin N, Caputo GC,
Higgins CB (1987b) Measurement of ventricular volumes in
the dog by nuclear magnetic resonance imaging. J Am Coll
Cardiol 10:170-177

Masci PG, Dymarkowski S, Rademakers FE, Bogaert J (2009)
Determination of regional ejection fraction in patients with
myocardial infarction by using merged late gadolinium
enhancement and cine MR: feasibility study. Radiology
250:50-60

Matter C, Nagel E, Stuber M, Boesiger P, Hess OM (1996)
Assessment of systolic and diastolic LV function by MR
myocardial tagging. Basic Res Cardiol 91(Suppl 2):23-28

Matthaei D, Frahm J, Haase A, Hanicke W (1985) Regional
physiological functions depicted by sequences of rapid
magnetic resonance images. Lancet 19:893

McVeigh ER, Atalar E (1992) Cardiac tagging with breath-hold
cine MRI. Magn Reson Med 28:318-327

McVeigh ER, Zerhouni EA (1991) Noninvasive measurement
of transmural gradients in myocardial strain with MR
imaging. Radiology 180:677-683

Mertens LL, Friedberg MK (2010) Imaging of the right
ventricle—current state of the art. Nat Rev Cardiol
7:551-563



162

J. Bogaert

Miller S, Simonetti OP, Carr J, Kramer U, Finn JP (2002) MR
imaging of the heart with cine true fast imaging with steady-
state precession: influence of spatial and temporal resolu-
tions on left ventricular functional parameters. Radiology
223:263-269

Mirsky I, Corin WIJ, Murakami T, Grimm J, Hess OM,
Krayenbuehl HP (1988) Correction for preload in assess-
ment of myocardial contractility in aortic and mitral valve
disease. Application of the concept of systolic myocardial
stiffness. Circulation 78:68-80

Mogelvang J, Thomsen C, Mehlsen J, Brickle G, Stubgaard M,
Henriksen O (1986) Evaluation of left ventricular volumes
measured by magnetic resonance imaging. Eur Heart J
7:1016-1021

Mohiaddin RH, Wann SL, Underwood R, Firmin DN, Rees S,
Longmore DB (1990) Vena caval flow: assessment with
cine MR velocity mapping. Radiology 177:537-541

Mohiaddin RH, Amanuma M, Kilner PJ, Pennell DJ,
Manzara C, Longmore DB (1991) MR phase-shift velocity
mapping of mitral and pulmonary venous flow. J Comput
Assist Tomogr 15:237-243

Moon JCC, Lorenz CH, Francis JM, Smith GC, Pennell DJ
(2002) Breath-hold FLASH and FISP cardiovascular MR
imaging: left ventricular volume differences and reproduci-
bility. Radiology 223:789-797

Moore CC, O’Dell WG, McVeigh ER, Zerhouni EA (1992)
Calculation of three-dimensional left ventricular strains
from biplanar tagged MR images. J Magn Reson Imaging
2:165-175

Moore CC, Reeder SB, McVeigh ER (1994) Tagged MR
imaging in a deforming phantom: photographic validation.
Radiology 190:765-769

Moreo A, Ambrosio G, De Chiara B et al (2009) Influence of
myocardial fibrosis on left ventricular diastolic function.
Noninvasive assessment by cardiac magnetic resonance and
echo. Circ Cardiovasc Imaging 2:437-443

Mostbeck GH, Hartiala JJ, Foster E, Fujita N, Dulce MC,
Higgins CB (1993) Right ventricular diastolic filling:
evaluation with velocity-encoded cine MRI. J Comput
Assist Tomogr 17:245-252

Muthurangu V, Lurz P, Critchely JD, Deanfield JE, Taylor AM,
Hansen MS (2008) Real-time assessment of right and left
ventricular volumes and function in patients with congenital
heart disease by using high spatiotemporal resolution radial
k-t SENSE. Radiology 248:782-791

Myerson SG, Montgomery HE, World MJ, Pennell DJ
(2002a) Left ventricular mass. Reliability of M-mode and
2-dimensional echocardiographic formulas. Hypertension
40:673-678

Myerson SG, Bellenger NG, Pennell DJ (2002b) Assessment of
left ventricular mass by cardiovascular magnetic resonance.
Hypertension 39:750-755

Nagel E, Schneider U, Schalla S et al (2000) Magnetic
resonance real-time imaging for the evaluation of left
ventricular function. J Cardiovasc Magn Reson 2:7-14

Naito H, Arisawa J, Harada K, Yamagami H, Kozuka T,
Tamura S (1995) Assessment of right ventricular regional
contraction and comparison with the left ventricle in normal
humans: a cine magnetic resonance study with presaturation
myocardial tagging. Br Heart J 74:186-191

Nasiraei-Moghaddam A, Gharib M (2009) Evidence for the
existence of a functional helical myocardial band. Am J
Physiol Heart Circ Physiol 296:H127-H131

Neizel M, Lossnitzer D, Korosoglou G et al (2009) Strain-
encoded MRI for evaluation of left ventricular function and
transmurality in acute myocardial infarction. Circ Cardio-
vasc Imaging 2:116-122

Nesser HJ, Sugeng L, Corsi C et al (2007) Volumetric analysis
of regional left ventricular function with real-time three-
dimensional echocardiography: validation by magnetic
resonance and clinical utility testing. Heart 93:572-578

Nesser HJ, Mor-Avi V, Gorissen W et al (2009) Quantification
of left ventricular volumes using three-dimensional echo-
cardiographic speckle tracking: comparison with MRI. Eur
Heart J 30:1565-1573

Niemann PS, Pinho L, Balbach T et al (2007) Anatomically
oriented right ventricular volume measurements with
dynamic three-dimensional echocardiography validated by
3-Tesla magnetic resonance imaging. J Am Coll Cardiol
50:1668-1676

O’Dell WG, Moore CC, Hunter WC, Zerhouni EA, McVeigh ER
(1995) Three-dimensional myocardial deformations: calcu-
lation with displacement field fitting to tagged MR images.
Radiology 195:829-835

Osman NF, Kerwin WS, McVeigh ER, Prince JL (1999) Cardiac
motion tracking using CINE harmonic phase (HARP)
magnetic resonance imaging. Magn Reson Med 42:1048-1060

Osman NF, Sampath S, Atalar E, Prince JL (2001) Imaging
longitudinal cardiac strain on short-axis images using strain-
encoded MRI. Magn Reson Med 46:324-334

Paelinck BP, Lamb HJ, Bax JJ, Van der Wall EE, de Roos A
(2002) Assessment of diastolic function by cardiovascular
magnetic resonance. Am Heart J 144:198-205

Paelinck BP, de Roos A, Bax JJ et al (2005) Feasibility of tissue
magnetic resonance imaging: a pilot study in comparison
with tissue Doppler imaging and invasive measurement.
J Am Coll Cardiol 45:1109-1116

Palmon LC, Reichek N, Yeon SB et al (1994) Intramural
myocardial shortening in hypertensive left ventricular
hypertrophy with normal pump function. Circulation
89:122-131

Pan L, Stuber M, Kraitchman DL, Fritzges DL, Gilson WD,
Osman NF (2006) Real-time imaging of regional functional
using FastSENC. Magn Reson Med 55:386-395

Papavassiliu T, Kiihl HP, Schroder M et al (2005) Effect of
endocardial trabeculae on left ventricular measurements and
measurement reproducibility at cardiovascular MR imaging.
Radiology 236:57-64

Parish V, Hussain T, Beerbaum P et al (2010) Single breath-
hold assessment of ventricular volumes using 32-channel
coil technology and an extracellular contrast agent. J Magn
Reson Imaging 31:838-844

Pattynama PM, Doornbos J, Hermans J, van der Wall EE, de
Roos A (1992) Magnetic resonance evaluation of regional
left ventricular function. Effect of through-plane motion.
Invest Radiol 27:681-685

Pattynama PM, Lamb HJ, van der Velde EA, van der Wall EE,
de Roos A (1993) Left ventricular measurements with cine
and spin-echo MR imaging: a study of reproducibility with
variance component analysis. Radiology 187:261-268



Cardiac Function

163

Pattynama PM, Lamb HIJ, van der Velde EA, van der Geest RJ,
van der Wall EE, De Roos A (1995) Reproducibility of
MRI-derived measurements of right ventricular volumes
and myocardial mass. Magn Reson Imaging 13:53-63

Pennell DJ, Underwood SR, Ell PJ, Swanton RH, Walker JM,
Longmore DB (1990) Dipyridamole magnetic resonance
imaging: a comparison with thallium-201 emission tomog-
raphy. Br Heart J 64:362-369

Pennell DJ, Underwood SR, Manzara CC et al (1992) Magnetic
resonance imaging during dobutamine stress in coronary
artery disease. Am J Cardiol 70:34—40

Pennell DJ, Firmin DN, Burger P et al (1995) Assessment of
magnetic resonance velocity mapping of global ventricular
function during dobutamine infusion in coronary artery
disease. Br Heart J 74:163-170

Perman WH, Creswell LL, Wyers SG, Moulton MJ, Pasque MK
(1995) Magnetic resonance imaging during dobutamine
stress in coronary artery disease. Am J Cardiol 70:34-40

Petersen SE, Jung BA, Wiesmann F et al (2006) Myocardial
tissue phase mapping with cine phase-contrast MR imaging:
regional wall motion analysis in healthy volunteers. Radi-
ology 238:816-826

Pipe JG, Boes JL, Chenevert TL (1991) Method for measuring
three-dimensional motion with tagged MR imaging. Radi-
ology 181:591-595

Plein S, Bloomer TN, Ridgway JP, Jones TR, Bainbridge GJ,
Sivananthan MU (2001) Steady-state free precession mag-
netic resonance imaging of the heart: comparison with
segmented k-space gradient-echo imaging. J] Magn Reson
Imaging 14:230-236

Powell AJ, Tsai-Goodman B, Prakash A, Greil GF, Geva T
(2003) Comparison between phase-velocity cine magnetic
resonance imaging and invasive oxymetry for quantification
of atrial shunts. Am J Cardiol 91:1523-1525

Rademakers FE, Bogaert J (2006) Cardiac dysfunction in heart
failure with normal ejection fraction: MRI measurements.
Prog Cardiovasc Dis 49:215-227

Rademakers FE, Buchalter MB, Rogers WIJ et al (1992)
Dissociation between left ventricular untwisting and filling:
accentuation by catecholamines. Circulation 85:1572-1581

Rademakers FE, Rogers WJ, Guier WH et al (1994) Relation of
regional cross-fiber shortening to wall thickening in the
intact heart. Three-dimensional strain analysis by NMR
tagging. Circulation 89:1174-1182

Rademakers FE, Marchal G, Mortelmans L, Van de Werf F,
Bogaert J (2003) Evolution of regional performance after an
acute anterior myocardial infarction in humans using
magnetic resonance tagging. J Physiol 546:777-787

Rajappan K, Livieratos L, Camici PG, Pennell DJ (2002)
Measurement of ventricular volumes and function: a
comparison of gated PET and cardiovascular magnetic
resonance. J Nucl Med 43:806-810

Robinson TF, Factor SM, Sonnenblick EH (1986) The heart as
a suction pump. Sci Am 254:84-91

Rogers WIJ, Shapiro EP, Weiss JL et al (1991) Quantification of
and correction for left ventricular systolic long-axis short-
ening by magnetic resonance tissue tagging and slice
isolation. Circulation 84:721-731

Romiger MB, Bachmann GF, Geuer M et al (1999) Accuracy of
right and left ventricular heart volume and left ventricular

muscle mass determination with cine MRI in breath holding
technique. Rofo Fortschr Geb Rontgenstr Neuen Bildgeb
Verfahr 170:54-60

Ryf S, Spiegel MA, Gerber M, Boesiger P (2002) Myocardial
tagging with 3D CSPAMM. J Magn Reson Imaging
16:320-325

Sakuma H, Fujita N, Foo TK et al (1993) Evaluation of left
ventricular volume and mass with breath-hold cine MR
imaging. Radiology 188:377-380

Salton CJ, Chuang ML, O’Donnell CJ et al (2002) Gender
differences and normal left ventricular anatomy in an adult
population free of hypertension. J Am Coll Cardiol
39:1055-1060

Sampath S, Derbyshire A, Atalar E, Osman NF, Prince JL
(2003) Real-time imaging of two-dimensional cardiac strain
using a harmonic phase magnetic resonance imaging
(HARP-MRI) pulse technique. Magn Reson Med 50:
154-163

Santaralli MF, Positano V, Michelassi C, Lombardi M,
Landini L (2003) Automated cardiac MR image segmenta-
tion: theory and measurement segmentation. Med Eng Phys
25:149-159

Sarikouch S, Peters B, Gutberlet M et al (2010) Sex-specific
pediatric percentiles for ventricular size and mass as
reference values for cardiac MRI. Assessment by steady-
state free-precession and phase-contrast MRI flow. Circ
Cardiovasc Imaging 3:65-76

Scharf M, Brem MH, Wilhelm M, Schoepf UJ, Uder M,
Lell MM (2010) Atrial and ventricular functional and
structural adaptations of the heart in elite triathletes assessed
with cardiac MR imaging. Radiology 257:71-79

Scharhag J, Schneider G, Urhausen A, Rochette V, Kramann B,
Kindermann W (2002) Athlete’s Heart. Right and left
ventricular mass and function in male endurance athletes
and untrained individuals determined by magnetic reso-
nance imaging. J Am Coll Cardiol 40:1856-1863

Schulen V, Schick F, Loichat J et al (1996) Evaluation of k-
space segmented cine sequences for fast functional cardiac
imaging. Invest Radiol 31:512-522

Scollan DF, Holmes A, Winslow R, Forder J (1998)
Histological validation of myocardial microstructure
obtained from diffusion tensor magnetic resonance imaging.
Am J Physiol 275:H2308-H2318

Sechtem U, Pflugfelder PW, Gould RG et al (1987) Measure-
ment of right and left ventricular volumes in healthy
individuals with cine MR imaging. Radiology 163:697-702

Semelka RC, Tomei E, Wagner S et al (1990a) Interstudy
reproducibility of dimensional and functional measurements
between cine magnetic resonance studies in the morpho-
logically abnormal left ventricle. Am Heart J 119:
1367-1373

Semelka RC, Tomei E, Wagner S et al (1990b) Normal left
ventricular dimensions and function: interstudy reproduc-
ibility of measurements with cine MR imaging. Radiology
174:763-768

Setser RM, Fischer SE, Lorenz CH (2000) Quantification of
left ventricular function with magnetic resonance images
acquired in real-time. J Magn Reson Imaging 12:430-438

Sierra-Galan LM, Ingkanisorn WP, Rhoads KL, Agyeman KO,
Arai AE (2003) Qualitative assessment of regional left



164

J. Bogaert

ventricular can predict MRI or radionuclide ejection
fraction: an objective alternative to eyeball estimates.
J Cardiovasc Magn Reson 5:451-463

Sievers B, Addo M, Kirchberg S et al (2005) How much are
atrial volumes and ejection fraction assessed by cardiac
magnetic resonance imaging influenced by the ECG gating
method? J Cardiovasc Magn Reson 7:587-593

Singelton HR, Pohost GM (1997) Automatic cardiac MR image
segmentation using edge detection by tissue classification in
pixel neighborhoods. Magn Reson Med 37:418—424

Sodickson DK, Manning WJ (1997) Simultaneous acquisition
of spatial harmonics (SMASH): fast imaging with radio-
frequency coil arrays. Magn Reson Med 38:591-603

Soldo SJ, Norris SL, Gober JR, Haywood L], Colletti PM, Terk M
(1994) MRI-derived ventricular volume curves for the
assessment of left ventricular function. Magn Reson Imaging
12:711-717

Sosnovik DE, Wang R, Dai G, Reese TG, Wedeen W (2009)
Diffusion MR tractography of the heart. J Cardiovasc Magn
Reson 11:47

Spiegel MA, Luechinger R, Schwitter J, Boesiger P (2003)
Ring Tag: ring-shaped tagging for myocardial centerline
assessment. Invest Radiol 38:669-678

Spottiswoode BS, Zhong X, Lorenz CH, Mayosi BM,
Meintjes EM, Epstein FH (2008) 3D myocardial tissue
tracking with slice followed cine DENSE MRI. J Magn
Reson Imaging 27:1019-1027

Spuentrup E, Schroeder J, Mahnken AH et al (2003) Quanti-
tative assessment of left ventricular function with interac-
tive real-time spiral and radial MR imaging. Radiology
227:870-876

Stillmann AE, Wilke N, Jerosch-Herold M (1997) Use of an
intravascular T1 contrast agent to improve MR cine
myocardial-blood pool definition in man. J Magn Reson
Imaging 7:765-767

Stratemeier EJ, Thompson R, Brady TJ (1986) Ejection fraction
determination by MR imaging: comparison with left
ventricular angiography. Radiology 158:775-777

Streeter DD, Spotnitz HM, Patel DP, Ross J, Sonnenblick EH
(1969) Fiber orientation in the canine left ventricle during
diastole and systole. Circ Res 24:339-347

Streeter DD, Vaishnav RN, Patel DJ, Spotniz HM, Ross J,
Sonnenblick EH Jr (1970) Stress distribution in the canine
left ventricle during diastole and systole. Biophys J
10:343-363

Stuber M, Scheidegger MB, Fischer SE et al (1999) Alterations
in the local myocardial motion pattern in patients suffering
from pressure overload due to aortic stenosis. Circulation
27:361-368

Sugeng L, Mor-Avi V, Weinert L et al (2006) Quantitative
assessment of left ventricular size and function: side-by-side
comparison of real-time three-dimensional echocardiogra-
phy and computed tomography with magnetic resonance
reference. Circulation 114:654-661

Sugeng L, Mor-Avi V, Weinert L et al (2010) Multimodality
comparison of quantitative volumetric analysis of the right
ventricle. J Am Coll Cardiol Imaging 3:10-18

Tardivon AA, Mousseaux E, Brenot F et al (1994) Quantifi-
cation of hemodynamics in primary pulmonary hyperten-
sion with magnetic resonance imaging. Am J Respir Crit
Care Med 150:1075-1080

Taylor AM, Dymarkowski S, De Meerleer K et al (2005)
Validation and application of single breath-hold cine
cardiac MR for ventricular function assessment in children
with congenital heart disease at rest and during adenosine
stress. J Cardiovasc Magn Reson 7:743-751

Thiele H, Nagel E, Paetsch I et al (2001) Functional cardiac
MR imaging with steady-state free precession (SSFP)
significantly improves endocardial border delineation with-
out contrast agents. J Magn Reson Imaging 14:362-367

Thiele H, Paetsch I, Schnackenburg B et al (2002) Improved
accuracy of quantitative assessment of left ventricular
volume and ejection fraction by geometric models with
steady-state free precession. J Cardiovasc Magn Reson
4:327-339

Tsao CW, Josephson ME, Hauser TH et al (2008) Accuracy of
electrocardiographic criteria for atrial enlargement: valida-
tion with cardiovascular magnetic resonance. J Cardiovasc
Magn Reson 10:7-14

Tseng W-YI, Reese TG, Weisskoff RM, Brady TJ, Wedeen VI
(2000) Myocardial fiber shortening in humans: initial results
of MR imaging. Radiology 216:128-139

Ugander M, Carlsson M, Arheden H (2010) Short-axis
epicardial volume change is a measure of cardiac left
ventricular short-axis function, which is independent of
myocardial wall thickness. Am J Physiol Heart Circ Physiol
298:H530-H535

Utz JA, Hertkens RJ, Heinsimer JA et al (1987) Cine MR
determination of left ventricular ejection fraction. Am J
Roentgenol 148:839-843

van den Brink JS, Watanabe Y, Kuhl CK et al (2003)
Implications of SENSE MR in routine clinical practice.
Eur J Radiol 46:3-27

van den Hout RJ, Lamb HJ, van den Aardweg JG et al (2003)
Real-time MR imaging of aortic flow: influence of breathing
on left ventricular stroke volume in chronic obstructive
pulmonary disease. Radiology 229:513-519

van der Geest RJ, Buller VG, Jansen E et al (1997) Comparison
between manual and semiautomated analysis of left ven-
tricular volume parameters from short-axis MR images.
J Comput Assist Tomogr 21:756-765

van Geuns RJM, Baks T, Gronenschild EHBM et al (2006)
Automatic quantitative left ventricular analysis of cine MR
images by using three-dimensional information for contour
detection. Radiology 240:215-221

van Rossum AC, Visser FC, Sprenger M, Van Eenige MJ, Valk
J, Roos JP (1988a) Evaluation of magnetic resonance
imaging for determination of left ventricular ejection
fraction and comparison with angiography. Am J Cardiol
15:628-633

van Rossum AC, Visser FC, van Eenige MJ, Valk J, Roos JP
(1988b) Magnetic resonance imaging of the heart for
determination of ejection fraction. Int J Cardiol 18:53-63

van Rugge FP, Holman ER, van der Wall EE, De Roos A, van
der Laarse A, Bruschke AVG (1993a) Quantitation of
global and regional left ventricular function by cine
magnetic resonance imaging during dobutamine stress in
normal human subjects. Eur Heart J 14:456-463

van Rugge FP, Van der Wall EE, de Roos A, Bruschke AVG
(1993b) Dobutamine stress magnetic resonance imaging for
detection of coronary artery disease. J Am Coll Cardiol
22:431-439



Cardiac Function

165

van Rugge FP, Van der Wall EE, Spanjersberg SJ et al (1994)
Magnetic resonance imaging during dobutamine stress for
detection and localization of coronary artery disease:
quantitative wall motion analysis using a modification of
the centerline method. Circulation 90:127-138

Verberne HJ, Dibbets-Schneider P, Spijkerboer A et al (2006)
Multicenter intercomparison assessment of consistency of
left ventricular function from a gated cardiac SPECT
phantom. J Nucl Cardiol 13:801-810

Waldman LK, Fung YC, Covell JW (1985) Transmural
myocardial deformation in the canine left ventricle. Normal
in vivo three-dimensional finite strains. Circ Res 57:
152-163

Waldman LK, Nosan D, Villarreal F, Covell JW (1988)
Relation between transmural deformation and local myofi-
ber direction in canine left ventricle. Circ Res 63:550-562

Weiger M, Pruessmann KP, Boesiger P (2000) Cardiac real-
time imaging using SENSE: sensitivity encoding scheme.
Magn Reson Med 43:177-184

Weinsaft JW, Cham MD, Janik M et al (2008) Left ventricular
papillary muscles and trabeculae are significant determi-
nants of cardiac MRI volumetric measurements: effects on
clinical standards in patients with advanced systolic
dysfunction. Int J Cardiol 126:359-365

Wen Z, Zhang Z, Yu W, Fan Z, Du J, Lv B (2010) Assessing
the left atrial phasic volume and function with dual-source
CT: comparison with 3T MRI. Int J Cardiovasc Imaging
26:83-92

Westenberg JIM, Roes SD, Marsan SD et al (2008) Mitral
valve and tricuspid valve blood flow: accurate quantification
with 3D velocity-encoded MR imaging with retrospective
valve tracking. Radiology 249:792-800

Weyman AE, Wann S, Feigenbaum H, Dillon JC (1976)
Mechanism of abnormal septal motion in patients with right
ventricular volume overload: a cross-sectional echocardio-
graphic study. Circulation 54:179-186

Weyman AE, Heger JJ, Kronik TG, Wann LS, Dillon JC,
Feigenbaum H (1977) Mechanism of paradoxical early
diastolic septal motion in patients with mitral stenosis: a
cross-sectional echocardiographic study. Am J Cardiol
40:691-699

Whitlock M, Garg A, Gelow J, Jacobson T, Broberg C (2010)
Comparison of left and right atrial volume by echocardi-
ography versus cardiac magnetic resonance imaging using
the area-length method. Am J Cardiol 106:1345-1350

Winter MM, Bernink FJP, Groenink M et al (2008) Evaluating
the systemic right ventricle by CMR: the importance of
consistent and reproducible delination of the cavity. J Car-
diovasc Magn Reson 10:40-47

Wong AYK, Rautaharju PM (1968) Stress distribution within
the left ventricular wall approximated as a thick ellipsoidal
shell. Am Heart J 75:649-662

Yamaoka O, Yabe T, Okada M et al (1993) Evaluation of left
ventricular mass: comparison of ultrafast computed tomog-
raphy, magnetic resonance imaging, and contrast left
ventriculography. Am Heart J 126:1372-1379

Yim PJ, Ha B, Ferreiro JI et al (1998) Diastolic shape of the
right ventricle of the heart. Anat Rec 250:316-324

Young AA, Axel L (1992) Three-dimensional motion and
deformation of the heart wall: estimation with spatial
modulation of magnetization—a model-based approach.
Radiology 185:241-247

Young AA, Axel L, Dougherty L, Bogen DK, Parenteau CS
(1993) Validation of tagging with MR imaging to estimate
material deformation. Radiology 188:101-108

Young AA, Kramer CM, Ferrari VA, Axel L, Reichek N (1994)
Three-dimensional left ventricular deformation in hyper-
trophic cardiomyopathy. Circulation 90:854-867

Young AA, Cowan BR, Thrupp SF, Hedley WIJ, Dell’Italia LJ
(2000) Left ventricular mass and volume: fast point
calculation with guide-point modeling on MR images.
Radiology 216:597-602

Zerhouni EA, Parish DM, Rogers WJ, Yang A, Shapiro EP
(1988) Human heart: tagging with MR imaging—a new
method for noninvasive assessment of myocardial motion.
Radiology 169:59-63

Zile MR, Brutsaert DL (2002) New concepts in diastolic
dysfunction and diastolic heart failure: part 1. Diagnosis,
prognosis and measurements of diastolic function. Circula-
tion 105:1387-1393



Myocardial Perfusion

J. Bogaert and K. Goetschalckx

Contents

1 Introduction................c.
2 Pathophysiology of Myocardial Perfusion............

3 Modalities to Assess Myocardial Perfusion..........
3.1 Nuclear Medicine .
3.2 Myocardial Contrast Echocardiography ...................
3.3 Magnetic Resonance Imaging.........ccccceevvenieneenenne

4  Techniques for MR Myocardial Perfusion

IMAGING ......ocooiiiiiii e
4.1 Principles and Assumptions ...........ccceceevervevveveennenne.
4.2 Challenges and Approaches for Ultrafast

TMAZING .ot
4.3 Myocardial Signal Nulling........ .
4.4 Coverage of the Entire Ventricle..............ccoccceeie.
4.5 Compensation for Respiratory Motion .....................
4.6 Contrast Media for MR Myocardial Perfusion ........
4.7 Magnetic Field Strength........c.coccooeiniiininininnn.

5 Stress Imaging..............cccoooveviiiniiniiinieeeeeen

6  Myocardial Perfusion Analysis..............cccoeceennne.
6.1  Visual AnalysiS.....ccccccevivinininiiiinininincnceeceee
6.2 Semiquantitative MPI Analysis........ccccceveveincnenne.
6.3 Quantification of Myocardial Blood Flow ...............

J. Bogaert (D<)

Department of Radiology and Medical Imaging Research
Center (MIRC), University Hospitals Gasthuisberg,
Catholic University of Leuven, Herestraat 49,

3000 Leuven, Belgium

e-mail: jan.bogaert@uz.kuleuven.ac.be

K. Goetschalckx

Department of Cardiovascular Diseases,
University Hospitals Gasthuisberg,

Catholic University of Leuven, Herestraat 49,
3000 Leuven, Belgium

7  Clinical Applications of MR-MPI.......................... 192

8 Key Points..........ccccoeoiviiiiiiiieieieeeeeeee e 195

References..............coocevieiiiiiiiniiceeeeeee e 196
Abstract

Coronary plaque formation impeding myocardial
perfusion is the most frequent cause of myocardial
ischemia. Myocardial perfusion imaging by MRI is
rapidly gaining acceptance as a useful clinical tool to
assess the hemodynamic significance of coronary
artery stenoses, and to depict myocardial ischemia.
MRI techniques have significantly advanced over
the last years, enabling to accurately study first-pass
myocardial perfusion providing visual, semiquanti-
tative or quantitative data on myocardial blood flow
patterns. This chapter focuses on how imaging
techniques, in particular MRI, can be used to study
myocardial perfusion. The main emphasis of this
chapter is on the challenges MRI faces to appropri-
ately study the first-pass of a contrast agent through
the heart, and on the solutions and approaches that
have been developed to tackle the issues. In a second
part, the approaches for image interpretation and to
deduct (semi-)quantitative measures of myocardial
perfusion are highlighted, and the clinical use and
relevance of MRI in daily practice is discussed.

1 Introduction

Myocardial perfusion imaging (MPI) is a vital part of
the assessment of patients with ischemic heart disease
(IHD). In normal circumstances myocardial oxygen
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supply is well balanced to the continuous changing
myocardial oxygen needs. An imbalance may cause
myocardial ischemia, which is usually due to ather-
omatous plaque formation in one or more epicardial
coronary arteries, and/or due to a disturbance of the
microvascular circulation. It is well known from lit-
erature that anatomic assessment of coronary artery
(CA) stenosis severity provides limited, often mis-
leading information regarding the impact on myo-
cardial perfusion distally to the -culprit lesion,
potentially influencing patient outcome (Schuijf et al.
2006; Gould 2009; Tonino et al. 2009). To depict
hemodynamic significant stenoses, stress testing
revealing stress-induced myocardial ischemia has
become a well-established method for evaluating the
presence and pathological severity of coronary artery
disease (CAD). In clinical practice, exercise or
pharmacological stress nuclear imaging are the most
widely used techniques for this purpose. Since the
early 1990s, thanks to the advent of faster magnetic
resonance (MR) imaging techniques, MPI in rest and
stress conditions by means of MRI (MR-MPI) has
become feasible (Atkinson et al. 1990), has been well
validated, and can be considered a preferred tool to
investigate myocardial ischemia in particular because
other valuable information regarding function, flow,
viability and tissue characteristics can be obtained
with the same tool without substantial prolongation of
the study duration (Hamon et al. 2010; Schwitter and
Arai 2011). However, it is crucial to emphasize that
myocardial perfusion is highly complex and the
evaluation remains difficult. Also MR-MPI focus
serious challenges, some of them have been appro-
priately tackled while others remain more difficult to
solve.

2 Pathophysiology of Myocardial
Perfusion

A unique feature of the myocardium is its oxidative
metabolism with a limited and short-lived capacity for
anaerobic metabolism. Therefore, any consideration
of myocardial perfusion needs to stress the pivotal
relationship between myocardial oxygen requirements
and coronary blood flow. In normal conditions, there
is a balance between oxygen demand and oxygen
supply. Oxygen demand is primarily influenced by
wall stress, heart rate, and contractility, while oxygen

supply is determined by the coronary blood flow and
the oxygen extraction. The oxygen extraction in the
myocardial microcirculation is high under basal
conditions (i.e., with an oxygen saturation of coronary
sinus blood of only 20-30%). Therefore, it is man-
datory that changes in myocardial oxygen demand
result from similar changes in coronary flow.

The increase in coronary blood flow primarily
relies on vasodilation. A normal coronary circulation
may increase its flow in resting conditions by a factor
of 4-6. Quantitative perfusion measurements per-
formed by positron emission tomography (PET) stu-
dies show a baseline myocardial blood flow (MBF) of
0.7-1.2 ml/min/g while the flow in the hyperemic
myocardium was 3.7-6.7 ml/min/g. The capacity to
increase the coronary flow or the coronary flow
reserve is defined by the ratio of flow during maxi-
mum vasodilation to flow under resting conditions
and is normally in the range of 3.5-5 (Araujo et al.
1991; Uren et al. 1994). There are also transmural
differences with a greater oxygen demand as well as
flow and oxygen extraction in the inner myocardial
layers. For that reason, and because the oxygenated
blood supply enters the myocardium from the sub-
epicardium, the inner layers are much more vulnera-
ble to ischemia, which explains why myocardial
necrosis starts in the inner layers with a variable
transmural spread of necrosis (Reimer and Jennings
1979).

Conditions with an imbalance between oxygen
demand and oxygen supply are predominantly the
result of coronary atheromatosis with one or several
stenoses on the coronary arteries. This imbalance
causes myocardial ischemia, and, if prolonged, myo-
cardial necrosis. Perturbations in the myocardial
microcirculation with angiographically normal coro-
nary arteries may also cause myocardial ischemia but
are much less frequent. The flow profile across a
stenosis has a close relation with the degree of
stenosis. A narrowing <70% of the luminal diameter
has only a minimal influence on the flow resistance,
while above 70%, flow resistance sharply increases
and leads to a significant pressure drop across the
stenosis (Gould et al. 1990; Uren et al. 1994).
However, in resting conditions, the myocardial per-
fusion is not altered until the CA has an 85-90%
diameter stenosis. This is the result of progressive
arteriolar vasodilation, which allows coronary flow to
be maintained even in the presence of a high-grade
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stenosis and to guarantee a normal myocardial perfu-
sion (Klocke 1990). However, as the coronary vaso-
dilator reserve is used to compensate for the impaired
flow, this mechanism gets partially or completely
exhausted and flow cannot be increased adequately
during stress conditions. Under these circumstances,
the myocardium distal to less severe coronary stenosis
(i.e., between 50 and 85%) may become ischemic and
the stenosis is hemodynamically significant, even if
resting perfusion is preserved (Gould 1978, 1990). The
coronary reserve is reduced or diminished and cannot
be induced by vasodilatory stimulus. This explains why
stress testing is crucial for assessment of the hemody-
namic impact of a CA stenosis, and why information
regarding absolute MBF as well flow reserve are
necessary to fully understand the hemodynamic
consequences (Gould 2009).

3 Modalities to Assess Myocardial
Perfusion

Numerous techniques have been developed for mea-
suring coronary flow and myocardial perfusion in
experimental and clinical settings; these include
electromagnetic flowmeters, coronary sinus indicator-
dilution techniques, velocity probes, inert gas wash-
out analysis, labeled particles administered into the
coronary arteries or the left ventricle (radioactive
microspheres), and radionuclides trapped in the
myocardium. In the clinical setting, only radionuclide
imaging is routinely used to assess myocardial
perfusion. More recently, new clinically useful
techniques such as contrast echocardiography and
MR-MPI have become available.

3.1 Nuclear Medicine

Nuclear medicine is still a cornerstone in the assess-
ment of myocardial perfusion in CAD patients. Most
cardiologists are well aware of the possibilities of this
technique. Nuclear medicine techniques are well
validated and their role in risk stratification for major
adverse cardiac events is well-established (Iskandrian
and Iskandrian 1999). Most often the single-photon
emission computed tomography (SPECT) technique
is used to diagnose and evaluate the severity of CAD
(Shaw and Iskandrian 2004), while PET is more

accurate but also more expensive and less available
(Bacharach et al. 2004).

3.1.1 Single-Photon Emission Computed
Tomography

Following intravenous administration of radionuc-
lides [such as thallium201(*°'Tl), technetium 99 m
(*°™T¢) sestamibi (MIBI), and **™Tc Teboroxime] the
relative myocardial distribution of these radionuclides
is measured. Different protocols are used for *°' Tl and
99mT_MIBI because in contrast to 2°'T1, ™ Tc-MIBI
exhibits little or no redistribution within the first
1-2 h after administration. “°'TI is injected during
stress, while redistribution of the tracer is measured at
rest after a delay (e.g., 4 h). MIBI SPECT is per-
formed by means of an injection of tracer during
stress and a second injection at rest (or vice versa).
In regions with an impaired myocardial perfusion this
will result in a lower number of counts (i.e., a defect)
compared with normally perfused regions. To detect
hemodynamically significant stenoses (see 2), stress
protocols are used. The latter cause reversible defects,
i.e., defect is present on stress but absent at rest
(i.e., redistribution on 2017y SPECT), while fixed
defects (i.e., no redistribution at rest) are interpreted
as myocardial necrosis. The severity of the defect
(i.e., reduction in counts) is related to stenosis
severity while the extent of the defect is related to the
myocardium supplied by the stenotic artery (Patterson
et al. 1994).

Although SPECT is widely used in clinical prac-
tice yielding good sensitivity, i.e., 89%, (95% CI,
84-93%) and moderate specificity i.e., 65% (95% CI,
54-74%) (Kim et al. 2001), certain pitfalls need to be
mentioned. An important issue is the radiation of the
injected isotopes, with an exposure ranging between 8
and 20 mSv depending on the protocol used.
In patients with severe CA stenosis ' Tl scintigraphy
can fail to distinguish viable from nonviable
myocardium, and this technique may not be sensitive
enough for the detection of low-range collateral flow
to the ischemic myocardium (Hadjimiltiades et al.
1989). In a study by Wagner et al. comparing SPECT
with delayed gadolinium MRI subendocardial infarcts
were systematically missed by SPECT because of
the lack in spatial resolution, while MRI matched
very well with histology (Wagner et al. 2003).
Furthermore, interpretation of Z°'Tl scintigraphy
scans requires experience (Henkin et al. 1994).
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False-positive studies are common as thallium
depends very much on body habitus. It is not
uncommon for the female breast shadow to be inter-
preted as a septal defect. Imprecise selection of LV
long axis during reconstruction may erroneously
result in areas of decreased activity (Henkin et al.
1994). The use of attenuation correction methods and
analysis of wall motion from gated studies reduces the
rate of false-positive results and improves the speci-
ficity of the test (Blankstein and Di Carli 2010).
In patients with multivessel CAD, hypoperfusion of
the entire myocardium may mask regional abnor-
malities (Lima et al. 2003).

3.1.2 Positron Emission Tomography

PET is very useful for assessing myocardial perfusion
and metabolism (Gould 1990). Assessment of myo-
cardial perfusion with PET can be performed with
nitrogen-13 ammonia, oxygen-15 H20, rubidium-82,
or carbon-11 acetate. PET has several advantages
over SPECT, such as a higher spatial resolution and
the possibility to measure absolute MBF expressed in
ml min™! g_1 (Schweiger 1994; Kivelitz et al. 1997a, b;
Klocke 1983; Kloner et al. 1992; Kraitchman et al.
1996; Bacharach et al. 2004). This is advantageous in
patients with balanced ischemia caused by left main
or three-vessel CAD in which maximal MBF is
reduced in all regions of the left ventricle, or in
patients in whom the myocardial ischemia is caused
by microvascular dysfunction. The value of PET in
the evaluation of myocardial ischemia and viability
has been reported in several studies (Tillisch et al.
1986; Araujo et al. 1991; Demer et al. 1989;
Schweiger 1994; Muzik et al. 1998). The reported
sensitivity of PET for detecting angiographic steno-
sis >50% is 91% (range 83—100%) and the specificity
is 89% (range 73-100%) (Blankstein and Di Carli
2010). Drawbacks of PET are patient exposure to
radiation, availability and limited half-life of PET
tracers, cost and availability of PET scanners, and the
limited spatial resolution when compared to MRL
Misregistration of attenuation and emission images,
due to diaphragmatic displacement, body mass index,
and heart size, is common in cardiac PET imaging
and may cause artifactual, false-positive myocardial
perfusion defects (Loghin et al. 2004). Finally it
should be said that for myocardial ischemia and via-
bility assessment MRI has become a strong compet-
itor to PET (see 6.1 in “Ischemic Heart Disease”).

3.2 Myocardial Contrast

Echocardiography

Another means to study myocardial perfusion is
myocardial contrast echocardiography (MCE). Intra-
venous or intracoronary injection of microbubbles
provides good estimates of coronary blood flow and
can be used to detect CAD (Meza et al. 1996; Wei
et al. 1998). Advantages of MCE are the real-time
mode, the absence of injection of radioactive tracers,
and the good spatial resolution. Its role in the clinical
setting, however, needs to be further established.
In patients with known or suspected CAD, is the
information obtained by MCE on the location of
perfusion abnormalities and their physiologic rele-
vance (reversible or irreversible) similar to that pro-
vided by SPECT (Kaul et al. 1997). Determination of
endocardial-to-epicardial blood flow ratios during
myocardial ischemia, however, is problematic with
MCE (Vatner 1980). Different semiquantitative
parameters have been proposed for the assessment of
perfusion with MCE (Unger et al. 1994; Wei et al.
1998). Both triggered, high mechanical-index (second
harmonic) imaging and real-time, low mechanical-
index approaches have led to improvements in this
respect (Porter et al. 2001; Masugata et al. 2001), but
it has not been demonstrated that capturing an ade-
quate arterial input function (AIF) for modeling is
feasible. The role in routine clinical practice is yet not
established (Sicari et al. 2008).

3.3 Magnetic Resonance Imaging

MPI with MRI has become possible since the early
1990s. Over the years the procedure used for clinical
MR-MPI has not changed substantially. Following
intravenous injection of a contrast agent, the first-pass
of the agent through the heart is imaged using
fast MRI techniques, and the changes in myocardial
signal-intensity (SI) during the first-pass are used to
visually, semiquantitatively or quantitatively evaluate
the myocardial perfusion in resting or during stress
conditions (Fig. 1) (Table 1). However, it was
obvious from the very beginning that MR-MPI is
technically highly demanding, obligating to push the
MR physical possibilities to its limits, hereby trying
to find an optimal compromise between imaging
speed and image quality, and to reduce unwanted side
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Fig. 1 Different strategies for myocardial MR perfusion
imaging. Myocardial MR perfusion is based on changes in
myocardial signal intensity caused by use of endogenous or
exogenous tracers. These changes are assumed to reflect
myocardial perfusion. Abbreviations: BOLD, blood oxygena-
tion level-dependent

effects as much as possible (Tsao 2010). In the
following sections, the complexity to study and to
quantify myocardial perfusion, and the contribution of
technical innovations over the last two decades that
helped to facilitate and to increase the robustness of
MR-MPI will be explained in detail.

4 Techniques for MR Myocardial
Perfusion Imaging

4.1 Principles and Assumptions
Although hypoperfused myocardium may be easily
identified by visual analysis and yield sufficient diag-
nostic accuracy in experienced readers, this simple
approach is not always sufficient and subtle differences
may escape the eye as might be needed for follow-up
examination or to evaluate therapeutic effects on
myocardial perfusion. Furthermore, quantitative
evaluation will be more objective than subjective
assessment by eye. More quantitative information can
be obtained from SI-versus-time (SI-time) curves
generated from data obtained during early passage of
contrast agent. In normally perfused myocardium, the
curve starts from a baseline SI level and increases to
maximum during the passage of contrast agent through
the myocardium. The downslope of the curve is
interpolated by a new upslope corresponding to recir-
culation of the contrast agent (Fig. 2).

In general, quantification of myocardial perfusion is
done in two steps. First, a concentration-versus-time

curve has to be obtained from the SI-time curve. The
second step of quantification is to extract parameters
of myocardial perfusion from the concentration—time
curve. Quantification of myocardial perfusion using
first-pass MR-MPI faces a lot of challenges that have
to be overcome. A straightforward quantification
needs some general requirements: (a) a nondiffusable
tracer, (b) a complete washout of the tracer from the
myocardium, (c) a single-spike (point-shaped) input
function, and (d) a linear correlation between the
tracer and the SI. These requirements are not fulfilled
with gadolinium (Gd)-DTPA: (1) the contrast agent
diffuses rapidly from the intravascular space into the
interstitial space and remains there until complete
clearance. The diffusion is flow-dependent. While in
normally perfused myocardium the extraction fraction
varies from 40 to 60%, it can decrease to only 20%
with increasing flow (Tong et al. 1993b); (2) the
injection of the contrast agent in a peripheral vein
leads to a dilution of contrast agent with a slow and
spread input curve (Keijer et al. 2000); (3) a linear
correlation between tracer and SI is not maintained in
all contrast agent concentrations (Burstein et al.
1991; Manning et al. 1991; Schwitter et al. 1997,
Fritz-Hansen et al. 1996). Thus, to attempt myocardial
perfusion quantification from dynamic tomographic
MR images the kinetics of the tracer in the tissue must
be known and described with an appropriate model of
distribution. Furthermore, the blood-pool input func-
tion must be correctly defined. It has to be kept in
mind that with MR the effects of Gd-DTPA on proton
relaxivity rather than the concentration of gadolin-
ium-DTPA in the myocardium is detected. This
makes the acquired signal dependent on water
exchange rates between the different components
(Judd et al. 1995a; Donahue et al. 1997; Larsson et al.
2001) and leads to SIs which are not necessarily
proportional to the concentration of the agent (Mauss
et al. 1985; Burstein et al. 1991; Wendland et al.
1994; Donahue et al. 1994; Judd et al. 1995a). Thus,
MR perfusion techniques do not measure the absolute
quantity of contrast medium either in the myocardium
or in the blood. Wedeking and coworkers have noted
that at low contrast agent concentration, the concen-
tration of the agent can be calculated from the SI
(Wedeking et al. 1992). Increasing the dose leads to a
saturation of signal enhancement and extravasation of
the contrast agent, which obscures the clearance phase
of the first-pass (Wendland et al. 1994). In practice, at
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Table 1 Requirements for Myocardial first-pass perfusion MRI

Temporal resolution (i.e., one image per heartbeat)

Acquisition window as short as possible (i.e., less than 100 ms)

Constant magnetization/image/slice
Spatial resolution (transmural discrimination)

Coverage of the left ventricle

Relationship between signal intensity and contrast dose (i.e., input function) that is quantifiable (linear)

Contrast- and signal-to-noise ratios that are sufficiently high to allow discrimination between normal and ischemic regions of

the myocardium

Correction for respiration (total measurement time 45-60 s)

first-pass perfusion
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Fig. 2 First-pass signal intensity-time curves of the RV cavity,
LV cavity, and the myocardium with corresponding 6 short-
axis MR-MPI perfusion images showing the different phases of
the first-pass. Before contrast arrival, the signal of the heart is
suppressed by a saturation-recovery or inversion-recovery pulse
(a). At the moment of arrival of the contrast bolus in the heart
the RV cavity enhances with rise in SI (b). This temporary
enhancement is followed by enhancement of the LV cavity (c),

followed by enhancement of the myocardium (d). Approxi-
mately 20 s later, a smaller second peak is visible, representing
the second pass (e). The enhancement in the myocardium is
much less pronounced and characterized by the absence of a
sharp decline in SI and the presence of a second peak. The latter
phenomena are caused by rapid extravasation of gadolinium
into the interstitium, which is responsible for a slow washout
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concentrations between 0.2 and 1.2 mmol/l, the SI
displays a linear progression compared with the
Gd-DTPA concentrations. Above this limit, the signal
increase becomes nonlinear as full relaxation Is
approached due to ever-decreasing T1 and due to
signal loss induced by the T2* effect. Above
5.0 mmol/l, increasing Gd-DTPA concentrations
result in a drop in SI as the signal losses induced by
the T2* effect become dominant (Burstein et al. 1991;
Canet et al. 1995; Manning et al. 1991; Schwitter
et al. 1997; Wendland et al. 1994; Keijer et al. 2000;
Tong et al. 1993a, b).

At the present time, myocardial MR perfusion
research makes several, in part hypothetical, simpli-
fied assumptions that are incorporated into models for
quantification of myocardial perfusion: (a) myocar-
dial water is freely diffusible between the different
compartments (intravascular, interstitial, and intra-
cellular); (b) extravascular gadolinium contrast agents
enhance myocardial signal monoexponentially (i.e.,
the regional SI time courses change linearly with the
amount of contrast agent injected); (c) MR contrast
media behave as a blood component of physiologic
interest in its flow patterns; (d) MR contrast agents
do not perturb the physiologic parameters being
measured; (e) the measured parameters are constant in
the MR images used for calculation (Saeed et al.
1995). Two models have been used for quantification
of myocardial perfusion by MR by intra- and extra-
vascular contrast agents, i.e., the central volume
model and the modified Kety model. Both models are
highlighted in detail in Sect. 6.3.

Quantification has been attempted by several
groups and also validated in animals and small
number of patients (Burstein et al. 1991; Tong et al.
1993a; Diesbourg et al. 1992; Fritz-hansen et al.
1998; Jerosch-Herold and Wilke 1997; Larsson et al.
1996, Larsson et al. 1996; Vallee et al. 1997; Wilke
et al. 1994; Jerosch-Herold et al. 2002; Kostler et al.
2004; Christian et al. 2004; Hsu et al. 2006; Ritter
et al. 2006; Utz et al. 2008; Groothuis et al. 2010).
Nevertheless, quantification of MR myocardial per-
fusion is still based on many assumptions and sim-
plified models, giving rather an estimate that
correlates to MBF than a true quantitative measure of
MBF.

To circumvent the problems associated with
quantitative analysis of myocardial perfusion, semi-
quantitative parameters have been used such as the

upslope (Al-Saadi et al. 2000a), mean transit time,
maximal SI (Schaefer et al. 1992), and time to 50%
maximal SI (Taylor et al. 2004). Semiquantitative
parameters should mainly be derived from the
early wash-in phase of the contrast agent, because
Gd-DTPA is an extracellular agent that leaks out the
vascular bed rapidly (approximately 30-50% during
the first-pass) (Tong et al. 1993a, b). Thus, the early
part of the SI-time curve is mainly influenced by
perfusion and to a lesser extent by diffusion; whereas
the later parts are increasingly influenced by diffusion
(Al-Saadi et al. 2000a, 2001). Compared with other
semiquantitative parameters of the first-pass SI-time
curve, a linear fit of the upslope has been shown to be
the most reliable parameter for evaluating myocardial
perfusion (Al-Saadi et al. 2001) and seems to be a
very sensitive semiquantitative parameter for altera-
tions of myocardial perfusion (Kroll et al. 1996; Judd
et al. 1999; Jerosch-Herold et al. 2003). The upslope
is easy to determine, is highly reproducible, with low
inter- and intra-observer variability (Al-Saadi et al.
2000a), and has been evaluated and validated by
several groups (Al-Saadi et al. 2000a, b, 2001; Giang
et al. 2004; Ibrahim et al. 2002; Schwitter et al. 2001;
Thiele et al. 2003). Since such a fit does not depend
on the downslope of the SI-time curve, it can be
determined from a peripheral injection of Gd-DTPA.
Whereas the upslope or the maximal SI may be suf-
ficient for the detection of severe CA stenosis (>85%
diameter stenosis) with a rest perfusion study, the
differences between normal and ischemic segments
are small and a great overlap is found, necessitating
to perform a similar study during stress conditions
(Al-Saadi et al. 2000a; Lauerma et al. 1997). This
approach allows calculation of the myocardial per-
fusion reserve (MPR), which is defined as the ratio of
perfusion before and after vasodilatation with dipy-
ridamole or adenosine (Matheijssen et al. 1996;
Lauerma et al. 1997; Wilke et al. 1997; Cullen et al.
1999) (Fig. 3). Others have used semiquantitative
parameters, which were derived only from a stress
perfusion study without the need of a rest study
(Schwitter et al. 2001). All semiquantitative parame-
ters and the calculated MPR indices show an under-
estimation of perfusion estimates that seems to be less
when evaluating the upslope (Ibrahim et al. 2002;
Jerosch-Herold et al. 2003). The degree of under-
estimation is dependent on the dose of contrast agent
and the type of sequence used.
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Fig. 3 Alterations of the SI-time curves after stress testing.
The figure show first-pass curves of the same myocardial
segment at rest (gray dots) and after vasodilation with
adenosine (blue dots). After vasodilation maximal signal
intensity increases and the upslope becomes steeper.
A myocardial perfusion reserve index (MPRI) can be calculated
from these alterations by dividing the parameter at stress
through the same parameter at rest. Abbreviations: SI, signal
intensity

For all kinds of perfusion analysis, an accurate
delineation of the AIF is required. Evaluated param-
eters and estimates of myocardial perfusion need a
correction for the input function to adjust for different
hemodynamic conditions and different kinetics of
bolus applications. This allows for inter- and intra-
individual comparisons and the calculation of MPR.
However, at commonly used doses, contrast agent
concentrations in the blood-pool are very high. The
signal loses linearity to contrast agent concentration
and T2* effects may become dominant. This makes
an adequate evaluation of the blood-pool SI curve
very inexact. Since the input function is a main
obstacle in quantitative and semiquantitative evalua-
tion of MR myocardial perfusion, a low-dose prebolus
(dual-bolus approach) has been proposed to calculate
the AIF. Using a small prebolus the signal saturation
effects are limited, while the subsequent large bolus is
used to determine the myocardial response providing
adequate signal-to-noise ratio (Fig. 4) (Christian et al.
2004; Kostler et al. 2004; Groothuis et al. 2010)
(see also Sect. 4.6.5).

4.2 Challenges and Approaches

for Ultrafast Imaging

Any myocardial MR perfusion sequence designed
to monitor the first-pass of a contrast medium
must meet several requirements (Table 1). It must:

(a) simultaneously collect data of the entire heart, (b)
provide sufficient temporal coverage to characterize
wash-in and washout kinetics of the contrast agent
bolus with a multislice acquisition every or at least
every other heartbeat, (c) render sufficient spatial
resolution for accurate localization of small perfusion
deficits, (d) be sensitive to the signal changes brought
about by the bolus with a signal and contrast-to-noise
ratios that are sufficient to allow discrimination
between normal and ischemic myocardium, (f) provide
a relationship between SI and contrast concentra-
tion that is quantifiable and is preferably linear.
A compact bolus of MR contrast media is necessary for
perfusion studies to obtain pure first-pass transit of
contrast through the myocardium. This is currently
achieved using ultrafast imaging techniques. However,
ultrafast imaging poses several practical challenges,
and it is easy to push imaging speed too far, resulting in
images of non-diagnostic quality (Tsao 2010). Thus,
it important to balance the trade-off between speed
and image quality. Historically, imaging speed was
increased primarily through improvements in gradient
performance. At present, gradient switching rate has
reached regulated safety limits, which were established
to reduce the risk for peripheral nerve stimulation
(Budinger et al. 1991). Increased efficiency in imaging
time can be obtained in the 3 key components of image
formation in MRI, i.e., (1) pulse sequence, (2) k-space,
and (3) reconstruction (see Chapter on Cardiac MR
Physics).

For MR-MPI, fast spoiled gradient-echo (GE),
echo planar imaging (EPI) techniques, and balanced
steady-state-free-precession (b-SSFP) techniques are
used. Fast spoiled-GE technique sequences use small
flip angles with very short repetition times and a
magnetization preparatory pulse. The latter can be an
inversion-recovery, saturation-recovery, or partial
saturation-recovery pulse. The objective of this pre-
paratory pulse is to suppress the myocardium at the
moment of contrast arrival, thus enlarge the range of
SI’s of the myocardium before and after administra-
tion of contrast agents, and to provide T1-weighted
images. Magnetization preparation with an inversion
(180°) pulse needs an inversion time of approximately
400 ms to initially zero SI of the myocardium. Thus
the myocardium is initially dark, which enlarges the
range of signal intensities of the myocardium before
and after applying contrast agents. Since a certain
number of k-lines (e.g., 64,128) are needed to fill the
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Fig. 4 MR-MPI in a patient with 3-vessel disease using
double-bolus regimen during adenosine stress. First pass of
low-dose (0.0027 mmol/kg body weight) followed 40 s later by
high-dose (0.05 mmol/kg body weight) bolus gadolinium-
DOTA (Dotarem®). Twelve short-axis MR-MPI frames are
shown (left to right) representing the first-pass of the low- and
high-dose bolus; and corresponding SI-time curve. The first-
pass of the low-dose bolus is characterized by faint

k-space, the total acquisition time may be too long to
obtain motion-free images during the cardiac cycle
resulting in blurred images by cardiac motion. The
latter can be reduced by spreading the data acquisition
over two or three heartbeats (segmented k-space
approach), but this approach reduces the number of
data points allowing to appreciate the myocardial
first-pass. The prototype sequence of ultrafast imag-
ing is EPI. This sequence uses ultrafast gradient
switching to acquire multiple gradient echoes and to
entirely fill the k-space after a single excitation pulse,
hereby reducing acquisition time to less than 100 ms
for each image (Mansfield 1977). EPI can be T2*-
weighted or T1w-weighted when using a magnetiza-
tion preparation pulse (mostly saturation pulse)
(Edelman and Li 1994). Though EPI has the potential
to image the heart with sufficient temporal resolution
and is therefore perfectly suited to study fast and
dynamic phenomena such as the myocardial perfusion
following bolus injection of contrast media, it is prone

=

enhancement of the LV cavity (shown by moderate changes
in SI-time curves (white curve), while the changes in myocar-
dial enhancement are not detectable (colored curves). First pass
of the high-dose bolus is characterized by strong enhancement
of the LV cavity followed by myocardial enhancement.
Presence of extensive perfusion defects in the 3 coronary
perfusion territories (white arrows). Absolute MBF quantifica-
tion enables to estimate the severity of the perfusion defects

to image artifacts (e.g., geometric distortion, lower
spatial resolution). Spatial resolution can be
improved, and spatial distortion reduced, by using a
multishot data acquisition (Wetter et al. 1995).
Moreover, imaging speed using fast spoiled-GE
techniques can be boosted combining it with EPI
readout. For example, using a TR of 8 ms and an EPI-
factor of 11, acquisition time per image can be
reduced to less than 100 ms. The third fast sequence
for MPI is the b-SSFP technique (Schreiber et al.
2002; Hunold et al. 2004; Lee et al. 2004). Although
image contrast depends on T2/T1 tissue properties, an
inversion/saturation magnetization prepulse results in
predominantly T1-weighted images. Compared with
spoiled-GE imaging, this sequence yields higher
signal-to-noise and contrast-to-noise ratios. Though
the image quality is improved, this sequence is more
susceptible to artifacts at the border of myocardium
and contrast enhanced ventricular cavity than spoiled-
GE sequences, which may significantly impede
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evaluation of subendocardial perfusion defects
(Fenchel et al. 2004; Weber et al. 2007).

The acquired data are arranged into a data matrix
called k-space and once the data matrix is filled up the
data area converted into an image by a mathematical
process known as reconstruction. As discussed above,
image speed can be increased by acquiring more than
data line per excitation (EPI or spiral approach).
Another approach for reduction in acquisition time is
“keyhole” imaging whereby only a limited part of
k-space corresponding to the low spatial frequencies
is sampled during first-pass, thus significantly reduc-
ing acquisition time, but images show rather low
signal-to-noise and contrast-to noise ratios (Walsh
et al. 1995; Reeder et al. 1999). Parallel imaging is an
attractive and effective way to improve the quality of
ultrafast images without the potential adverse effects
associated with using a long EPI train (Kellman et al.
2004; Plein et al. 2005; Tsao 2010). Since each coil of
a multiarray coil provides information about the
spatial location of the MR signal, k-space can be
undersampled during first-pass, and afterwards con-
verted into a fully acquired k-space through recon-
struction. The improvement in image quality is
analogous to that obtained with multishot approach.
Thus, acceleration up to approximately a three-fold
can be achieved with parallel imaging, and these
advantages can be traded for an improved spatial
coverage or increased number of image slices.
Moreover, it has been shown that parallel imaging
extends linearity between SI and contrast medium
concentration with a direct benefit for semiquantita-
tive analysis (Weber et al. 2007). To further improve
imaging speed, one can take advantage of the inherent
redundancy within the data. Data acquisition can be
shortened exploiting correlations in k-space and time
(k-t), e.g. k-t sensitivity encoding (SENSE), by
undersampling along the spatial frequency (k) and
temporal (#) encoding axes which leads to signal ali-
asing in the reciprocal spatiotemporal frequency. To
unfold signal aliasing from the data undersampling,
one uses an estimate of the signal distribution in the
spatiotemporal frequency that is obtained from a
fully-sampled low-resolution training matrix (Tsao
et al. 2003; Plein et al. 2007). By using a 5 x k-t
SENSE and 11 training profiles, Plein et al. (2008a)
performed MR-MPI with a spatial resolution of
14 x 1.4 x 10 mm®, a temporal resolution of
120 ms, and four short-axis slices acquired at

alternative heartbeats. Because of the high spatial
resolution right ventricular (RV) MPI was performed
as well. Gebker et al. (2007) proposed the k-t broad-
use linear acquisition speed-up technique (BLAST),
as an alternative to the k-t SENSE technique. Further
improvement can be achieved by combining k-t
SENSE with parallel imaging to double the (low) reso-
lution of the training images (k-t SENSE + method)
(Manka et al. 2010). Using a 3.0T system for MPI, a net
acceleration up to 6.15 and in-plane resolution of
1.1 x 1.1to 1.4 mm? was achieved. In a small group of
patients (n = 20) high diagnostic accuracy was
achieved, as reflected by the areas under the receiver-
operating characteristic curve of 0.94 and 0.82 for
detecting stenosis >50% and >75%, respectively.
Using a similar approach, Lockie et al. (2011) reported
a sensitivity and specificity of 82 and 94%, respec-
tively, to depict hemodynamically significant stenoses
in 43 patients using invasively determined FFR as
reference. An additional advantage of the above
acceleration techniques is the increase in signal-to-
noise ratio (Plein et al. 2007; Gebker et al. 2007). Since
k-t SENSE can be used to improve spatial resolution,
temporal resolution, and slice coverage, it was recently
reported that dark-rim artifact could be reduced when
maximizing spatial resolution by k-t SENSE accelera-
tion (Maredia et al. 2010).

4.3 Myocardial Signal Nulling

The better the signal of myocardium can be suppressed
at the moment of contrast arrival, the better the range of
myocardial SI changes can be appreciated during the
first-pass phase, and the better the T1-weighting.
Different types of magnetization preparation pulses are
available to achieve these goals. Probably best known
is the inversion-recovery (180°) preparation pulse
with a subsequent delay of 300-400 ms to null the
myocardial signal. This pulse works well in patients
with a regular heart rhythm because the extent of T1
relaxation is between images is constant. However, in
patients with arrhythmias, the change in R-R interval
causes a difference in T1 relaxation between images.
As a consequence, the SI changes over time are mod-
ulated by sources other than the passage of the contrast
agent leading to a decrease in quality and diagnostic
accuracy. Moreover, the need of a long inversion time
interferes with the acquisition of multiple slices per
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heartbeat, and thus with the coverage of the heart.
To overcome these problems, Tsekos et al. (1995)
proposed an arrhythmia-insensitive contrast enhance-
ment technique to produce T1 weighting that is
independent of the magnitude of longitudinal magne-
tization at the moment of the ECG trigger pulse.
It exists in a non-section-selective 90° RF pulse
(saturation-recovery) that nulls the longitudinal mag-
netization, and a gradient crusher pulse that dephases
the transverse magnetization. Although the degree of
T1-weighting is less than inversion-recovery prepara-
tion, saturation-recovery is much less vulnerable to
artifacts and is currently the most commonly used
approach. Another plus is the shorter prepulse delay
(e.g., 150 ms) which is advantageous for multislice
scanning and improved ventricular coverage. When
performing multislice MPI, one should realize that use
of a single inversion-recovery or saturation-recovery
pulse for all slices results in a different T1 relaxation,
and different signal-to-noise and contrast-to-noise
ratios for each slice. The notch pulse saturation tech-
nique, with a 90° preparation pulse for each slice, is an
appealing solution for this problem (Ding et al. 1998;
Slavin et al. 2001). It uses the “dead” inversion time
for imaging in adjacent slice positions, leading to
improved coverage and signal-to-noise ratios. Judd
et al. (1995b) replaced the inversion-recovery pulse in
the inversion-recovery turbo-FLASH sequence by a
train of preparatory RF pulses. These nonselective
preparatory RF pulses drive the magnetization to a
steady-state prior to the image acquisition. To obtain
T2-weighted imaging, the same type of acquisitions
can be used with other preparation pulses, such as
90°-180°-90° triplets (Anderson and Brown 1993).

4.4 Coverage of the Entire Ventricle

Another major challenge for MR-MPI is to track the
first-pass of contrast agent throughout the entire
myocardium without sacrificing temporal or spatial
resolution. Thanks to the advances in ultrafast
imaging (see 4.2) and myocardial signal nulling (see
4.3), multislice imaging is feasible on most clinical
scanners. From a clinical point of view 3 short-axis
slices covering the basal, mid and apical part of the
LV are a strict minimum to appropriately evaluate
regional myocardial perfusion. Further increasing the
number of slices is only beneficial if the diagnostic

accuracy does not drop (Nagel et al. 2003). This
depends on the type of sequence and preparatory
pulse chosen for MPI. Regardless of the type of
preparation used, the magnetization recovery time
plays a major role in determining contrast, signal-to-
noise ratio, and the maximum number of slices that
can be acquired. More slices per cardiac cycle can be
acquired when using a short recovery time, at the
expense however, of a lower signal-to-noise ratio.
A longer recovery time yields higher signal-to-noise
ratio and better contrast, but at the sacrifice of the
number of slices that can be acquired. As discussed
above, the notched saturation pulse allows long
magnetization recovery times without sacrificing slice
coverage (Slavin et al. 2001). Although spatial cov-
erage can be improved by acquiring images not only
during diastole (preferable) but also during systole, it
is more appropriate to acquire all image slices during
one phase of the cardiac cycle, because it was recently
shown that while resting MBF is independent of the
cardiac phase, adenosine-induced hyperemia yields
significantly higher MBF and MPR in diastole than in
systole (Radjenovic et al. 2010). Recently, thanks to the
above-described improvements in ultrafast imaging
(e.g., k-t SENSE) in combination with 3.0T imaging a
fully 3D MR-MPI sequence was presented (Manka
etal. 2011; Vitanis et al. 2011). Complete coverage of
the left ventricle was achieved with 16 slices, a
reconstructed voxel size of 2.3 x 2.3 x 5.0 mm® and
an acquisition time of 200 ms per image slice and one
image acquired every heartbeat (Manka et al. 2011).

4.5 Compensation for Respiratory

Motion

Suppression of gross cardiac motion due to respiration
is strongly recommended during first-pass perfusion
imaging. Because it is unfeasible for most patients to
hold their breath for 45 s to 1 min, alternative strat-
egies are needed. A first approach yielding good
clinical results, is to ask the patients to deeply breath-
in and breath-out just before the start of and during
the first seconds after the injection of contrast agent in
a cubital vein. Just before the arrival of contrast in the
heart, the patient is asked to stop breathing as long as
possible. If the patient is no longer able to stop
breathing, he is allowed to breathe shallow till the
end of the measurement. As an alternative shallow
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breathing during the entire examination can be used.
Although this is more patient-friendly it may impede
visual as well as quantitative analysis. Elastic
matching techniques and model-based registration are
helpful to automatically correct for respiratory-
induced cardiac motion (Adluru et al. 20006).
Recently, prospective slice-tracking and free-breathing
MR-MPI has become available and may be of interest
in incooperative patients unable to hold their breath
(Pedersen et al. 2009).

4.6 Contrast Media for MR Myocardial

Perfusion

In daily routine clinical practice, MR-MPI is most
commonly performed using the first-pass of com-
mercially available gadolinium chelates. The value
of other paramagnetic contrast agents, such as
manganese gluconate, iron oxide particles, deute-
rium, or magnetic susceptibility agents, such as
dysprosium, has been investigated but yet not
entered the clinical arena (Schaefer et al. 1989;
Atkinson et al. 1990; Mitchell and Osbakken 1991;
Canet et al. 1993; Kantor et al. 1994). Contrast
agents are usually classified according to their dis-
tribution pattern, i.e., extracellular and intravascular
contrast media (Table 2) or to their effects on lon-
gitudinal (T1-enhancing contrast agents) or trans-
verse relaxation (magnetic susceptibility agents or
T2* contrast agents). Alternatively, the blood level-
dependent (BOLD) technique uses the paramagnetic
properties of deoxyhemoglobin as endogenous
contrast agent to measure myocardial oxygenation,
and to depict hemodynamic significant CAD
(Atalay et al. 1993; Wright et al. 2001; Friedrich

et al. 2003; Jahnke et al. 2010; McCommis
et al. 2010).
4.6.1 Extracellular Contrast Media

Extracellular contrast agents, such as Gd-DTPA
(Magnevist®), G&-DTPA-BMA (Omiscan®), Gd-BOPTA
(Multihance®), and Gd-DOTA (Dotarem®), are low
molecular weight contrast agents (<1000 Da) that
rapidly diffuse through the capillary walls into the
interstitium (Weinmann et al. 1983). Their kinetic
modeling is complex and has to take into account var-
ious flow- and tissue-dependent variables, such as
extraction fraction and partition coefficient (Burstein et

al. 1991; Diesbourg et al. 1992; Wendland et al. 1994).
Because of their rapid extravasation and redistribu-
tion, ultrafast imaging techniques are obligatory
to image the inflow of contrast agent following
bolus injection (Schaefer et al. 1992). A typical first-
pass of a contrast bolus through the heart starts with a
sudden increase of RV blood-pool SI at the moment
of contrast arrival, followed by an increase of LV
blood-pool SI, and subsequently a smaller myocardial
SI increase of the myocardium. While the signal
rapidly drops in the ventricular cavities, the myocar-
dial SI slowly decreases because of the extravasation
of contrast agent through the capillary bed (Wendland
et al. 1994). During first-pass approximately 50%
of the contrast agent extravasates, but the magnitude
is flow-dependent (Brasch 1992; Tong et al.
1993a, b). Regarding the optimal contrast dose for
MR-MPI, results from several single- and multicenter
studies, using a wide range of contrast doses
(i.e. 0.01-0.15 mmol/kg), have shown that the opti-
mum contrast dose is most likely 0.05-0.1 mmol/kg,
using an injection rate of 4-5 ml/s followed by a
20 ml saline flush administered at the same rate
(Schaefer et al. 1992; Matheijssen et al. 1996;
Schwitter et al. 1997;Al-Saadi et al. 2000a; Wolf et al.
2004; Giang et al. 2004; Schwitter et al. 2008). Most
studies show that higher doses of contrast yield
greater myocardial enhancement but do not increase
diagnostic accuracy. In particular at higher doses
susceptibility artifacts become more prominent, and
may be mistaken for real perfusion defects thereby
increasing the number of false-positives (Wolf et al.
2004). Moreover, at higher doses, the maximal rela-
tive increase in SI begins to saturate, thus hindering
quantitative evaluation (Schwitter et al. 1997). At
lower contrast doses, lower myocardial enhancement
occurs with decrease in signal- and contrast- to noise
ratios, potentially hampering visual detection of per-
fusion defects (see also Sect. 4.6.5).

4.6.2 Intravascular Contrast Media

The role of intravascular or blood-pool contrast
agents for MPI has been investigated by several
groups in animals and humans (Canet et al. 1993;
Revel et al. 1996; Kraitchman et al. 1996; Johansson
et al. 1998; Panting et al. 1999; Bjerner et al. 2001;
Gerber et al. 2002; Reimer et al. 2004; Dewey et al.
2004). A first type of intravascular contrast agents are
macromolecular MR contrast media, or nondiffusible
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Table 2 Extracellular versus intravascular contrast agents

Extracellular Intravascular
Examples
T1-enhancing Gd-DTPA Dextran-(Gd-DTPA)
Gd-DOTA Albumin-(Gd-DTPA)
Gd-BOPTA Polylysine-(Gd-DTPA)
USPIO
Magnetic susceptibility (T2*) Dy-DTPA Albumin-(Dy-DTPA)
MION
SPIO
USPIO
Molecular weight (daltons) <1,000 >50,000
Distribution Intravascular Interstitial Intravascular
Distribution volume 30-40% 5-10%
Intravascular Half-life 20 min 180 min (MION)
Excretion Renal Renal/MPS*
Application(s)

T1-enhancing CM
MR contrast agent

T2* CM

Most widely and clinically used

Detection of ischemia and early infarction and

Blood volume

Tissue perfusion
Capillary integrity
MR angiography

See T1-enhancing CM

differentiation between occlusive and reperfused

myocardial infarction

MR perfusion imaging First-pass imaging

First-pass imaging

Steady-state imaging

CM Contrast media, DTPA diethylene-triamine penta-acetic acid, Dy dysprosium, Gd gadolinium, MION monocrystalline iron
oxides, MPS mononuclear phagocytic system, SPIO superparamagnetic iron oxides, USPIO ultrasmall superparamagnetic iron
oxides, * iron oxide molecules are accumulated into the MPS system

agents, which are typically gadolinium molecules bound
to large molecules such as albumin, polylysine, and
dextrans (>50,000 Da). The relatively large size of these
molecules confines them to the intravascular space for a
significant period. A second type are molecules that are
removed from the vascular space by the mononuclear
phagocytic system, such as superparamagnetic iron
oxide particles (Canet et al. 1993; Revel et al. 1996;
Johansson et al. 1998; Panting et al. 1999; Reimer et al.
2004). Blood-pool agents have several intrinsic advan-
tages for MPI. Since they remain in the vascular space
for a considerable time, first-pass imaging is not ham-
pered by the rapid diffusion of the contrast agent to the
interstitial space, and thus the changes in ST better reflect
the true myocardial perfusion. Another advantage of the
prolonged intravascular half-life, is that first-pass is not

strictly required to assess myocardial perfusion allowing
to perform MPI at steady-state (Rosen et al. 1990;
Weiskoff et al. 1993; Tong et al. 1993a, b; Wendland
et al. 1994; Arteaga et al. 1994; Gerber et al. 2002;
Dewey et al. 2004). However, since the blood-pool
agents remain confined to the vascular space, counting
for only 10% of the tissue volume, signal-to-noise ratios
will be significantly lower than with the diffusible
(extracellular) contrast media (see Fig. 6). Increasing
the dose may increase signal-to-noise ratio in the myo-
cardium, but results in strong susceptibility and T2*
artifacts in the LV cavity. Moreover, detection of myo-
cardial infarction and scar tissue in CAD patients is
unsure with intravascular contrast media. At the present
time, most of these intravascular contrast agents are not
available for clinical use.
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Magnetic Susceptibility
Contrast Agents

Fig. 5 Tl-enhancing versus magnetic susceptibility contrast
agents. This figure shows the differences in myocardial signal
intensity after administration of magnetic susceptibility con-
trast agents (left) and Tl-enhancing contrast agents (right).
Following bolus injection of magnetic susceptibility MR
contrast agents, such as dysprosium or iron oxide particles,
the normally perfused myocardium (below) will show a drop in

4.6.3 T1-Enhancing and Magnetic
Susceptibility MR Contrast Media

MR contrast media act by influencing the relaxation
times of the neighboring resonating protons. Several
magnetic materials, such as manganese, gadolinium,
dysprosium, and iron, are used for this purpose. Their
effect can be either a shortening of the longitudinal
relaxation (i.e., T1 enhancing), a shortening of the
transversal relaxation (i.e., magnetic susceptibility),
or a combination of both. For example, at low gad-
olinium doses, T1 effects prevail while at higher
doses susceptibility effects become dominant causing
signal loss on T2*/T2 sensitive sequences (Saeed
et al. 1995). Thus, using Tl-enhancing contrast
agents, hypoperfused myocardium is visible as a
dark region while it appears bright using magnetic
susceptibility agents (Yu et al. 1993) (Fig.5).
While gadolinium is most frequently used as a T1-
enhancing contrast agent, dysprosium is a typical
magnetic susceptibility contrast agent (Wendland
et al. 1993). Ultra-small superparamagnetic iron
oxide particles (USPIO) can be used for both
T1-weighted and T2*-weighted MR-MPI (Panting
et al. 1999; Reimer et al. 2004).

T1-Enhancing
Contrast Agents

signal intensity; this is not the case for the hypoperfused
myocardium (above), which therefore appears as a hyperin-
tense area. In contrast, T1l-enhancing contrast agents (e.g.,
gadolinium) show an enhancement of the normal myocardium
that is absent in hypoperfused myocardial regions; the latter
thus appear as a “cold” spot

4.6.4 Endogenous Contrast Media

The BOLD technique exploits the paramagnetic
properties of deoxyglobin to be used as endogenous
contrast agent to measure myocardial oxygenation,
and thus to depict hemodynamic significant CAD
(Atalay et al. 1993; Wright et al. 2001; Friedrich et al.
2003; Fieno et al. 2004; Shea et al. 2005; Jahnke et al.
2010; McCommis et al. 2010). An increased oxy-
hemoglobin and decreased deoxyhemoglobin myo-
cardial content result in higher T2* and T2 values,
leading to a corresponding signal enhancement on
T2*- or T2-weighted imaging, respectively. The latter
sequences can be spin-echo (McCommis et al. 2010)
or gradient-echo based (Jahnke et al. 2010), and can
be easily integrated in stress/rest MR-MPI studies.
Good agreement was found between BOLD SI
increase and MPR index, PET, and microspheres for
the detection of myocardial ischemia.

4.6.5 Single Versus Dual-Bolus Approach

For semiquantitative, and in particular for quantitative
MPI analysis, the AIF is needed, which is usually
obtained by defining a region of interest in the LV
cavity, that is used to track the SI changes during
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Rest - Stress MPI

50-85% stenosis

\

Rest MPI

Fig. 6 Principle of rest-stress myocardial perfusion imaging.
A hemodynamic significant stenosis (50-85% lumen narrow-
ing) may be undetected during resting conditions because
compensatory vasodilatation maintains normal resting blood
flows (left). During stress conditions (right), such as after the

first-pass of contrast. To extract quantitative data on
myocardial perfusion for instance using the Fermi-
model deconvolution (see 6.3), a linear relation
between concentration of contrast and SI is assumed,
an assumption that is clearly violated using ‘normal’
contrast doses, i.e., 0.05-0.1 mmol/kg. These doses
are needed to provide a myocardial response with
adequate signal-to-noise ratio, but signal saturation
occurs in the LV cavity rendering the AIF unreliable.
On the other hand lowering the contrast dose imme-
diately affect signal to noise ratio. Therefore, a dual-
bolus regimen has been proposed starting with a
low-dose prebolus, e.g., one tenth of the normal dose,
followed by second normal contrast dose, whereby
the low-dose prebolus is used to correct the AIF
(Ibrahim et al. 2002; Kostler et al. 2004; Christian
et al. 2004, 2008; Hsu et al. 2006; Utz et al. 2008;
Kurita et al. 2009; Patel et al. 2010) (Fig. 4). A direct
comparison between single and dual-bolus approach
showed that semiquantitative measures as MPR are
not heavily influenced by Tl-induced saturation
effects (maximum bias of 10%), though it is important
to keep in mind that the single bolus approach con-
siderably overestimates both rest and hyperemic

low intensity

50-85% stenosis

Stress MPI

administration of dipyridamole or adenosine, the myocardium
supplied by the stenotic coronary artery becomes hypoperfused
and will be visible as a low intensity area using T1-enhancing
contrast agents

blood flow (Utz et al. 2008). Christian et al. (2008)
found that the dual-bolus technique provided more
accurate estimates of MBF than the single bolus
technique when smaller regions were assessed, while
Groothuis et al. (2010) reported no incremental value
of the dual-bolus technique over single bolus tech-
nique for the detection of significant CAD.

4.7 Magnetic Field Strength

Several clinical and simulation studies have shown
that MR-MPI is not only feasible on high-field (i.e.,
3.0 T) MR units but offers several advantages com-
pared to 1.5 T scanners (Meyer et al. 2008; Christian
et al. 2008). In particular when equipped with
the novel features, such as parallel imaging, and
k-t SENSE imaging (see 4.2), image quality can be
improved and artifacts reduced, offering similar or
improved diagnostic accuracy compared to 1.5 T
MR-MPI for the detection of CAD (Cheng et al. 2007;
Theisen et al. 2007; Plein et al. 2008b; Christian et al.
2009). Three Tesla might become the preferred field
strength for MR-MPI in the near future, allowing high
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Fig. 7 Rest-stress MPI (a—f) in a patient with severe proximal
stenosis (90% luminal narrowing) of the posterolateral branch
of the left circumflex CA (arrow, g). First-pass MPI during
stress (a—c), and during rest (d—f) showing 3 short-axis levels

(basal, mid, apical). While LV myocardial enhancement is
homogeneous during rest, an extensive perfusion defect
(arrows, a—c) is visible during adenosine stress MPI involving
the entire LV lateral wall
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spatial resolution multi 2D and 3D imaging with
subsequent reduction of dark-rim artifacts (Plein et al.
2007; Manka et al. 2010; Lockie et al. 2011; Vitanis
et al. 2011).

5 Stress Imaging

Myocardial ischemia at rest, such as in hibernating
myocardium due to high-grade CA stenosis, is much
less frequently found than exercise-induced ischemia.
Therefore, stress imaging is essential in detecting
hemodynamically significant CAD. A stenosis is
considered hemodynamically significant if the coro-
nary blood flow at stress is insufficient to cover
myocardial oxygen demand, resulting in a reduced
coronary flow reserve, wall motion abnormalities or a
perfusion defect at stress, according to the detection
modality used (Fig. 6). Stress can be induced by
physical exercise or by the intravenous administration
of pharmacological agents such as dipyridamole,
adenosine or dobutamine/atropine. Physical exercise,
e.g. using an MR compatible bike, is possible in an
MRI environment, but has its particular technical
difficulties due to the increased body and cardiac
motion and high heart rate. The major issues in
exercise MR imaging relate to the temporal resolution
constraints of the technique which are usually over-
come by combining data from multiple triggered or
gated cardiac cycles. This presents two significant
limitations during exercise: firstly obtaining a good
ECG signal during exercise is difficult and, secondly,
even when this is possible gated exercise images are
prone to considerable artifacts due to the cardiac
translation resulting from body and respiratory
movements. Pharmacological agents, instead, have
been shown to be safe, well tolerated, and to repro-
ducibly induce myocardial ischemia. Dobutamine/
atropine is known to increase myocardial oxygen
demand, thereby provoking wall motion abnormali-
ties. An advantage of dobutamine is its rapid onset of
action and short half-life (120 s), allowing for gradual
titration. In hibernating myocardium, a biphasic
response occurs, with an increase in contractility at
low-dose (5-10-15 pg/kg/min) indicating contractile
reserve and viability, and hypokinesia at high-dose
(20-40 pg/kg/min combined with fractionated atro-
pine 250 pg bolus up to a maximal dose of 1.0 mg)
(Senior and Lahiri 1995). Its vasodilatory capacity

can also be used to evaluate perfusion, but this is less
established (Gebker et al. 2011). Severe complica-
tions (sustained ventricular tachycardia, ventricular
fibrillation, myocardial infarction, cardiogenic shock)
are rare but may be expected in 0.1-0.3% of patients
(Wahl et al. 2004). After stress termination, dobuta-
mine side effects can be reversed by beta-blocker
administration (e.g. esmolol 0.5 mg/kg slowly intra-
venously). To increase sensitivity of the test, it is
recommended to stop beta-blocker treatment 24-48 h
prior to examination.

In clinical practice, adenosine and dipyridamole are
the most commonly used pharmacological vasodilators.
A drawback is the higher cost of adenosine. Adenosine
and dipyridamole seem to be equally effective in
producing myocardial ischemia. In healthy subjects,
coronary blood flow increases four- to fivefold over the
baseline value of approximately 0.8—1.2 ml min~' g~
(Wilson et al. 1990). Vasodilators induce ischemia by
the so-called “steal-phenomenon”. Vasodilation
mainly occurs in the non-stenotic coronary arteries
resulting in a redistribution of blood towards the non-
stenotic regions by stealing it from the stenotic
regions. When coronary flow is challenged by infu-
sion of a vasodilator, the area in jeopardy becomes
visible during first-pass of contrast agent (Schwitter
et al. 2001; Saeed et al. 1994) (Figs. 6, 7). Both
agents have been studied extensively and are widely
applied for myocardial perfusion evaluation by
SPECT and PET, and are approved by the US
FDA for inducing coronary hyperemia (Cerqueira
et al. 1994; Siebert et al. 1998). Adenosine induces
endothelial-independent vasodilation at the so-called
resistance vessels (arterioles, precapillary sphincters)
by activating the alpha-2 receptors leading to smooth
muscle cell relaxation. Dipyridamole indirectly does
the same, by inhibiting the adenosine reuptake
in the endothelial and smooth muscle cells, thereby
increasing the interstitial adenosine concentration.
Hemodynamic effects of both vasodilators are com-
parable with a reduction in systolic and diastolic
blood pressure and an increase in heart rate. The
reduction in blood pressure is more pronounced with
adenosine, whereas the increase in heart rate is
stronger with dipyridamole. Dipyridamole induces a
significant increase in rate-pressure product (systolic
blood pressure multiplied by heart rate), which
can be considered a parameter of myocardial
oxygen demand, whereas adenosine does not (own
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Table 3 Myocardial perfusion imaging protocol using aden-
osine infusion dosage of 0.14 mg/kg body weight/min during
3-6 min

Adenosine dose 5 mg/ml

Patient Dose/Rate  Total volume (pure  Injection
weight (mg/min) adenosine (ml/u) rate
(kg) 5 mg/ml for 6 min)

40 5.6 6.7 67
45 6.3 7.6 76
50 7.0 8.4 84
55 7.7 9.2 92
60 8.4 10.1 101
65 9.1 11 109
70 9.8 12 118
75 10.5 12.6 126
80 11.2 13.4 134
85 11.9 143 143
90 12.6 15.1 151
95 133 16 160
100 14.0 16.8 168

unpublished data). Generally, vasodilators are con-
sidered not to increase cardiac work load significantly
(Pennell 1994), but in high-grade CA stenosis, aden-
osine and dipyridamole are known to also induce wall
motion abnormalities (Paetsch et al. 2004; Galbazzi
et al. 2010). Adenosine is administered by an infusion
of 140 pg/kg/min and the maximal vasodilative effect
to start imaging is usually reached after 3—4 min
(Table 3). The infusion must continue until all images
are taken, because of the very short half-life (<10 s)
of adenosine. A MPI protocol with dipyridamole
uses an infusion dosage of 0.14mg/kg/body weight/
minute during 6 minutes, with the peak of vasodilation
reached at about 2 minafter finishing the infusion
(Table 4). The half-life of dipyridamole is about
30 min, so there is more time for imaging. All effects
of dipyridamole can be reversed more quickly by
administration of aminophylline (0.250 mg intrave-
nously over 5 min). Mild side effects for dipyridam-
ole are headache, dizziness, nausea and chest pain
(due to stimulation of nociceptors, mostly not due to
ischemia) and occur relatively frequent, but less in
diabetics (own unpublished data). Severe side effects
such as AV-block, bronchospasm or myocardial
infarction are very rare, and can be treated by

Table 4 Myocardial perfusion imaging protocol using dipy-
ridamole infusion dosage of 0.14 mg/kg body weight/min
during 6 min

Dipyridamole dose 5 mg/ml

Patient Dose/ Total volume (pure Injection
Weight Rate dipyridamole (ml/u) Rate
(kg) (mg/ 5 mg/ml for 6 min)

min)
40 5.6 6.7 67
45 6.3 7.6 76
50 7.0 8.4 84
55 7.7 9.2 92
60 8.4 10.1 101
65 9.1 11 109
70 9.8 12 118
75 10.5 12.6 126
80 11.2 134 134
85 11.9 14.3 143
90 12.6 15.1 151
95 133 16 160
100 14.0 16.8 168

administration of aminophylline (Picano et al. 1997).
For persistent chest pain, nitroglycerine can be given.
For adenosine, side effects are similar but often more
pronounced: flushing, warmth, headaches, dizziness,
nausea and chest pain. The same severe side effects as
with dipyridamole can occur, but usually resolve after
termination of the adenosine infusion, with exeption
of the bronchospasms (Cerqueira et al. 1994). For
people above 75 years of age and heart transplanta-
tion patients, dipyridamole is preferred above
adenosine, because of the increased risk for asystole
with the latter (Toft et al. 1998). Contra-indications
for adenosine and dipyridamole are high degree
AV-block, asthma bronchiale, severe COPD or
patients taking carbamazepine or dipyridamole. Care
has to be taken that patients have refrained from
beverages or food containing caffeine before a
dipyridamole or adenosine test, because these reduce
the sensitivity of the test. In patients showing an
inadequate hemodynamic response to standard
adenosine protocol, i.e., heart rate increase <10 bmp
or systolic blood pressure decrease <10 mm Hg,
Karamitsos et al. (2010), proposed a high-dose
adenosine protocol up to 0.210 pg kg—1 min—1. This
was well tolerated and safe, and led to an adequate
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hemodynamic response in 16/18 patients with an
initial inadequate hemodynamic response. Finally,
although the risk of adverse side effects is small,
emergency precautions, such as trained evacuation
procedures and trained personal for resuscitation
should be present.

6 Myocardial Perfusion Analysis

6.1 Visual Analysis

Visual assessment of first-pass MPI allows qualitative
evaluation of regional myocardial perfusion in resting
and stress conditions. When performed by experienced
readers, acceptable diagnostic accuracies can be
achieved (see 7 and 4.1 in “Ischemic Heart Disease”).
As such, visual analysis is a valuable alternative to the
tedious and often time-consuming (semi)-quantitative
approaches. A true stress-induced myocardial perfusion
defect usually has typical features that help to distin-
guish it e.g. from dark-rim artifacts, diffuse microvas-
cular ischemia, fixed defects or true ischemia at an
infarct border, and thus reduce the number of false-
positive readings (Fig. 8). Thorough analysis allows to
depict, to locate and to grade severity of defects. The
onset of a myocardial perfusion defect coincides with
the start of myocardial enhancement, which is later than
the contrast arrival in the LV cavity and later than the
occurrence of a dark-rim artifact. The defect, visible as a
non- or slow-enhancing part of the myocardium, is most
pronounced in the subendocardium (as is the dark-rim
artifact) and the transmural extent is variable. Depend-
ing on the severity of the CA stenosis, as well as the
presence of collateral vessels, the duration of the defect
ranges from brief (i.e., a few heartbeats) to prolonged
(i.e., persistent till the second pass), while it resolves
from the edge to the center of the perfusion defect, thus
from subepi- to subendo-cardium. Moreover, the defect
obeys anatomic borders as well as the boundaries of the
CA perfusion territories, whereas the dark-rim artifact
does not. The size is determined by the position of the
stenosis along the CA (Figs. 9, 10). The presentation of
the defect differs according the CA involved, i.e., to our
own experience (a) defects caused by left anterior
descending (LAD) CA stenosis are usually stripe-like
and typically involve one or more of LV anteroseptal,
anterior, or anterolateral segments; (b) right coronary

artery (RCA) lesions cause crescent shaped inferobasal
perfusion defects; (c) left circumflex (LCx) lesions
involve the lateral LV wall and not infrequently have a
speckled appearance. Since perfusion defects respect
vascular territories, significant CAD in two or more
coronary arteries will be visible as separate or contiguous
perfusion defects (see Fig. 8.21). Microvascular
disease, instead, presents as a circular subendocardial
defect not respecting perfusion territories. Since
susceptibility artifacts may present in a similar way,
differentiation between both conditions may be
challenging.

Though some centers perform only stress MPI
(Lubbers et al. 2011), adding a rest MPI study is not
only needed for MPR calculation, but it has also a
benefit for visual analysis. Perfusion defects, caused
by hemodynamically significant stenoses, are usually
only visible during stress perfusion imaging, or
should be more pronounced during stress than in
rest. Moreover, perfusion-like defects may occur in
chronic, scarred infarcts in the absence of a CA
stenosis. This is due to the low capillary density in the
scar compared to normal myocardium, simulating a
perfusion defect on MPI. Typically these defects are
present also at rest (therefore called “fixed defects”),
and the extent matches well with the findings on late
gadolinium imaging. If, however, a larger perfusion
defect is encountered, in particular during stress, this
is suspect of concomitant CAD, causing residual
ischemia in the borders of an infarct territory.
In patients with a successfully reperfused acute
myocardial infarction, MPI shows in approximately
50% of patients a perfusion-like defect in the core of
the infarct territory. This is caused by severe micro-
vascular damage in the infarct core, a phenomenon
also called no-reflow (Taylor et al. 2004; Bogaert
et al. 2007) (see 5.2.3 in “Ischemic Heart Disease™).
If stress MPI is needed in a patient with a history of
myocardial infarction, it is advisable to start first with
the stress study, because subsequent enhancement of
the infarct may impede detection of perfusion defects
on stress MPI.

When performing stress-rest MPI studies, the best
is to analyze stress and rest studies simultaneously
in a standardized way, assessing the 3 main perfu-
sion territories one by one, for the presence of
perfusion defects (Fig. 7). Perfusion abnormalities
can be best described using a segmental approach, for
example using a modified AHA 16-segment model


http://dx.doi.org/10.1007/174_2011_336
http://dx.doi.org/10.1007/174_8#Fig21
http://dx.doi.org/10.1007/174_2011_336

186

J. Bogaert and K. Goetschalckx

Fig. 8 Typical pattern of hemodynamically significant steno-
sis on MR-MPI during adenosine stress. Six time frames of
midventricular short-axis MR-MPI, starting from arrival of
contrast in RV cavity (a) to the time of second pass (f).
A perfusion defect in the anteroseptal LV wall with approx-
imately 50% transmurality becomes visible at the moment the

Fig. 9 Example of an extensive perfusion defect in the LV
anterolateral wall during adenosine stress MR-MPI. Four time
frames of midventricular short-axis MR-MPI. A nearly

(see “Cardiovascular MR Imaging Planes and
Segmentation” and “Ischemic Heart Disease”).
Though a good quality MPI study is an essential

remainder of the myocardium normally enhances (arrows, b, ¢).
The perfusion defect remains present during the washout phase
(arrows, e) till the second pass (arrows, f). At coronary
angiography, a 75% stenosis was shown in the mid left anterior
descending CA

transmural defect involving the LV anteroseptal, anterior, and
anterolateral wall is well visible (arrows)

prerequisite, even in experienced hands, artifacts such
as dark-rim artifacts, stripe artifacts, infolding arti-
facts, blurring, and artifacts due to respiratory motion
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Fig. 10 Example of an extensive perfusion defect in LV
inferolateral wall during adenosine stress MR-MPI (a—c) in a
patient with high-grade stenosis of mid right CA (arrow, d).
First-pass MR-MPI at 3 short-axis levels (basal (a), mid (b),
and apical (c) level). Presence of an extensive area of hypo-

enhancement (50-75% transmural extent) in the entire LV
inferolateral wall (black arrowheads, a—c). Note the concom-
itant lack of wall thickening (most remarkable in the basal
slice) due to myocardial ischemia

Fig. 11 Example of cardiac motion artifacts due to triggering
problems at the moment of first-pass of contrast through the
heart. Four consecutive time frames showing apical short-axis
slice during adenosine stress. Note the deformation of the

or mistriggering, are not infrequently present, and
when severe may hamper or make interpretation
impossible (Fig. 11). Probably the most annoying are
the dark-rim artifacts (Fig. 12). They typically occur
at the interface between blood-pool and myocardium,
and appear as soon as the contrast arrives in the LV
cavity thus before the start of the myocardial
enhancement. The exact origin of this artifact is
unclear and several causes are suggested: motion
artifacts, Gibbs truncation, nonuniform k-space
weighting, and susceptibility caused by the difference
in relaxivity between enhanced blood-pool and non-
enhanced myocardium, explaining why these artifacts
get worse when a higher contrast dose is used (Wolf
et al. 2004), as well as why some sequences such as
the balanced SSFP sequence are more sensitive for
this kind of artifacts (Fenchel et al. 2004; Di Bella
et al. 2005; Weber et al. 2007; Meyer et al. 2008;
Ferreira et al. 2008). They preferably occur in the

cardiac contour between consecutive images. Presence of an
inferolateral perfusion defect in a patient with a mid RCA
stenosis

basal half of the left ventricle, along the septal border
and around the papillary muscles. Since they are not
true perfusion defects, they often appear darker than
the non-enhanced myocardium, and thus darker than a
true perfusion defect. They tend to rapidly decrease in
severity and disappear during the washout phase of
contrast, but may reoccur during the second pass,
albeit with a lower intensity. What makes these arti-
facts annoying is firstly that they are usually more
pronounced during hyperemia, thus falsely yielding
the impression of true perfusion defect, and secondly
that a true perfusion defect may underlie a suscepti-
bility artifact. The newest MR-MPI sequences with
improved spatial resolution (see 4.2) enable improved
differentiation between subendocardial perfusion
defect and dark-rim artifact (Manka et al. 2010;
Lockie et al. 2011). Other artifacts, such as stripe or
infolding artifacts, are usually easier to differentiate
from true perfusion defects, but when severe may
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Fig. 12 Example of dark-rim artifact. Six time frames show-
ing first-pass of contrast in apical cardiac short-axis (a—f). At
the moment of contrast arrival in the LV cavity, occurrence of
dark-rim in LV lateral border at the blood-myocardial interface,

make interpretation impossible. Inappropriate trig-
gering leads to images acquired at different time
points during the cardiac cycle, which often makes
interpretation impossible. Respiration artifacts are
often annoying, especially for (semi)quantitative
analysis, and as discussed above, it is advisable to
suspend breathing at least for the relatively short
period that covers the wash-in of contrast agents
(Al-Saadi et al. 2000a; Jerosch-Herold et al. 2004).

6.2 Semiquantitative MPI Analysis

For semiquantitative analysis of myocardial perfu-
sion, usually the changes in SI in the myocardium
during first-pass of contrast agent through the heart
are used enabling to make SI-time curves (Fig. 2).
This is achieved by contouring endo- and epi-cardial
borders excluding the papillary muscles, a task that
may be tedious and time-consuming to perform in ten

persisting for several heart beats (arrows, b—c). Typically a
dark-rim artifact has a lower signal intensity than the
surrounding suppressed myocardium, and starts before onset
of myocardial enhancement

to hundreds of images (Kurita et al. 2009). Though
automated tracking software to correct cardiac posi-
tion for respiratory-induced shift is available (Bidaut
and Vallée 2001), it still hampers routine use in a
clinical setting. Following contouring, the LV wall
can be divided in several segments, and each segment
can be assessed as a single unit, or can be divided in
different layers (e.g. endocardial and epicardial layer).
The analysis of SI-time curves can be performed in
different ways. The SI’s before injection of the agent
at the time Tnull are averaged and used as offset
(Fig. 13). The following parameters can easily be
calculated: (a) the rate of increase in SI after the bolus
injection of contrast agent, using a linear fit; (b) the
maximum SI increase; (¢) the time from Tnull to the
maximum SI increase; (d) the time from appearance
of contrast agent in the LV cavity to appearance of
contrast agent in the myocardium (contrast appear-
ance time); (e) time to 50% of maximal SI; (f) the SI
decrease after the peak SI (downslope); or (g) the
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Fig. 13 Analysis of the signal intensity-time curve. After a
series of precontrast-images to acquire baseline signal intensity,
the signal intensity increases in the LV cavity and, with a delay
called “contrast appearance time” (A), in the myocardium. The
rate of increase in signal intensity is measured by the upslope (B).
After 5-10 s (time to peak; C) the signal intensity peaks
(maximal signal intensity; D). Another semiquantitative param-
eter is the time to 50% maximal signal intensity (time to 50%; E)

mean transit time using an exponential fit (Al-Saadi
et al. 2000a, b; Schwitter et al. 2001; Ibrahim et al.
2002; Manning et al. 1991; Matheijssen et al. 1996).
Some approaches require the application of more
complex fitting procedures, such as the gamma-vari-
ate fit. Such fit procedures, are, however, sensitive to
noise, sampling rate, and maximal signal achieved, and
may result in an additional source of error when
extracting semiquantitative parameters out of the fitted
curve (Benner et al. 1997). As the upslope and maxi-
mum SI increase are accepted parameters describing
myocardial perfusion (Manning et al. 1991; Wilke et al.
1993; Al-Saadi et al. 2000a; Nagel et al. 2003; Christian
et al. 2004; Rieber et al. 2006), the sampling rate,
i.e., the number of time points on the upslope or from
onset of signal enhancement to maximum SI increase,
is of paramount importance. The time of inflow of
contrast medium is typically in the range of 7-12 s. If
the sampling rate is too low, it will result in an unreli-
able assessment of both upslope and maximum signal
enhancement. For a reliable assessment of the upslope,
a linear fit of 4 consecutive data points obtained is

recommended. Since the SI-time curve flattens when
approaching maximal SI, it is advisable not to include
the latter time points; otherwise the upslope will be
underestimated. It is obvious that a reliable assessment
is only achievable when sufficient data are acquired,
thus preferably every heartbeat. As discussed above,
because of the fast extravasation of contrast media to
the extracellular space, the process of myocardial per-
fusion and diffusion occurs almost simultaneously. It is
generally believed that the upslope best reflects the
wash-in or true perfusion phase of contrast in the
myocardium. The different parameters can be shown
using parametric myocardial perfusion maps (Germain
et al. 2001; Panting et al. 2001) (Fig. 14).

During myocardial hyperemia there is a shortening of
the rise time to peak SI, a higher peak SI, and a clear
descending limb after the peak signal, reflecting the
higher perfusion rate due to stress-induced vasodilation
and hyperemia. In analogy to the coronary flow reserve,
the MPR can also be determined, being defined as the
ratio of regional MBF during hyperemia to that during
resting conditions. This ratio, however, may deviate
from the coronary flow reserve, depending on the level
of collateral blood flow (Gould et al. 1990). The differ-
ences in regional perfusion can be quantified by defining
a relative myocardial perfusion index as the ratio of the
myocardial perfusion in the territory of the stenosed CA
to the myocardial perfusion in a remote normal zone
(Gould et al. 1990). Such an approach is not preferred,
because patients with even severe multiterritorial
ischemia may have a normal ratio and thus their ische-
mia would go undetected (balanced ischemiay).

6.3 Quantification of Myocardial

Blood Flow

Absolute MBF quantification might be of interest for
several reasons. First, increase in diagnostic accuracy
compared to semi- or full-quantitative approaches,
in particular in patients with three-vessel disease.
Second, increased knowledge of true myocardial
hemodynamics. Semi-quantitative measures, using
MPR, provide no information regarding resting (nor
hyperemic) MBF but only tell something about how
both are related. As stated by Gould (1978), a stenosis
is considered hemodynamic significant if the coronary
or myocardial reserve cannot be induced by vasodi-
latory stimulus. In case of decreased MPR, it is
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Fig. 14 First-pass perfusion images of an experimental occlusion
(a) and after reperfusion (d) with the corresponding signal
intensity-time curves of an ischemic segment compared with a
normally perfused segment in the same slice (b, e). Note the very
flat appearance of the signal intensity in the ischemic segment
during occlusion (b) and the improvement after reperfusion
(e) when compared with normal signal intensity curves. Even

impossible to say whether this is due to an increased
resting MBF, whether the hyperemic response is
impaired, or whether both phenomena come into play.
Thirdly, rest MBF increases with age, whereas
hyperemic MBF seems to have a quadrangular rela-
tionship. Finally, gender dependency or independency
is still a matter of debate.

Analysis of SI-time curves provides relative but no
absolute values on myocardial perfusion. A normal
blood flow zone is required for comparison, obviously
limiting the use of relative parameters (e.g. upslope
integral) in the setting of multivessel disease. Current
strategies to quantify myocardial perfusion are based
on two different models, i.e., the central volume
principle, and the modified Kety model. The central
volume principle (Zierler 1962) has been derived
from the indicator-dilution theory as described by
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improved after reperfusion, the upslope and the maximal signal
intensity remain lower than the normally perfused control segment
(e). The parametric display (c) shows a spared area of color,
reflecting the hypoperfused segment that matches the necrosis
as shown by delayed enhancement imaging (f). Courtesy of
Prof. Dr. Y. Ni, UZ Leuven,Leuven, Belgium

W.F. Hamilton and colleagues, in 1932, with the
assumption that the indicator does not move into
the tissue, a condition that is clearly not fulfilled by
extracellular contrast media. The Stewart-Hamilton
equation relates the flow (F) through an organ
with the total amount of injected tracer (M) and the
tracer concentration as measured in the draining
veins c4(1):
M

F= Jo cd()de

(1)
A number of assumptions are, however, necessary:

1. the tracer is not extracted from the blood-pool

. the flow should not be affected by the tracer

3. the tracer must be thoroughly mixed with the
blood

. it must be corrected for recirculation of the tracer
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Additional information is obtained from the mean
transit time (MTT), which represents the time the
contrast agent needs to pass the myocardium, which is
calculated as follows (Meier and zierler 1954):

B JoS ted(2)d
MIT = cata

Here it is presumed that the tracer is injected as a
bolus, but corrections can be made for a longer
injection. Equation 3 further relates this MTT with the
volume V occupied by the tracer in the myocardium
(myocardial blood volume) and the flow (Block et al.
1995):

2)

mrT =Y 3)
F

Thus, the theory states that the MTT (which is the
normalized first moment of the output concentration
curve) is the ratio of the tissue blood volume to its
blood flow. Assuming tissue blood volume remains
constant, MTT will be directly correlated to MBF and,
thus, presents a semi-quantitative parameter that
correlates better to myocardial perfusion than the

previously discussed parameters.

1
MTT ~ — 4
. )

If myocardial blood volume could be calculated
in absolute numbers, quantification of MBF would
be possible. However, only a relative value of
myocardial blood volume can be derived from the
first-pass curve by determining the area under the
curve, which is proportional to myocardial blood
volume for blood-pool agents (Le Bihan and Turner
1992).

However, it has to be borne in mind that the central
volume principle applies to the output concentration
curve. MR can measure flow in the coronary sinus but
these measurements provide only data regarding
global and not regional myocardial flow. Therefore,
the residue detection method is used (Lassen and Perl
1979). In that method, the myocardial contrast con-
centration, derived from if the SI-time curves, is
converted to an output function. However, this con-
dition needs an instantaneous contrast agent injection.
The decrease in contrast agent concentration should
be equal to the amount of contrast agent leaving

the system. Therefore, the input function should
be shorter than the transfer function through the
myocardium. Such an instantaneous injection of
contrast cannot be achieved noninvasively. For that
reason calculation of the MTT cannot be easily
determined without making several assumptions.
Therefore, use of MTT for evaluation of myocardial
perfusion by MR, as proposed by several groups
(Wilke et al. 1993), has been criticized (Weiskoff
et al. 1993). Models for calculation are required, such
as the multiple pathway, axillary distributed model of
blood tissue exchange that integrates the effects of
the myocardial vascular architecture and the flow
distribution (Kroll et al. 1996). Jerosch-Herold and
colleagues have described the converted tissue SI
curve to be represented as convolution of the tissue
impulse response with the arterial input. The initial
amplitude of the tissue impulse response equals the
tissue blood flow. However, deconvolution is very
sensitive to noise and constraints need to be applied to
stabilize the mathematical process of deconvolution.
The susceptibility to noise can be reduced by con-
straining the deconvolution with a parameterized
model for probability distribution of tracer residence
times in a region of interest. The Fermi function
has been applied as an empirical model for the impulse
response (Fermi constrained deconvolution) (Jerosch-
Herold et al. 1998). Subsequently the same group has
introduced a model-independent approach (Jerosch-
Herold et al. 2002). Both approaches could show suf-
ficient correlation to microsphere measurements.

The second approach to quantify myocardial per-
fusion is derived from the Kety model (Kety 1951),
which applies, in contrast to the central volume
principle, only for extravascular contrast agents.
These contrast agents distribute in two compartments:
the intravascular and the extracellular space. A two-
model compartment with necessary derivations of
equations applied for MR have used the term “mod-
ified Kety model” or “single capillary model”
(Diesbourg et al. 1992; Larsson et al. 1996; Ishida
et al. 2011). This model assumes that the capillary bed
can be seen as a tube with uniform distribution and
permeability of contrast agent. The lateral diffusion of
the contrast agent is not considered in this model
(Kety 1951). The axial diffusion is proportional
to the difference of concentration across capillary
membrane and to a coefficient E that describes
nonequilibrium effects, the extraction efficiency. The
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equation describes the relation between MBF and
local myocardial contrast agent concentration (CM),
the myocardial extraction efficiency of the contrast
agent (E), the arterial blood concentration of the
contrast agent (Ca), and the partition coefficient
between the vascular bed and the extracellular volume
of distribution of the contrast agent (1) which is
equivalent to the interstitial space volume fraction
(Larsson et al. 1996; Diesbourg et al. 1992).

CM = MBF.E.j1Ca.e~MBFE/7]

The concentration can be expressed as deconvo-
lution of the AIF with the residual impulse function:

MBF.E.¢e MBF-E//]

The residual function depends on 3 parameters:
MBF, extraction efficiency, and the partition coeffi-
cient. Whereas E is defined as (according to Kety):

E =1 — exp(—PS/MBF)

Where PS is the permeability surface area product
that describes the diffusion of the contrast agent
through the capillary membrane. Because E and MBF
present a product with two variables that depend on
each other in a way to vary generally in opposite
direction, it is very difficult to extract MBF from the
equation. In general the product E.MBF is measured
(Ishida et al. 2011). This product is called the
unidirectional transfer constant (K;).

Ki=F.E

For low flow, E will be high. The transport across the
capillaries is more flow limited than diffusion limited
and the product E-F is more sensitive to flow. Severe
ischemia is one exception in which E and F' change in
the same direction. For high-flow conditions, the
transport of the contrast agent will be more diffusion
limited than flow limited (Vallee et al. 1997). However,
the product E-F increased with high-flow but tends to
plateau for very high flows. In conclusion, the deter-
mined parameters describe not only myocardial per-
fusion, but also mainly the first-order transfer constant
from the blood to the myocardium and the distribution
volume of contrast agent in the myocardium.

Quite often, an assessment of quantitative param-
eters over a particular organ shows regional hetero-
geneities that provide clinically useful information.

For a thorough quantitative evaluation of perfusion
from currently available MR images, the following
corrections have to be considered:

1. Tracer concentrations have to be calculated from
signal intensities in MR images. The relation
between concentration of Gd and SI is usually
not known. In practice, a calibration is necessary
for all sequences with their applied parameters
(TR/TEAlip angle/time delays, etc.).

2. Most contrast agents used in clinical practice diffuse
rapidly from the intravascular to the extravascular
space. This effect can be incorporated in more dif-
ficult models that prescribe an organ as consisting of
different compartments that mutually interact.

3. Correction for recirculation is usually performed
using a gamma-variate fit of the AIF.

4. The effects of a finite contrast agent injection can be
corrected using deconvolution based on the same AIF.

7 Clinical Applications of MR-MPI

From a clinical point of view MR-MPI is increasingly
used in daily routine practice. Cardiologists are
rapidly becoming aware of the value of this technique
to study CAD patients, in particular when combined
with cine imaging and late Gd imaging (see
“Ischemic Heart Disease”). This comprehensive
exam provides essential information regarding the
presence or absence of hemodynamically significant
CA stenosis, evidence of previous (unknown or unrec-
ognized) myocardial infarction, and global/regional
ventricular function in a 45 min exam. In times of
limited financial resources, these types of comprehen-
sive exams will rapidly gain importance in clinical
decision-making, and in predicting patient outcome. To
summarize, MR-MPI exams are usually performed
during first-pass of a bolus of extracellular contrast
media through the heart (i.e., 0.05-0.1 mmol/kg),
using fast sequences (i.e., spoiled gradient-echo or
balanced SSFP) equipped with techniques to speed up
data acquisition or reconstruction (e.g., EPI read-out,
parallel imaging, k-t SENSE or k-t BLAST tech-
niques), on a 1.5T or 3.0T system. Saturation pre-
pulses are most often used to suppress myocardial
signal and to obtain T1-weighting. Imaging is per-
formed in at least 3 short-axis slices, and images are
obtained during cardiac diastole, preferably one
image/heartbeat for each slice. Myocardial hyperemia
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is usually achieved using dipyridamole or adenosine
infusion. Image analysis can be performed visually,
semiquantitatively or quantitatively. A dual-bolus
approach enables to avoid saturation effects in the
AIF, and is used for both semiquantitative as quan-
titative purposes (Fig. 4).

For the most part MR-MPI has been used to study
myocardial perfusion in CAD patients (see 4.1 in
“Ischemic Heart Disease”), though this technique is
useful in many other cardiac diseases as well, such as
e.g. hypertrophic cardiomyopathy (see 4.1.1 in
“Heart Muscle Diseases”). This accuracy of MR-MPI
in clinical routine has been compared to other tech-
niques, such as coronary angiography + CFR/FFR,
SPECT, PET. The value of qualitative, visual analysis
in the detection of CA stenosis has been shown to
achieve good diagnostic accuracy as compared to
coronary angiography and SPECT (Sensky et al.
2002; Nagel et al. 2003; Schwitter et al. 2008).
Besides, several groups have measured (semiquanti-
tative) MPR index values in normal subjects and
CAD patients and established cut-off values for MPR
index values to differentiate between flow-limiting
and non-flow limiting stenoses (Cullen et al. 1999;
Al-Saadi et al. 2000a, b; Ibrahim et al. 2002; Kurita et
al. 2009; Watkins et al. 2009). In a study by Al-Saadi
et al. (2000a) a MPR index could be determined from
the upslope in normal myocardial segments of
2.33 £ 0.41 versus 1.08 % 0.23 in ischemic segments
(p < 0.001). A cut-off value of 1.5 (mean minus 2 SD
of normal segments) allowed discrimination of nor-
mal from ischemic segments with good sensitivity
and specificity (90 and 83% respectively). The use-
fulness of this approach has been confirmed and
applied in several studies (Rieber et al. 2006;
Costa et al. 2007) (see 4.1 in “Ischemic Heart
Disease”). A growing number of centers have used
MR-MPI to quantify absolute myocardial perfusion,
using both the single and dual-bolus approach. Cullen
et al. (1999) have calculated the MPR index based
on a more quantitative approach by measuring the
unidirectional transfer constant (K;) and found in
normal subjects an MPR index of 4.21 4+ 1.16
versus 2.02 + 0.7 in patients with angiographically
proven CAD (p < 0.02). The MPRI index was
inversely related to the severity of the CA stenosis.
Remarkably, MPRI index was also lower in non-flow
limiting stenosis (<40% diameter) than in volunteers.
Taking '’O-water PET as the in vivo standard of

reference, Chareonthaitawee et al. (2001) reported
rest and stress perfusion values of 1.0 & 0.2 and
3.5 &+ 1.0 ml/g/min in normal volunteers. Hsu et al.
(2006) using dual-bolus MR-MPI found similar val-
ues, i.e., 1.0 £0.2 and 3.4 &+ 0.6 ml/g/min while
other groups reported smaller values, i.e., 0.52 £ 0.11
and 1.8 &+ 0.5 ml/g/min, and an MPR of 3.6 + 1.3
(Ritter et al. 2006). Compared to the single bolus
approach, the dual-bolus approach yielded smaller
values for absolute myocardial perfusion (Groothuis
et al. 2010), i.e., for rest perfusion 0.5 + 0.2
versus 2.2 + 0.9 ml/g/min, and for stress perfusion
1.4 £ 0.6 versus 4.1 £ 1.1 ml/g/min; but otherwise a
higher MPR, i.e., 3.1 & 1.3 versus 2.0 £ 0.5.

Other studies have reported improved accuracy
when combining myocardial perfusion with cine MRI
to detect associated wall motion abnormalities
(Hartnell et al. 1994; Penzkofer et al. 1999), or with
myocardial tagging enabling to assess concomitant
changes in regional myocardial function and principal
strains (Kraitchman et al. 1996), and by adding late
Gd MRI (Kellman et al. 2006; Cury et al. 2006).
Several studies have stressed the advantages of
MR-MPI compared to radionuclide imaging for
obtaining information on the heterogeneous trans-
mural enhancement (subepi-, mid-, and subendocar-
dium), which may reflect the variability in myocardial
perfusion across the wall (Wilke et al. 1993; Edelman
and Li 1994; Lee et al. 2004; Keijer et al. 2000). In a
study by Lee et al., MR-MPI identified better than
201T1 and 99 mTc SPECT imaging regional reduc-
tions in full-thickness MBF during global coronary
vasodilation over the full-range of vasodilation (using
microspheres as gold standard). Moreover, transmural
flow gradients can be identified, and their magnitude
increases progressively as flow limitations become
more severe and endocardial flow is increasingly
compromised (Lee et al. 2004).

Besides assessment of “primary” CAD, MR-MPI
studies have been performed in patients receiving
balloon angioplasty or stenting (Al-Saadi et al. 2000b;
Fenchel et al. 2005; Bernhardt et al. 2009; Manka
et al. 2011), coronary artery bypass graft (CABG)
surgery (Bernhardt et al. 2009; Kelle et al. 2010;
Arnold et al. 2011), treatment with angiogenesis
(Laham et al. 2002), and have been performed in
patients after transplantation (Muehling et al. 2003).
In CABG patients, Kelle et al. (2010 reported a
(short) delay in contrast arrival but similar wash-in
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Fig. 15 First pass MR-MPI study in a patient with an
anteroseptal myocardial infarction. Baseline image before
contrast arrival (a). Due to the prepulse, which nulls the signal
in the myocardium, very little contrast is usually present in these
images. A clear differentiation between myocardium and LV
cavity is difficult. Wash-in of the contrast agent in the
myocardium showing a subendocardial perfusion defect in the

and peak enhancement in the bypassed myocardium,
while Bernhardt et al. (2009) reported reduced diag-
nostic accuracy that could be due to altered flow
and perfusion kinetics. In patients with a reperfused
acute myocardial infarction, MR-MPI is helpful to

anteroseptal segment (arrow, b). The perfusion defect persists
even after the wash-in period, a sign for severe hypoperfusion
(arrow, c¢). Late Gd imaging shows the necrotic area with
a nonenhanced core, reflecting microvascular obstruction
(arrow, d). Note the match between the size of the perfusion
defect during first-pass and the necrosis as determined by
delayed enhancement

assess the patency of the infarct-related artery and to
assess the presence of microvascular obstruction
(“no-reflow” area) in the infarct territory (Lima et al.
1995; Taylor et al. 2004; Bogaert et al. 2007)
(Fig. 15) (see “Ischemic Heart Disease”).
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Fig. 16 Forest plot of patient-level sensitivity (a) and specificity (b) of stress perfusion MR-MPI, compared with coronary
angiography. Reprinted from Hamon et al. (2010) with permission

Finally, in a recent meta-analysis by Nandalur
et al. including 14 studies (1,516 patients), perfu-
sion imaging demonstrated a sensitivity of 91% (CI
88-94%) and a specificity of 81% (CI 77-85%)
(Nandalur et al. 2007). Similar results were shown
in another, recent meta-analysis by Hamon et al.
(2010) including 26 studies (2,125 patients), i.e., a
high specificity (89%), and a moderate specificity
(80%) (Fig. 16). Explanations for the moderate
specificity of MR-MPI are the presence of dark-rim
artifacts and the presence of microvascular disease.
Also the value of the reference technique, i.e.,
coronary angiography, can be questioned. As dis-
cussed above, invasively determined FFR most
likely is a better reference standard than coronary
angiography alone (Rieber et al. 2006; Watkins
et al. 2009). Interestingly, adenosine stress MPI
yielded a higher sensitivity than with dipyridamole
(i.e., 90% vs. 86%, p = 0.022), and a tendency to a
better specificity (i.e., 81% vs. 77%, p = 0.065).
In the meta-analysis by Hamon et al. (2010),
visual analysis provided a higher sensitivity but a
lower specificity than semiquantitative analysis.
It should be emphasized that most MR-MPI
studies, so far, were performed in populations with
high disease prevalence, questioning its value in
populations with intermediate or low disease prev-
alence (Nandalur et al. 2007; Hamon et al. 2010)
(Fig. 17).
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Fig. 17 Plot of receiver operator characteristic curve of stress
perfusion MR-MPI, compared with coronary angiography.
Reprinted from Hamon et al. (2010) with permission

8 Key Points

e The advent of rapid MR imaging techniques has
made it possible to study in real-time physiologic
events such as myocardial perfusion.

e Myocardial MR perfusion imaging is or can be part of
amore comprehensive approach to study IHD patients.
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e The ideal MR perfusion sequence is an ultrafast
sequence, that entirely covers the heart during the
first-pass of contrast, yielding high contrast
between normal and hypoperfused myocardium.

e The ideal contrast agent for myocardial perfusion
assessment is not yet available. Extracellular con-
trast agents are hampered by their rapid diffusion
into the interstitial space. Intravascular contrast
agents are intrinsically appealing but yield lower
signal-to-noise ratios because of the smaller dis-
tribution volume and are yet not commercially
available.

e Although semiquantitative and quantitative perfu-
sion analysis is possible, visual assessment remains
clinically the most often used analysis tool.

e Use a systematic approach for visual perfusion
analysis. Start by ruling out and grading the influ-
ence of artifacts on the perfusion study. Perfusion
defects caused by CAD have typical appearances.

e Semiquantitative and quantitative evaluation needs
further improvement of postprocessing tools to
allow for an automated self-detection of myocardial
contours.

e Assessment of the MPR is a promising tool to
detect and assess the severity of CAD.
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Abstract

Ischemic heart disease (IHD) is the leading cause
of morbidity and mortality in industrialized coun-
tries and poses an enormous financial burden on
our society. As a consequence rational, evidence-
based use of diagnostic and therapeutic means will
be needed to prevent financial lapses and to
guarantee an affordable medicine in the coming
years. Magnetic resonance imaging is rapidly
gaining widespread acceptance to investigate the
full spectrum of patients presenting with symptoms
of myocardial ischemia, ranging from stable
coronary artery disease, over acute coronary
syndrome, to the prediction of functional recovery
post-revascularization in patients with chronic
ischemic cardiomyopathy. In this chapter the
MRI strategies to investigate THD patients are
discussed in detail, emphasizing the comprehen-
sive approach converging information regarding
myocardial perfusion, function and tissue charac-
terization. Besides extensive illustration about the
use of MRI, timelines for comprehensive MRI
are provided for each IHD subgroup including
standard and optional sequences.

1

Epidemiology

Although the mortality associated with ischemic heart
disease (IHD) has declined in the recent decades, due

to therapeutic

improvements (e.g., thrombolytic

agents, early revascularization, ACE inhibitors and
beta-blockers) and to prevention campaigns reducing
the incidence of myocardial infarction (MI), THD
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Fig. 1 Diagram of the
Ischemic Cascade and the role
of SENC-MRI (strain-
encoded-MRI) Techniques.
MRI is of value to assess the
ischemic cascade at different
levels such as shown in the
colored boxes
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remains the leading cause of in adults in developed
countries and the prevalence will continue to increase
(Beller 2001; Lloyd-Jones et al. 2010; Yeh et al.
2010). Worldwide, it is estimated that IHD will
become the number one cause of death by 2020
(Fuster 1999). Survivors of a first acute MI are
thought to die of IHD at later ages due to heart failure
and late cardiac deaths. Moreover, the increased life
span will contribute to the increased incidence of
cardiovascular disease and increased number of
deaths from heart disease. Other contributing factors
to an increased prevalence of IHD are an increasing
prevalence of type II diabetes, physical inactivity and
obesity. In times of constrained financial budgets
(Escolano 2010), the increasing prevalence of IHD
will urge for the rational use of diagnostic and ther-
apeutic means. One of the challenges is to define
regularly updated appropriateness criteria for cardiac
imaging techniques (Hendel et al. 2006; Hundley
et al. 2010). In the last two decades MRI has emerged
as the prime player in the clinical and preclinical
detection of THD as well in prognosis assessment
(Lockie et al. 2009; Kim et al. 2010; Bingham and
Hachamovitch 2011). The aims of this chapter are to
provide the reader with a state-of-the art of how the
newest cardiac MRI techniques can be used to
study IHD patients and to enlarge our knowledge of
the complex pathophysiology, in particular, in
the detection of obstructive coronary artery disease

(CAD), in acute coronary syndromes and in chronic
ischemic cardiomyopathy.

2 Pathophysiology

The heart is provided with its own nutrient vessels,
i.e. the coronary arteries, which are unfortunately
particularly vulnerable to the systemic disorder of
atherosclerosis. This is known as coronary artery dis-
ease (CAD), which is the main cause of IHD. Broadly
speaking, an atherosclerotic plaque may impinge on
the coronary artery lumen slowly and progressively
(chronic stable plaque), and/or may suddenly impair
coronary flow due to a combination of plaque rupture
and thrombosis (acute coronary syndrome). Ultimately
these events lead to dysfunction and/or death of the
myocardium. Taking into account the short-lived
capacity of the myocardium to sustain ischemia, cor-
onary artery occlusion triggers an “ischemic cascade”
in the perfusion territory distal to the occluded coro-
nary artery (defined as the jeopardized myocardium or
myocardium at risk), starting with metabolic distur-
bances shifting aerobic oxidative metabolisms almost
immediately to anaerobic glycolysis, followed by
diastolic and later systolic dysfunction and finally ECG
changes and symptoms of angina (Fig. 1). The time
frame of events is short, for instance systolic contrac-
tion will cease within seconds after coronary occlusion
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Fig. 2 Effects of ischemia

Reversible injury<—| Irreversible injury

and reperfusion on
myocardial tissue viability
and necrosis. Studies in

anesthetized canine model

of proximal coronary artery

occlusion. Adapted from

Kloner and Jennings 2001 ﬂ

Coronary occlusion

20 min.

QOC

60 min. 3hrs. >3-6hrs.

Reperfusion ﬂ

Consequences + Stunning

of ischemia/ « Preconditioning

reperfusion « Tissue viability
(no necrosis)

(Jennings et al. 1978). After approximately 20-30 min
of sustained ischemia, the metabolic changes become
irreversible causing intracellular edema together with
accumulation of toxic metabolites, myocardial cell
apoptosis, ultimately leading to myocyte necrosis.
As the systolic wall stress and the resulting oxygen
consumption are greater in the inner part of the myo-
cardium, necrosis initiates in this part of the myocar-
dium whereby the lateral boundaries of infarction
closely correspond to the myocardium at risk. If
ischemia persists, necrosis progresses in a transmural
wave front taking 3-6 h to reach the subepicardium
(Reimer and Jennings 1970, 1979) (Fig. 2). Whereas
the initial extent of necrosis is determined by the extent
of the myocardium at risk, the final extent of necrosis is
largely determined by the degree of transmural pro-
gression (Lee et al. 1981). Viable tissue, mainly in the
subepicardium, may survive the acute injury, and show
an improvement in the metabolism and function fol-
lowing reperfusion (Gropler et al. 1992; Bogaert et al.
1999). The extent of myocardial necrosis depends on
many factors: (1) myocardium of risk, (2) residual
blood flow to the ischemic territory, (3) myocardial
oxygen consumption during ischemia and (4) duration
of ischemia (Reimer et al. 1985). The presence of a
small fraction of perfusion to the infarct bed, from
either antegrade or collateral flow, can significantly
delay necrosis and limit the infarct size (Rivas et al.
1976). However, collateral circulation usually takes

J
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time to become functional (Patterson et al. 1993), and
is often insufficiently developed in acute coronary
syndrome patients because of rupture of non- or
minimally stenotic coronary plaques.

Current therapeutic strategies are focused on
urgent restoration of epicardial flow using mechanical
or thrombolytic approaches. The aim is to salvage the
jeopardized but viable myocardium in the myocar-
dium at risk distal to the culprit lesion, to reduce
adverse infarct and ventricular remodeling, and to
improve patient outcome. The faster the restoration of
myocardial perfusion, the lesser the transmural extent
of necrosis, and the more the ischemically, jeopar-
dized myocardium will be salvaged (Hochman and
Choo 1987; Francone et al. 2009). In fact, the amount
of myocardial salvage drastically decreases after the
first 90 min and at 6 h myocardial salvage is nearly
zero. Thus, the beneficial effects (in terms of short-
and long-term survival) of myocardial reperfusion in
the golden hour(s) are largely due to myocardial sal-
vage but any benefit obtained after the sixth hour is
likely independent from the myocardial salvage
(‘open artery-theory’). Despite the beneficial effects
of reperfusion, it has been shown that the process of
cell death may continue during the first hours of
reperfusion, a phenomenon called “myocardial
reperfusion injury” (Matsumura et al. 1998; Becker
et al. 1999; Gerber et al. 2000; Yellon and Hausenloy
2007). This is a complex and not completely
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understood phenomenon that is typically found in the
core of the infarct and occurs frequently despite
successful recanalization with restoration of a normal
flow in the infarct-related coronary artery. Although
primary percutaneous coronary intervention (PCI)
enables an effective recanalization of the infarct-
related artery in the vast majority of patients, none-
theless, in a consistent number of patients myocardial
reperfusion is hampered by microvascular obstruction
(MVO) with a complete lack of tissue perfusion. The
main determinants of MVO are (1) reperfusion injury,
(2) severity of ischemia and (3) extent of myocardial
necrosis. The presence of MVO is an independent
predictor of death and adverse LV remodeling
(see Sects. 5.2.3 and 7).

According to the Joint ESC/ACCF/AHA/WHF
Task Force for the Redefinition of Myocardial
Infarction, myocardial infarctions are usually classi-
fied by (a) location, (b) size (focal necrosis, small
(<10%), moderate (10-30%) and large (>30% of LV
myocardium), and (c) temporally as evolving (<6 h),
acute (6 h—7 days), healing (7-28 days) and healed
(>28 days) (Thygesen et al. 2007). Post-infarction LV
remodeling is the process of changes in ventricular
size, shape, and function that occurs in the days,
weeks and months following the acute event (Sutton
and Sharpe 2000). In an early phase (within 72 h), the
remodelling involves the infarct zone with an
expansion of the infarct size due to tissue edema,
hemorrhage, and acute inflammation (Reimer and
Jennings 1979). The latter changes cause an overes-
timation of infarct size when the data are referred
either to tissue wet or dry weight. In severe cases
acute dilation and thinning of the necrotic wall
without new tissue necrosis may occur, and eventu-
ally result in early ventricular rupture or evolve
toward aneurysm formation. The acute loss in myo-
cardium results in an abrupt increase in loading
conditions in the infarcted border zone and remote
non-infarcted myocardium, leading to an early LV
dilatation. Especially large transmural infarctions,
infarctions related to lesions in the distribution of
the left anterior descending coronary artery, and
infarctions with severe MVO, are prone to “infarct
expansion”. During the infarct healing phase an
opposite phenomenon occurs whereby the necrotic
tissue is progressively replaced by a dense fibrotic
scar, causing a significant reduction in the initial
infarct size (Reimer and Jennings 1979). Late adverse

remodeling involves the LV globally and is associated
with a time-dependent dilatation, alterations in
ventricular architecture, and mural hypertrophy to
distribute the increased wall stresses more evenly
throughout the damaged LV. Adverse LV remodeling
is an important trigger for the evolution of a post-
infarct ventricle toward an ischemic cardiomyopathy
and heart failure.

If the duration of occlusion is less than 15 min,
myocyte injury may be reversible, with prolonged but
reversible contractile dysfunction—‘“stunned myo-
cardium” (Braunwald and Kloner 1982), defined as
“prolonged post-ischemic contractile dysfunction of
myocardium salvaged by reperfusion”. This may take
days to weeks to normalize, although it can be
reversed with inotropic agents. The clinical counter-
parts of brief periods of transient ischemia include
angina, unstable angina, coronary vasospasm, and
transient ischemia induced by inflation of an angio-
plasty balloon in the coronary arteries (Kloner and
Jennings 2001). Very brief episodes of ischemia as
short as 5 min, followed by reperfusion, protect the
heart from a subsequent longer coronary artery
occlusion by markedly reducing the amount of
necrosis that results from the test episode of ischemia.
This phenomenon, called “ischemic preconditioning”
is a powerful cardioprotective effect, and might be an
effective means to clinically minimize the stunning
phenomenon (Kloner and Jennings 2001).

When a milder degree of ischemia is persistent for
weeks, months or years, myocytes become dysfunc-
tional by down-regulation of energy consumption
through a lower level of aerobic and/or anaerobic
metabolism (Maes et al. 1994). If perfusion is restored
to these dysfunctional areas prior to irreversible ultra
structural changes occurring, these segments may
functionally return to normal, although the recovery is
typically slow taking up to more than one year in
severe forms (Bax et al. 2001; Bondarenko et al.
2008). This type of ischemia associated with a
chronic and reversible LV dysfunction has been
termed  “hibernating myocardium” (Rahimtoola
1989) and is used to describe viable myocardium in a
state of persistent but potentially reversible dysfunc-
tion secondary to a chronic coronary artery stenosis
with impaired myocardial blood flow (Selvanayagam
etal. 2005a, b). It is considered an adaptive mechanism
to preserve the structural integrity of the myocardium
and to prevent myocyte death. In patients with severe
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chronic LV dysfunction due to CAD, it is important to
distinguish dysfunctional but viable myocardium from
necrotic tissue in order to determine preoperatively
the benefit of the revascularisation procedure
(Kim et al. 2000). Although the simplistic classifica-
tion of stunning and hibernating myocardium is
derived from clinical observations and imperfect
animal experiments with many exceptions and
overlaps (Bashour and Mason 1990; Neill et al. 1986;
Nienaber et al. 1991), it is at least conceptually of
clinical significance. For therapeutic decision-
making, e.g., to choose for PCI or coronary bypass
grafting (CABG) procedure, it is important to discern
between viable and nonviable myocardium (Wu et al.
2011).

3 Imaging Strategies

Basically the role of imaging in THD patients is three-
fold: first, visualization of CAD, second, evaluation of
the consequences of CAD on the heart, in particular the
impact on myocardial perfusion and function, and third
depiction of (ir)-reversible myocardial damage (Beller
2000). Although cardiac MRI could not fulfill its
promises to reliable image coronary arteries (this role is
currently claimed by cardiac computed tomography),
this technique has become a preferred imaging
modality to study the ischemic consequences of CAD
on myocardial perfusion, function and myocardial
integrity (Dall’ Armellina et al. 2010; Morton et al.
2010a). In clinical practice, using a comprehensive
MRI approach, the above information can be obtained
within a single exam taking not more than 30-45 min.
Although technical challenges presently limit a more
routine clinical use of magnetic resonance spectros-
copy (MRS), this technique has become a standard
method in experimental cardiology for studying many
aspects of cardiac metabolism, including for instance
cardiac high-energy phosphate metabolites ATP and
phosphocreatine in IHD patients (Neubauer 2007;
Bottomley et al. 2009).

3.1 Functional Imaging

A direct consequence of IHD is a temporary or
permanent impairment of myocardial contractility not
only in the ischemic zone but affecting a large part of

one or both ventricles, leading to a reduced ventricular
performance. Cine MRI (see “Cardiac Function™)
provides a noninvasive, accurate and reproducible
means to visualize regional wall motion and con-
traction patterns and to calculate ventricular volumes
and function, making it appealing as imaging
modality to use not only in daily clinical routine, but
also for example for evaluating novel therapies,
and to study long-term effects such as ventricular
remodeling (Thiele et al. 2001; Janssens et al. 2006;
Ganame et al. 2011) (Fig. 3). Although noninvasive
functional cardiac evaluation is often automatically
linked to echocardiography, cine MRI should be
considered as a fast, robust and probably more
accurate alternative. Even in ill cardiac patients
unable to hold their breath or in patients with atrial
fibrillation, real-time non-gated cine imaging can
be a valuable alternative to estimate the degree of
ventricular dilation and dysfunction, to visualize focal
aneurysm formation or to image concomitant valve
pathology.

For functional analysis, the heart is best studied
along different imaging planes. Ventricular volumes,
mass and function can be quantified using a contig-
uous set of image slices completely encompassing the
ventricles (for this purpose usually the cardiac short-
axis is used). In addition, these images can be used to
assess circumferential or longitudinal wall motion
patterns, and the amount of (systolic) wall thickening.
Functional impairment can be expressed qualitatively,
e.g., hypokinetic, akinetic or dyskinetic wall motion,
or quantitatively using the relative or absolute wall
thickening. To achieve consensus between readers
and between imaging modalities, it is recommended
to use the standardized 17-segment model as initially
proposed by the American Society for Echocardiog-
raphy (Cerqueira 2002) (see “Cardiovascular MR
Imaging Planes and Segmentation™). It should be
noted that although the coronary artery distribution
can be attributed per segment, there is an important
variability in coronary blood supply in a large number
of segments (see Fig. 19 in Chapter “Cardiovascular
MR Imaging Planes and Segmentation”) (Ortiz-Pérez
et al. 2008). A limitation of the above model is that
the extent of myocardial ischemia/infarction does not
necessarily respect segment borders, thus leading to
segments with mixed tissue characteristics. Use of a
merged late Gd—cine imaging approach, in contrast,
enables to define regions with similar tissue
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Fig. 3 Use of MRI for long-
term follow-up of ventricular
remodeling post-myocardial
infarction. Horizontal long-
axis cine imaging at 1 week
(a), 4 months (b), 1 year (c),
and 5 years (d) after the acute
event (end-diastolic time
frames). Vertical long-axis
late Gd imaging (e). Late Gd
imaging shows extensive
anteroapical myocardial
infarction (arrows, e). Cine
imaging allows to appreciate
the infarct healing with
thinning of the LV apex, and
the progressive LV dilatation
over time (a—d). The LV
end-diastolic volumes at 1
week, 4 months, 1 year and
5 years are 167, 180, 230, 257
ml respectively

characteristics (e.g., infarct, peri-infarct and remote
myocardium) facilitating the evaluation of complex
processes such as infarct or ventricular remodeling
(Masci et al. 2009) (Fig. 4).

Although evaluation of cardiac function in resting
conditions provides valuable information regarding
myocardial contractility, in CAD patients it is
often necessary to evaluate myocardial contractility

patterns under stress conditions using either physical
or pharmacological stress. The goal is basically to
detect (or exclude) the presence of hemodynamic
significant stenoses (‘flow-limiting’) (ischemia test-
ing) (Fig. 5), and/or to evaluate whether during stress
conditions dysfunctional myocardium improves con-
tractility (viability testing) (see Sect. 6). Because the
available imaging time per stress level is limited, fast
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Fig. 4 Merging of late Gd imaging and cine imaging. Short-
axis late Gd imaging (a), and cine imaging post-contrast
administration at end diastole (b) and end systole (c). Late Gd
imaging provides detailed information regarding the presence,
location and extent of myocardial necrosis/scarring (a). This
information can be used to define regions with similar tissue

remote -

\$ 2
. " infarct |

characteristics, such as infarct, peri-infarct (*) or remote
myocardium, and to subsequently analyze regional function
in these areas. An alternative approach is to perform cine
imaging post-contrast administration. The advantage of the
latter approach is that it intrinsically corrects for ventricular
torsion (arrows, ¢). Adapted from Masci et al. 2009

Fig. 5 Stress-inducible ischemic wall motion abnormalities
(WMA) in a 60-year old patient with recurrent ischemia after
PTCA. Cine imaging at rest (above) and during high-dose stress
(40 pg/kg/min + 0.25 mg atropine) (below). End-systolic cine
image frames in 2 cardiac short-axis (a, b, d, e) and vertical
long-axis (c, f). While normal contraction is present at rest
(a, b, ¢), at high-dose stress, stress-induced WMA occurs in the

LV anterior wall (segment 7, 13), shown by focal akinesia
(arrows, d, e, f). Note the increased contractility and wall
thickening in the non-ischemic segments. The ischemic
segment showed some post-systolic wall thickening (not
shown). The cardiac catheterization confirmed the presence of
a 60% stenosis in the proximal LAD
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cine imaging sequences are needed (Jahnke et al.
2006). Functional (stress) imaging in IHD patients is
usually part of a more comprehensive approach,
established to determine the different ischemic sub-
strates of dysfunctional myocardium. In particular,
complementary information is achieved by adding
late Gd imaging enabling to depict acute and/or
healed myocardial infarction. For example dysfunc-
tional myocardium showing no or only limited
myocardial scarring at late Gd imaging has a high
likelihood of being viable, whereas extensive scarring
suggests non-viable tissue with low likelihood of
functional recovery post-revascularization (Kim et al.
1999, 2000; Hillenbrand et al. 2000).

The mechanisms of myocardial contraction are
complex and the observed ventricular wall motion
and thickening patterns observed with routine cine
imaging do not allow to appreciate the underlying
mechanisms. Myocardial tagging MRI techniques in
contrast (see “Cardiac Function”) allow to create
non-invasive tag or grid lines on the myocardium,
allowing to analyze the myocardial deformation 2 or 3
dimensionally throughout the cardiac cycle, and to
calculate myocardial strains, shear strains and principal
strains (Bogaert and Rademakers 2001). These tagging
techniques have shown to be extremely helpful to
elucidate in IHD patients the complex interaction
between reversible/irreversible morphologic altera-
tions and myocardial contractility and loading, not only
in the damaged area but throughout the entire ventricle
(Kramer et al. 1993 and 19964, b; Croisille et al. 1999;
Bogaert et al. 1999, 2000; Garot et al. 2002;
Rademakers et al. 2003). Due to the elaborative post-
processing, the clinical use of myocardial tagging is
currently limited. Recently, Korosoglou et al. proposed
a fast direct color-coded strain visualization using
SENC (i.e., strain-encoded) MRI obviating the need for
post-processing (Korosoglou et al. 2009a). In particu-
lar, this novel technique is appealing in stress
functional studies (see Sect. 4.2).

3.2 Myocardial Perfusion Imaging

Any consideration about myocardial perfusion needs
to address the pivotal relationship between myocar-
dial oxygen requirements and coronary blood flow
(see “Myocardial Perfusion”). In normal conditions,
there is a balance between myocardial oxygen

demand and oxygen supply. Since oxygen extraction
in the myocardium is already high under basal
conditions, the changes in oxygen demand result in
proportional variations of myocardial blood flow. The
imbalance between oxygen demand and supply is
primarily the result of coronary atheromatosis leading
to one or several stenoses in the coronary arteries.
In resting conditions, the myocardial perfusion is not
altered until the coronary artery has a 85-90% ste-
nosis. This is the result of the coronary vasodilator
reserve, which compensates for the effects of coro-
nary stenoses under basal conditions. However,
during stress conditions the coronary reserve cannot
be induced by a further vasodilatory stimulus. Under
these circumstances, the myocardium distal to less
severe coronary stenosis (i.e. between 50 and 85%)
may become ischemic and the coronary artery
stenosis can be considered as hemodynamically
significant (Gould 1978, 2009).

The most frequently used approach to assess
myocardial perfusion imaging (MPI) with MRI
(MR-MP]) is monitoring of the first-pass of contrast
medium through the heart, using a bolus injection of
MR contrast media in combination with fast MR
sequences (see “Myocardial Perfusion™). Perfusion
studies can be performed during resting conditions
and/or during administration of a vasodilating agent
(e.g., adenosine—dipyridamole). Whereas normally
perfused myocardium enhances homogeneously dur-
ing first-pass, hypo-or non perfused regions appear
dark for a variable amount of time during/after first-
pass, are most intense in the subendocardial part of
the myocardium and typically respect coronary artery
perfusion territories (Fig. 6). Image analysis can be
qualitative, semi-quantitative or quantitative. Visual
(i.e. qualitative) analysis is often used clinically, and
is a fast and accurate approach at least in experienced
hands. Semi-quantitative measurements, may be of
use for instance to calculate the myocardial perfusion
reserve (MPR) index in patients with suspected CAD,
while quantitative measures aim to determine the
myocardial blood supply similar to what is achieved
with positron-emission-tomography (PET) (Al-Saadi
et al. 2000a; Gerber et al. 2008).

In patients with a reperfused acute MI, MPI studies
at rest frequently show a “perfusion deficit” in
the infarct territory. These defects correspond to
no-reflow zones also defined as microvascular
obstruction (MVO), and are typically subendocar-
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Fig. 6 Adenosine-induced stress perfusion defect in the LV
anteroseptal wall due to in-stent restenosis. Short-axis MPI-MR
(midventricular level) showing six time frames during first pass of
contrast through the heart (a—f). The defect in the LV anteroseptal
wall becomes visible when the myocardium starts to enhance

dially or centrally located (see Sect. 5.2.3) (Taylor
et al. 2004; Bogaert et al. 2007). In cases of occlusive
infarcts extensive perfusion defects can be found.
In patients with a healed MI, often a faint perfusion
defect or delay can be found in the scarred region, and
should not be mistaken as a true perfusion defect.
Because of the lower capillary density in fibrotic tis-
sue compared to normal myocardium, this region may
appear hypo-intense. In patients with suspected CAD,
MPI is performed during vasodilatatory stress to
depict hemodynamically significant coronary artery
stenoses (see Sect. 4.1).

3.3 Edema Imaging

Since proton relaxation times are tissue specific,
differences in relaxation times can be exploited to
differentiate normal from pathological tissue.
Increased free water in the infarcted myocardium
prolongs T1- and T2-relaxation, and this prolongation
is related to the duration of ischemia (Williams
et al. 1980; Higgins et al. 1983; Johnston et al.
1985). Differences in Tl-relaxation have shown
not to be clinically useful for infarct detection unless

.

(arrows, b). Both the transmural and circumferential extents of the
perfusion defect are well visible (arrows, c—d). There is a long
persistence of the defect which is still present during the second
pass of contrast through the heart (arrows, f). Confirmation of
in-stent restenosis by coronary angiography (arrow, g)

paramagnetic contrast agents are administered
(see Sect. 3.4). T2-relaxation time, in contrast, is
linearly correlated to the percentage of free water, and
infarcted myocardium is visible on T2-weighted MR
sequences (T2w-imaging) as areas of increased signal
intensity (Higgins et al. 1983; McNamara et al. 1985).
Although used by many groups to detect and quantify
MI (Rokey et al. 1986; Matheijssen et al. 1991;
Dulce et al. 1993), the relation between changes in
T2-relaxation times and MI is complex (Canby et al.
1987; Wisenberg et al. 1988). In the setting of acute
ischemia, the amount of free water may increase not
only in the irreversible but also in the reversible
injured myocardium, leading to an overestimation of
the true extent of myocardial necrosis. This is related
to reversible cell swelling, increased capillary per-
meability in the surrounding ischemic rim and
occurrence of myocardial edema (Wisenberg et al.
1988; Schaefer et al. 1988; Ni et al. 1998; Pislaru
et al. 1999; Choi et al. 2000; Dymarkowski et al.
2002). Currently, it is accepted that the hyperintense
myocardium on T2w-imaging reflects the myocar-
dium at risk, i.e. the myocardium that is ischemically
jeopardized and at risk to become necrotic (Aletras
et al. 2006; Friedrich 2010) (see Sect. 5.1.1).
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Fig. 7 Edema imaging in a
patient with a reperfused
acute anteroseptal myocardial
infarction (day 3 post MI).
Short-axis T2w-imaging at 4
levels (a—d). The jeopardized,
edematous myocardium is
visible as the myocardium
showing increased signal
intensity (arrowheads, a—c).
Note the extension of the
edema towards the adjacent
RV anterior wall

(arrows, a—d)

Abnormalities are most evident in the acute and
subacute phases of infarction and slowly fade away
due to processes of infarct healing with scar formation
and resorption of infarct-related myocardial edema
and inflammation (Carlson et al. 2009). Healed
infarcts, because of the lower water content in the
fibrotic scar may have decreased signal intensity com-
pared with adjacent normal myocardium (McNamara
et al. 1986). Thus, in addition T2w-imaging distin-
guishes between a recent and a healed MI (Abdel-Aty
et al. 2004, 2009). It should be emphasized, however,
that other conditions such as acute myocarditis or
transplant rejection may present equally focal or
diffuse myocardial edema (Marie et al. 2001; Yelgec
et al. 2007).

Currently, segmented T2-weighted fast spin-echo
sequences, equipped with inversion pulses to null the
signal of fat and blood (T2-weighted short-inversion-
time inversion-recovery (T2w-STIR) MRI) (“triple
inversion-recovery sequences”), are most commonly
used for this purpose, and have dramatically improved

image quality compared to the older non-breath hold
T2-weighted SE sequences (Simonetti et al. 1996)
(Fig. 7). T2w-imaging, however, is prone to several
problems, including variability in signal intensity
caused by phased array coils, improper timing issues
causing signal loss in the posterior wall, high signal
from slow flowing blood adjacent to the jeopardized
myocardium that can mimic and mask adjacent
myocardial edema in the subendocardium, motion
artifacts, and subjective nature of image interpretation
of T2w sequences (Aletras et al. 2008; Giri et al.
2009). Surface coil correction algorithms are impor-
tant to correct signal intensity for distance to surface
coil. To reduce interpretation bias, a lower limit of
signal intensity 2SD > signal intensity of remote
myocardium is generally used to define myocardial
edema. Novel, more robust sequences for edema
imaging of the heart using the T2 prepared SSFP or
hybrid TSE-SSFP sequence approach have been
recently proposed (Kellman et al. 2007; Aletras et al.
2008), but are yet not widely available. An alternative
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approach to T2w-imaging is to directly quantify the
T2 of the myocardium (Huang et al. 2007; Giri
et al. 2009). Advantages of using a quantitative
T2-mapping are the minimization of artifacts associ-
ated with T2w-imaging, image contrast less depen-
dent on user-defined parameter setting, and a less
subjective interpretation (Giri et al. 2009). Moreover,
subtle T2 differences may be more easily detected.
Blume et al. proposed an interleaved T1 and T2
relaxation time mapping for necrosis and edema
detection (Blume et al. 2009). T2-values for normal
myocardium typically range between 50 and 55 ms on
a 1.5T scanner (Giri et al. 2009).

Finally, it was found that a considerable number of
acute MI patients does not show homogeneous bright
signal on T2w-imaging in the jeopardized myocardium,
but instead show a central hypo-intense zone. The latter
is related to the breakdown of hemoglobin into deoxy-
hemoglobin causing shortening of T2-relaxation times
(Lotan et al. 1990, 1992; Basso et al. 2007). Thus,
besides depiction of myocardial edema, T2w-imaging
can be used to noninvasively visualize the presence of
post-reperfusion myocardial hemorrhage (see 5.2.4).

3.4 Contrast Enhanced MRI

3.4.1 MRI Contrast Agents for IHD Imaging

Over the past 30 years, many groups have focused on
the development and use of MRI contrast agents for MI
detection. Historically, the first agent evaluated for this
purpose was manganese (Mn>*) (Lauterbur et al. 1978;
Brady etal. 1982). Manganese is taken up only in viable
myocardial cells and thus has characteristics similar to
those of thallium. It shortens T1 relaxation time (and to
a much lesser extent also T2 relaxation time). Using
T1-weighted sequences normal myocardium appears
bright, while signal in infarcted myocardium remains
nearly unchanged, and therefore appears dark relative
to the viable myocardium. Manganese-DPDP can be
used to delineate the jeopardized, ischemic myocar-
dium during coronary artery occlusion, to differentiate
between occlusive and reperfused infarcts, and to
improve infarct detection (Pomeroy et al. 1989; Saeed
et al. 1989; Bremerich et al. 2000, Flacke et al. 2003).
However, due to unacceptable cardiotoxic effects,
manganese is not yet approved for clinical cardiac
imaging (Wolf and Baum 1983).

Since the mid 1980s, the paramagnetic gadolinium-
chelated contrast agents, mainly Gd-diethylenetria-
mine pentaacetic acid (DPTA), useful for examination
of brain tumors, have extensively been evaluated for
MI imaging in both the acute and chronic setting
(Wesbey et al. 1984; McNamara et al. 1986; de Roos
et al. 1988, 1989) (see “MR Contrast Agents for
Cardiac Imaging” for an extensive reading). This
relatively small molecule with predominant T1-
shortening features at low doses, rapidly diffuses from
the intravascular into the interstitial space following
intravenous injection, and is rapidly eliminated by renal
clearance. Due to differences in pharmacokinetics and
distribution volume between normal and infarcted/
scarred myocardium, the latter appears bright (Fig. 8).
It is currently the only group of paramagnetic contrast
agents that is routinely used for cardiac imaging
(licensed/FDA approved). Although a vast number of
scientific studies have convincingly shown the added
value of contrast-enhanced MRI to study a variety of
cardiac diseases, gadolinium contrast agents are not
infarct-specific. As such, myocardial enhancement is
aspecific, but the location and pattern enhancement add
important information regarding the underlying etiol-
ogy (Mahrholdt et al. 2005). Information obtained with
other MRI sequences, e.g., edema imaging, may add in
the diagnosis and differential diagnosis. Because of
lack of specificity of gadolinium contrast agents,
several groups have sought for infarct-specific
contrast agents. Phosphonate-modified gadolinium
(Gd)-DTPA with high affinity for calcium-rich tis-
sues, and antimyosin-antibody labeled contrast
agents have been proposed (Weissleder et al. 1992;
Adzamli et al. 1993), but have been excluded for
clinical use to date because of unacceptable side
effects. Porphyrin-based contrast agents, initially
developed as “tumor-seeking” agents, have been
extensively validated for acute infarct imaging (Ni
et al. 1995, 1997, 1998; Herijgers et al. 1997;
Pislaru et al. 1999; Saeed et al. 1999, 2001).
Although the precise mechanism is unclear, strong
and prolonged accumulation is found in necrotic
myocardial tissue, showing a perfect match with
histochemical TTC staining (Figs. 9 and 10).
Unfortunately because of the inherent photosensi-
tizing properties, neurotoxic and hepatotoxic side
effects, these agents have currently found no access
yet toward clinical applications.
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Fig. 8 Combined edema imaging and late Gd imaging in a
patient with a reperfused anteroseptal myocardial infarction
(same patient as in Fig. 7). Short-axis T2w-imaging (a), and
late Gd imaging in short-axis (b) and vertical long-axis plane
(c). While the extent of edema can be well appreciated on
T2w-imaging (arrows/arrowheads, a), there is strong transmu-
ral enhancement on late Gd imaging (b) of the LV anteroseptal

Fig. 9 Infarct specificity of a necrosis-avid contrast agent in an
experimental animal model. In this model, the LAD coronary
artery was reperfused after 90 min of occlusion. In vivo
T1-weighted gradient echo image (a) showing subendocardial
enhancement in the anterior LV wall and the anterior papillary
muscle after intravenous administration of 0.05 mmol/kg

3.4.2 Contrast Enhanced MRI in Acute
Myocardial Infarction

Any discussion regarding imaging of MI (and related
issues such as quantification of infarct size, trans-
murality, etc.), should be made taking into account
the complexity of events in evolving and established
myocardial infarctions intermingled with reparative
mechanisms that initiate very early after onset of MI
and ultimately finish with a completely healed, stiff
fibrotic scar (Reimer and Jennings 1979; Thygesen
et al. 2007). These dynamic, ongoing processes of

wall nicely corresponding to the area of edema. The involve-
ment of the LV apex can be well appreciated on the vertical
long-axis view (c). Note the presence of a small thrombus in the
LV apex (arrow, ¢). In contrast to the extent of edema toward
the right ventricle (arrowheads, a), there is no evidence of late
enhancement of the RV free wall

gadolinium-bis-mesoporphyrin (arrows, a). The corresponding
ex vivo T1-weighted spin-echo image (b) and the post-mortem
TTC-stained specimen (c¢) shows clear correlation towards
infarct size and necrosis distribution (arrows, b, ¢). Courtesy of
Prof. Dr. Y. Ni. UZ Leuven, Leuven, Belgium

necrosis, edema, inflammation and tissue repair are
difficult to control, and may explain some discrep-
ancies in reported study findings.

There is irrefutable evidence that administration
of extracellular Gd-based contrast agents in acute
MI results in a time-varying infarct enhancement,
which is different from normal myocardium
(Fig. 11). Several factors, however, contribute to
the “observed” myocardial enhancement. Basically,
these can be divided into infarct-related (pathophys-
iological and histopathological) factors, contrast
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Fig. 10 Comparison of non-specific (top row) and an infarct-
specific contrast agent (bottom row) in an animal model with
large induced inferior wall infarction including the posterior
papillary muscle. Top row from left to right: short-axis late Gd
images taken 30 min, 1, 2, and 3 h after administration of
Gd-DTPA (0.1 mmol/kg) show progressive wash-out of the
agent from the infarction. Botfom row: corresponding images

Fig. 11 Changes over time in the infarcted myocardium in a
patient with an acute transmural anteroseptal myocardial
infarction using contrast-enhanced MRI (early/late Gd imag-
ing). At 5 min post-contrast administration an area of

agent-related, and MR sequence-related issues. The
condition of the blood supply toward the infarcted
region, patency of the microvasculature, distribution
volume, impaired or delayed clearance in the infarc-
ted area, and size and depth of the myocardial
infarction can be considered as infarct-related factors
(Kim et al. 1996). The above factors may either
increase and/or decrease Gd-concentration in the
infarcted myocardium. Early after reperfusion, the
hyperemic response in the reperfused myocardium
results in an increased delivery toward and thus in
higher gadolinium concentrations in the jeopardized
myocardium as compared to normal myocardium
(Schaefer et al. 1988). The supply of contrast agent to
the infarcted region is dependent on the patency of

at identical time points after injection of 0.05 mmol/kg
gadolinium-bis-mesoporphyrin show constant appearance of
the enhanced infarction volume. Postmortem TTC-stained
specimen confirms the presence of an inferior infarction
(arrow, right panel). Courtesy of Prof. Dr. Y. Ni. UZ Leuven,
Leuven, Belgium

microvascular obstruction (arrows) is well visible. Fill-in of
the no-reflow zone at later imaging with sharp demarcation of
the infarcted myocardium (arrows)

the infarct-related artery, presence of collaterals to
the jeopardized myocardium and patency of the
microcirculation in the infarcted myocardium. The
myocardial distribution volume may increase due to
interstitial edema (increased capillary permeability—
inflammatory repair) and/or disruption of the myocyte
membrane after prolonged ischemia, allowing intra-
cellular diffusion of the contrast agent (Arheden et al.
1999; Flacke et al. 2001; Klein et al. 2007; Ibrahim
et al. 2010).

An unresolved issue still causing a lot of contro-
versy, is whether myocardial enhancement within the
jeopardized myocardium exclusively reflects irre-
versible damaged myocardium, or whether ischemi-
cally injured but potentially viable myocardium in the
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peripheral rim of the infarct or in ischemic myocar-
dium without infarction may enhance as well on
post-contrast administration. One group of experts
advocates the first hypothesis (Kim et al. 1999;
Rehwald et al. 2002), while others are in favor of a
slight but significant overestimation of the true infarct
size (Schaefer et al. 1988, 1999; Judd et al. 1995b;
Arheden et al. 1999; Saeed et al. 2001; Engblom et al.
2009; Ibrahim et al. 2010). Since wash-in and wash-
out of contrast are dynamic processes, timing of
imaging post-contrast administration 1is crucial
(Oshinski et al. 2001), ranging from an overestima-
tion immediately (i.e, first 5 min post-contrast
administration), to an underestimation at late imaging.
The optimal time window for infarct imaging should
be somewhere between 10 and 25 min post-contrast
administration. Because of the delayed or late period
of imaging, this kind of imaging is called in the lit-
erature: delayed (gadolinium) (DE/DGE) or late
(gadolinium) enhancement (LE/LGE). For simplicity
we use late Gd MRI (or late Gd imaging) in contrast
to early Gd imaging which is generally used to depict
MVO (see Fig. 12). In addition, optimal time of
imaging seems to vary with length of occlusion.
Moreover, the extent of enhancement is significantly
influenced by the time between onset of infarct and
the time of imaging. Kim et al demonstrated an over-
estimation of infarct size at 3 days post-infarction,
disappearing when studies were repeated at 8§ weeks
(Kim et al. 1999). Although this can be explained by
volume loss due to infarct shrinkage (up to four-fold
decrease between 4 days and 6 weeks post-infarction
(Reimer and Jennings 1979) two recent studies
showed a significant decrease in the extent of
enhancement between day 1 and day 7 post-infarc-
tion, suggesting an overestimation of the extent of
irreversible damage at very early imaging (day 1), and
emphasizing the need to underscore the impact of
timing of imaging on infarct sizing early after acute
MI (Engblom et al. 2009; Ibrahim et al. 2010).
Finally, as mentioned above myocardial enhancement
is aspecific but the pattern and location of enhance-
ment add important information regarding the
underlying etiology, enabling to differentiate acute
MI from other entities such as acute myocarditis.
In addition information obtained with other MRI
sequences, e.g., edema imaging, are helpful in further
refining the diagnosis, for instance to differentiate
between an acute and chronic nature of an infarction.

To summarize, contrast-enhanced imaging (for
MRI sequences details see Sect. 3.4.4) is a robust,
well-validated and accurate tool to depict myocardial
necrosis in the acute setting of MI. Following
administration of contrast material, infarcted myo-
cardium is visible as a time-varying enhancement
distinguishable from normal myocardium. One
should, however, comprehend that extracellular
contrast agents are aspecific and non-avid for
myocardial necrosis. Moreover, contrast-enhanced
imaging is also advantageous to depict infarct-related
abnormalities such as thrombus formation or peri-
carditis (Mollet et al. 2002; Taylor et al. 2006).

3.4.3 Contrast Enhanced MRI in Healed
Myocardial Infarction

Although initially a few studies claimed that chronic
or healed myocardial infarcts did not enhance post
contrast administration (Eichstaedt et al. 1986;
Nishimura et al. 1989; van Dijkman et al. 1991), these
findings have been contradicted by several other
studies, invariably showing that in patients with stable
CAD, myocardial enhancement in areas of dysfunc-
tional myocardium corresponds closely to fixed
defects on thallium SPECT, and areas of flow-
metabolism matched defects on FDG-PET scans,
histologically representing scarred or fibrotic tissue
(Fedele et al. 1994; Ramani et al. 1998; Klein et al.
2002; Wagner et al. 2003; Kiihl et al. 2003; Knuesel
et al. 2003) (Fig. 13). Moreover, the reproducibility
of late Gd MRI in patients with healed myocardial
infarctions is excellent (Mahrholdt et al. 2002)
(Fig. 14). This technique is nowadays routinely used
to depict infarct-related myocardial scarring, is help-
ful to differentiate dilated cardiomyopathy from LV
dysfunction related to CAD (McCrohon et al. 2003),
to predict functional recovery post-coronary revas-
cularization (Kim et al. 2000) and has prognostic
significance (Cheong et al. 2009)

The exact mechanism of increased myocardial
enhancement in chronic myocardial scar remains
incompletely understood. Likely explanations are
differences in wash-in and wash-out contrast kinetics,
differences in distribution volume between scarred
and normal myocardium. In healed MI, fibrotic scar
tissue, mainly consisting of collagen, increases the
interstitial space per unit volume, causing gadolinium
agents to diffuse rapidly into the interstitial, but not
the intracellular space (Lima et al. 1995).
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Fig. 12 Time-varying signal intensity changes in the blood
pool, and in the normal and pathological myocardium following
contrast administration in a patient with acute myocardial
infarction. Normal myocardium is characterized by a rapid

Fig. 13 Evolution of an acute towards a healed myocardial
infarction in a 52-year-old patient with anteroapical infarction. Late
Gd imaging in horizontal image plane at 1 week (a) and 4 months
(b) after the acute event. At 1 week, presence of diffuse enhance-
ment of the apical part of the ventricular septum and LV apex

3.4.4 Choosing the Ideal Approach

for Contrast Enhanced MRI
Since the initial observations that ischemically injured
myocardium could be differentiated from normal
myocardial tissue with MRI, numerous studies have

Late Imaging Time

wash-in and wash-out of contrast, while signal intensity
infarcted myocardium progressively increases. Microvascular
obstruction is characterized by lack of signal and slow decrease
in extent over time

(arrowheads, a) with large area of microvascular obstruction (small
arrows, a). Note the presence of some pericardial enhancement over
the laterobasal part of the LV (arrows, a). At 4-month follow-up, the
infarct has thinned and strongly enhances (arrowheads, b). Note the
presence of a small mural thrombus in LV apex (arrows, b)

been performed using a variety of pulse sequences
(Rehr et al. 1986; Tscholakoff et al. 1986; Lima et al.
1995; Judd et al. 1995a, b; de Roos et al. 1989).
Although in these studies, significant differences
between the increased signal intensity of infarcted
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Fig. 14 Reproducibility of late Gd imaging. Three series of shows a large transmural inferolateral infarction. Follow-up
short-axis late Gd images obtained in a 63-year-old patient with  studies performed 3 and 5 months later (middle and bottom row,
known healed myocardial infarction. The first study (top row) respectively) show near identical findings

Fig. 15 Choice of imaging
sequence for infarct imaging.
59-year-old patient with acute
anteroseptal myocardial
infarction (arrows) imaged by
T2w-imaging (a), T1w-
imaging using fast spin-echo
(b), two-dimensional late Gd
imaging (c) and three-
dimensional late Gd imaging
(d). Note the huge increase in
contrast difference between
normal and infarcted
myocardium stepping over
from T1w-imaging using fast
spin-echo to late Gd imaging.
Furthermore, 3D has the
benefit over 2D techniques
of the intrinisic higher
signal-to-noise ratio
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Fig. 16 Inversion-recovery gradient-echo sequence providing
strong T1-weighting. By adding an inversion pulse (180°) and
use of an appropriate inversion time (TI), the contrast between

myocardium and normal myocardium were reported,
more robust techniques with improved differential
contrast between normal and pathological tissue were
needed for routine use in the clinical setting (Fig. 15).

Over the previous years, the scales have tipped in
favor of using gradient-echo sequences, a trend that
was probably initiated by a paper from Edelman et al.,
describing a segmented T1-weighted gradient echo
sequence, originally intended to be used for liver
imaging without contrast agents (Edelman et al.
1990). This sequence produces strongly T1-weighted
images owing to the use of an inversion pulse before
image acquisition (Fig. 16). Segmentation of the
acquisition generates images that are more strongly
dependent on the inversion recovery of magnetization
than are single-shot sequences. This technique was
further optimized by Simonetti et al. for use in cardiac
imaging, synchronizing the acquisition to mid-
diastole for motion free imaging, and using gradient-
moment refocusing to reduce motion artifacts
(Simonetti et al. 2001). Most importantly, choosing
the appropriate length of the inversion time (TI), the
signal of normal myocardium could be nullified,
resulting in a ten-fold improvement in contrast
between infarcted and normal myocardium in com-
parison to previously used techniques. This sequence
has rapidly become the standard sequence for both
early and late Gd imaging. A major benefit is the high
spatial resolution (e.g., 1.4 x 1.9 x 6.0 mm), which
is up to 60 times greater than what is currently

necrotic / scarred

myocardium

normal (shown in dark) and necrotic/fibrotic myocardium
(shown in white) can be substantially increased compared to
conventional MRI sequences (see also 15)

achievable with SPECT. As a result, late Gd MRI has
been shown to be superior in detecting subendocardial
infarcts that are systemically missed by SPECT
(Wagner et al. 2003; Ibrahim et al. 2007). The lower
limit for depicting infarcted myocardial tissue by late
Gd imaging is estimated at 1 g versus 10 g for SPECT
imaging, thus allowing to depict minimal myocardial
damage for example, papillary muscle necrosis or
peri-procedural myocardial damage (Porto et al. 2006;
Larose 2006; Di Bella et al. 2008) (Fig. 17).

Since administration of a contrast agent is essential
for appropriate infarct imaging, a crucial issue is dose
ranging (Kim et al. 2003). In most animal and patient
studies, a dose of 0.2 mmol of contrast agent per
kilogram of body weight has been used. Moreover, in
a recent multicenter study including 566 patients with
acute or healed MI, a dose >0.2 mmol of gadovers-
etamide/kg yielded the highest sensitivity for infarct
detection (Kim et al. 2008). Although it is clear that
too low doses (<0.1 mmol/kg) result in a brief and
insufficient infarct enhancement, the above results
should be put in perspective. Increasing the dose of
contrast agent not only increases the cost and the risk
for rare side effects such as nephrogenic systemic
fibrosis in those with severe renal impairment, but
also the brighter blood pool using higher contrast
doses may obscure subendocardial infarcts. There-
fore, there is a trend towards use of a lower dose
(e.g., 0.15 mmol/kg of body weight), which may be a
better compromise for clinical use on a 1.5 T MR
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Fig. 17 Infarction of the inferior papillary muscle in a patient
who received cardiac resuscitation following sudden cardiac
arrest. Short-axis T2w-imaging (a), first pass perfusion MRI
(b) and late Gd imaging (c). T2w-imaging shows edema of the
inferior papillary muscle (arrow, a) and edema in the anterior
chest wall due to cardiac massage. MPI-MR shows perfusion

unit. Use of contrast agents with higher T1-relaxivity
(e.g Gd-BOPTA) at 0.1 mmol/kg or with higher
osmolarity (e.g., gadobutrol) are other appealing
alternatives (Tumkosit et al. 2009).

For MI imaging, the goal is to maximize the signal
intensity ratio between normal and infarcted myo-
cardium, which can be achieved by choosing the
inversion delay that exactly nullifies the signal of
normal myocardium (or in other words the time at
which the magnetization of normal myocardium
crosses the line of zero longitudinal magnetization).
This optimal inversion time (TI) is, however, not a
fixed value, but is determined by several factors,
including amount of contrast administered, time
between contrast administration and imaging, infarct
characteristics, cardiac output, renal clearance,
patient’s size etc. As a consequence of renal clear-
ance, the Gd-concentration of blood and myocardium
gradually decreases (and vice versa the T1-relaxation
increases) necessitating constant adjustment (i.e.,
prolongation) of the TI in order to keep the normal
myocardium optimally suppressed. This can be
achieved by using a TI scout or Look-Locker
sequence (Look and Locker 1970; Scheffler and
Hennig 2001), whereby a series of images with
varying TIs are obtained, easily allowing to choose
the optimal TI for subsequent infarct imaging.
Although an experienced user can estimate the
TI-value reasonably well on the basis of the patient’s
size, the amount of contrast agent administered, and

defect of the inferior papillary muscle while strong enhance-
ment is found at late Gd imaging (arrow, b, ¢). This example
nicely shows the capability of current MRI techniques to depict
subtle myocardial abnormalities. (Adapted from Di Bella et al.
2008)

the time after contrast agent injection, the technique
still leaves quite a large margin for error. For
images acquired 5-20 min after administration of
0.2 mmol/kg contrast material, TI values typically
vary between 200 and 250 ms for early images, to
250-300 ms for late images (Fig. 18). An inappro-
priate choice of TI results in loss of contrast between
normal and infarcted myocardium, which can cause
an underestimation of the extent of infarction, and
may introduce specific image artifacts (Kim et al.
2003; Stuber et al. 2005) (see Sect. 3.4.5). Since the
early reports on the use of contrast enhanced MRI for
imaging acute MI, it was shown that a considerable
number of patients showed a central dark core in the
enhanced myocardium corresponding to an area of
MVO (de Roos et al. 1989) (see Sect. 5.2.3). For an
optimal evaluation of the incidence and extent of
MVO, imaging should be performed as soon as
possible following myocardial contrast enhancement,
i.e., early Gd imaging is required. Use of a long TI, in
the order of 550-600 ms, may furthermore improve
MVO visualization, because with these long inversion
times differentiation between normal myocardium
and MVO is facilitated (Bekkers et al. 2009, 2010).
Nowadays 2D or 3D late Gd imaging sequences are
available for MI imaging. Whereas 3D volumes offer
the obvious advantage of acquiring the complete
cardiac volume in a single breath-hold, 2D sequences
seem to suffer less from motion blurring and partial
volume effects (Kiihl et al. 2004).
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Fig. 18 Impact of inversion time on late Gd image quality.
Short-axis images obtained 12-14 min after injection of 0.2
mmol/kg Gd-DTPA using a variable inversion time, i.e. 210 ms
(a), 250 ms (b), and 300 ms (c). Using a too short inversion
time (a), typically yields a myocardium presenting gray in the

An elegant approach, proposed by Kellman et al.,
to reduce the need to continuously adjust the TI in
order to achieve a good signal intensity suppression of
normal myocardium, is the ‘phase sensitive image
reconstruction’ (PSIR) technique (Kellman et al.
2002) (Fig. 19). The PSIR sequence acquires a
background phase map during the same acquisition of
the image. This phase map is used to make a pixel
map of the polarities inside the image after magneti-
zation recovery and to provide background noise
reduction (Kellman et al. 2004). This is in fact a
measure on how the different tissues regain magne-
tization after inversion and can be used through
complex reconstruction to obtain intensity normalized
images in which the image level and window, and
not the TI is used to maximize the contrast ratio.
Therefore the inversion delay can be more arbitrarily
chosen to a default or ‘mean’ value. Magnitude IR
images underestimate infarct sizes using TI shorter
than the optimum TI, PSIR images provide consistent
image quality and infarct size determination inde-
pendent of TI (Huber et al. 2005; Setser et al. 2005).
Currently, multi-2D single breath-hold and respira-
tory-gated 3D PSIR late Gd MRI sequences have
become available, significantly the reducing the
acquisition time compared to the original 2D single
plane PSIR sequence (Huber et al. 2007; Kino et al.
2009) (Fig. 19). This 3D sequence witha 1.9 x 1.9 x
2.0 mm’ seemed particularly useful for detecting small
atypical scars compared to the 2D approach.

mid-wall section with hypointense epi- and endocardial
borders. Using a too long inversion time produces prolonged
recovery of magnetization with contrast loss, resulting in gray
myocardium (c¢). A correctly chosen inversion time provides
images with homogeneous dark myocardium (b)

Infarct imaging on 3.0 Tesla MR scanners is fea-
sible, providing superior image quality compared with
1.5 Tesla. Using identical contrast doses, increased
SNR and CNR values are found (Klumpp et al. 2006;
Bauner et al. 2007). The PSIR technique is also
available for 3.0 Tesla imaging providing higher CNR
values than at 1.5T (Huber et al. 2006).

Another important issue is quantification of the
extent of myocardial late enhancement in order to
accurately determine the infarct size. In clinical
practice, visual contouring the enhanced myocardium
on the late Gd images is commonly used but tends to
slightly overestimate the infarct volume and spatial
extent (Hsu et al. 2006a). Semi-automated approaches
such as using a number (e.g., 5-6) of standard devi-
ations above the mean signal intensity of remote
myocardium, or using the full-width at half maximum
method, and computer algorithms provide a more
objective approach for accurate and reproducible
infarct sizing (Amado et al. 2004; Hsu et al. 2006a, b;
Beek et al. 2009).

3.4.5 Optimizing Image Quality

In patient studies, image quality of late Gd MRI may
be compromised by several factors. Since most
sequences are acquired in breath-hold, duration and
number of breath-hold periods may be at the upper
limit of the patient’s capability so that motion
artifacts occur especially at the end of the study.
On late Gd images, for example, motion-related
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Fig. 19 Phase-sensitive
image reconstruction (PSIR)
technique in a patient with a
healed myocardial infarction
in mid lateral LV wall.
Short-axis imaging (a, b),
and horizontal long-axis

(c, d) imaging using
conventional three-
dimensional late Gd imaging
(a, ¢) and two-dimensional
late Gd imaging using PSIR
technique (b, d). The location
as well as the transmural
extent of late myocardial
enhancement (arrows) and
differentiation with
non-enhanced myocardium
is improved using the PSIR
technique

hyperintense lines, may hamper differentiation with
true myocardial enhancement. Following a few
simple rules it is usually possible to determine whe-
ther they are artifact-related or not. Motion-related
artifacts occur generally in phase-encoding direction.
Thus, changing phase-encoding direction may be used
to see whether it reoccurs. The most problematic are
artifacts related to movement of the heart, for exam-
ple, if the patient starts to breathe out at the end of the
acquisition. This can create a cardiac-shaped overlay
on the actual image and may hamper proper image
analysis. If uncertainty exists about the nature of such
an artifact, it is useful to realize that an artifact never
respects anatomical borders and usually a contour can
be found outside the heart, revealing the nature of this
imaging finding. Long breath-holds can be avoided by
performing measurements during free breathing using
navigator gradients, or by decreasing the total acqui-
sition time. This can be performed by decreasing the
rectangular field of view, if the patient’s size permits.
Another valid alternative is the use of parallel imag-
ing to decrease total acquisition time. Motion-related
artifacts may also be caused by cardiac motion itself.
Ideally, late Gd imaging should be performed during

periods of low cardiac motion such as cardiac dias-
tasis. However, in patients with high heart rates this
period may be too short for 3D sequences obtained in
a single breath-hold. In these cases it is advisable to
use 2D sequences that have a shorter acquisition
window, or use the free-breathing navigator approach.

As discussed above, determining the optimal TI for
nulling of normal myocardium can be difficult. It
must be done for each patient and for each time point
after injection individually. Errors in selecting correct
inversion delays may result in loss of contrast
between normal and abnormal myocardium and
introduce specific artifacts. Although PSIR techniques
have become a valuable alternative, routine late Gd
imaging is still frequently used in daily practice.
Therefore, some practical guidelines may be of help
in determining whether or not a late enhancement
image can be considered as adequate (Fig. 18). If a
correct inversion time is chosen, signal of normal
myocardium should be close to zero and thus appear
very dark on the late Gd images, the LV blood pool
should be intermediately intense (white to gray-white)
and a myocardial infarction or scar should be the most
intense structure in the image. If this is not the case,
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the TI is likely not set correctly. The following

artefacts may occur:

e If the blood pool appears too dark, the TI is likely
too short and needs to be increased significantly to
allow sufficient recovery. An increase of up to
50 ms may be necessary.

e If the TI is very close to the optimal inversion
delay, but still too short, a speckled appearance
(suppressed myocardium interspersed with non-
suppressed white spots or lines) may occur, or the
endo- and epicardial borders may appear dark with
gray myocardium in between. Small increments in
TI in steps of 10 ms, until optimal suppression of
normal myocardium is attained, are advisable.

e If the area of late enhancement is gray and only
slightly more intense than the myocardium or the
blood, the TI is too long. A decrease in steps of
10 ms is advisable.

e On the other side of the spectrum, if there is no
contrast between blood, myocardium and infarcted
tissue (if present) and all structures appear to be too
dark, this indicates either that the contrast has
already washed out or an insufficient amount of
contrast agent was injected.

An artifact that is often seen, especially in dilated
ventricles resembles subendocardial enhancement in a
ring-shaped distribution, and may cover the entire
endocardial surface. Usually this ‘pseudo-enhance-
ment’ is not confined to a coronary artery territory and
can be a distant from the infarcted tissue. This artifact
is most likely caused by slow flow in dilated ventricles
or aneurysms or by trapping of contrast in between
trabeculations. Very little can be done to avoid it,
although it is less pronounced on images acquired later,
e.g., 25 min, after contrast administration. Knowledge
about the exact wall thickness, such as can be obtained
from cine MRI may be of help to differentiate between
true or pseudo-enhancement.

35 Myocardial Fat Imaging

Lipomatous metaplasia is a common finding occur-
ring during infarct healing. It is found at autopsy in up
to 84% of patients with LV myocardial scars associ-
ated with chronic IHD (Baroldi et al. 1997; Goldfarb
et al. 2009). Contrast enhanced MRI permits to depict
myocardial scar tissue but fails to depict lipomatous
metaplasia. The multi-echo Dixon approach to water

and fat suppression is currently likely the most
appealing technique to depict lipomatous metaplasia
in healed MI (Kellman et al. 2009; Goldfarb et al.
2009). Alternatively, the chemical shift occurring at
the border zone between fat- and water-containing
tissue using b-SSFP sequences (cine imaging) can be
used to detect fat within the myocardium (Fig. 20)
(Liicke et al. 2010).

4 Stable Coronary Artery Disease

Since in the majority of patients with presumptive
symptoms of myocardial ischemia, CAD is the
underlying cause, noninvasive imaging of obstructive
CAD has become the topic of extensive research in
the last decades. Imaging can be focused either on
detection (or exclusion) of coronary artery plaques
(and determination of plaque stenosis severity)
(‘anatomic imaging’), and/or assessment of the con-
sequences of CAD on myocardial perfusion and
function ( ‘ischemia imaging’). It remains an issue of
intense debate which one of the above approaches is
to be recommended in decision making, a thorough
description of the pros and cons is, therefore, beyond
the scope of this chapter (Tonino et al. 2009; Gould
2009; Pfisterer et al. 2010). In brief, the value of
several non or minimally invasive imaging techniques
has been explored as substitute for catheter-based
coronary angiography. Although in the 1990s, MRI
was highly appealing for non invasive CAD detection,
lengthy acquisition times and lack of robustness still
hamper routine acquisition (see “Coronary Artery
Disease”). In contrast, fast and accurate depiction of
coronary artery plaques can be achieved nowadays
with the newest generation of multi-detector com-
puted tomography scanners with low to modest
irradiation doses (Achenbach and Raggi 2010).
Further reduction in radiation dose can be achieved
with iterative reconstruction algorithms (Singh
et al. 2011). Despite the current limited clinical value
of MRI in coronary plaque detection, substantial
progress has been made in myocardial ischemia
assessment, making this technique an attractive and
valuable alternative to stress echocardiography and
radionuclide pharmacological stress perfusion imag-
ing (e.g., SPECT imaging) for studying CAD patients.
MRI has several advantages compared to the above
techniques. No radioactive marker has to be injected
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Fig. 20 Lipomatous metaplasia in a patient with a suben-
docardial inferior infarct. Short-axis cine imaging at end
diastole (a) and end systole (b). Chemical shift occurs at

to achieve similar information regarding myocardial
perfusion defects, and the information can be obtained
in a single exam not taking longer than 3045 min.
The superior spatial resolution of MRI permits to
visualize smaller, subendocardially located, perfusion
defects not infrequently missed by SPECT (Lee et al.
2004). The newest high-resolution perfusion MRI
sequences with in-plane pixel resolution up to
1.1 x 1.1 mm? not only improve diagnostic accuracy
but also allow assessment of RV perfusion (Plein
et al. 2008a; Manka et al. 2010). Moreover, this
technique is not hampered by soft-tissue and attenu-
ation artifacts. Similar to PET scanning, quantitative
data on myocardial blood supply can be achieved with
myocardial perfusion MRI (Hsu et al. 2006c). Com-
pared to stress echocardiography, MRI provides reli-
able image quality not limited by the adequacy of the
acoustic window. Per stress level, images can be
easily acquired in standardized (repeatable) planes,
and easily compared on an offline workstation
reducing operator-dependency. An added value of
MRI is its comprehensive approach, meaning that
stress imaging is part of a broader assessment of the
CAD spectrum, for instance including edema imag-
ing—necrosis/scar imaging—coronary artery imaging
and functional imaging (Sensky et al. 2000; Plein
et al. 2002, 2004; Foo et al. 2005; Bodi et al. 2005;

the border between the fat- and water-containing tissue
(arrows, a, b). Note the impaired contractility of the
infarcted myocardium

Cury et al. 2006; Klem et al. 2006; Bingham and
Hachamovitch 2011).

4.1 Stress Perfusion Imaging

Basically, rather than injecting a radioactive tracer to
study the uptake in myocardial cells during rest and
stress, MRI uses the first pass of an intravenously
injected paramagnetic contrast agent during admin-
istration of a vasodilator (i.e. dipyridamole or
adenosine) to depict hemodynamically significant
coronary artery stenosis (Fig. 6) (see “Myocardial
Perfusion™). At present this technique has been well
validated (Wilke et al. 1997; Al-Saadi et al. 2000a, b;
Schwitter et al. 2001; Nagel et al. 2003; Lee et al.
2004), showing similar or even better accuracy as
compared to routinely used techniques such as
SPECT imaging (Schwitter et al. 2008). In a meta-
analysis by Nandalur et al. including 14 studies (1,516
patients), perfusion imaging demonstrated a sensitiv-
ity of 91% (CI 88-94%) and a specificity of 81%
(CI 77-85%) (Nandalur et al. 2007). Although the
disease prevalence was high (57.4%), questioning its
value in populations with lower disease prevalence,
it should be mentioned that also studies performed
before 2000 using older MRI sequences were
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included in this meta-analysis. Whereas in daily
clinical practice, stress-induced perfusion defects are
usually visually assessed looking at the presence of
subendocardial or transmural hypo-intense rim during
the first-pass of contrast in one or more coronary
artery perfusion territories semi-quantitative or
quantitative approaches have become available
slowly finding their way into the clinical practice. A
relatively simple semi-quantitative method, used by
several groups, is the assessment of the myocardial
perfusion reserve (MPR) or MPR index in patients
with CAD, which is defined as the ratio of regional
myocardial blood flow under hyperemic conditions to
that under resting conditions, and has been validated
against other techniques such as coronary fractional
flow reserve measurements (Wilke et al. 1997; Cullen
et al. 1999; Al-Saadi et al., 2000a; Kurita et al. 2009;
Watkins et al. 2009). Since it also takes into account
the collateral flow, it may be a more accurate
parameter than the coronary flow reserve to assess the
impact of CAD on myocardial perfusion. Al-Saadi
et al. found a significant difference in myocardial
perfusion reserve between ischemic and normal
myocardial segments (1.08 £ 0.23 and 2.33 + 0.41,
P<0.001, Fig. 10) (Al-Saadi et al. 2000a). Using a
cut-off value of 1.5, the diagnostic sensitivity, speci-
ficity and diagnostic accuracy for the detection of
coronary artery stenosis (>75%) were 90, 83, and
87% respectively. In a similar study by Cullen et al., a
negative correlation was found between the MPR
index and percent coronary artery stenosis (r = —0.81,
P<0.01) (Cullen et al. 1999). Using fractional flow
reserve in addition to the degree of stenosis on cor-
onary angiography as reference modality, an MPR
index cut-off value of 1.5 was able to distinguish
hemodynamically relevant from non-relevant coro-
nary lesions with a sensitivity of 88% (CI 74—100%)
and specificity of 90% (CI 84-96%) (Rieber et al.
2006). Watkins et al. using a similar study protocol
reported a sensitivity and specificity of 91 and 94%
respectively (Watkins et al. 2009). A somewhat
higher MPR cut-off value to differentiate between
flow and non-flow limiting stenosis was found by
(Costa et al. 2007). After PCI with stent implantation
or CABG surgery, a significant improvement in MPR
index was reported, thus providing information about
the success of interventional procedures in stenosed
coronary arteries (Al-Saadi et al. 2000b; Fenchel et al.
2005). This improvement was more pronounced after

stenting (Fig. 21). Klem et al. showed in patients
without known obstructive CAD or prior MI that
adding late Gd MRI for scar imaging to stress
perfusion imaging, increases the test specificity and
accuracy (Klem et al. 2006). Diagnostic accuracy of
this combined protocol is lower in CABG patients
compared to patients with suspected CAD or PCI
patients (Bernhardt et al. 2009). Although most stress
perfusion studies are performed at 1.5T, perfusion
imaging at 3T is clinically feasible and intrinsically
appealing because of the increase in signal to noise ratio
(Cheng et al. 2007; Meyer et al. 2008). Finally, alter-
natives to first-pass perfusion imaging, such as use of
myocardial blood oxygen level-dependent (BOLD)
MRI, has recently shown to reliably detect stress-
induced myocardial ischemia (Jahnke et al. 2010).

In patients with microvascular dysfunction
(“cardiac syndrome X”), the exact role of stress
perfusion MRI is not yet established. These patients
present with typical anginal chest pain, and not
infrequently have classic ST-segment depression on
exercise testing but do show normal coronary arteries.
Panting et al. reported typical subendocardial perfu-
sion defects not respecting coronary artery perfusion
territories in patients suspected of syndrome X during
adenosine stress MRI, and the perfusion abnormalities
were in the majority of patients associated with chest
pain (Panting et al. 2002). These above findings were
contradicted by a study by Vermeltfoort et al. (2007),
while two more recent studies favored again stress-
induced subendocardial ischemia in syndrome X
patients (Lanza et al. 2008; Cook et al. 2009). Since
first-pass perfusion is prone to dark-rim artifacts
occurring at the subendocardial border, it is yet
unclear to what extent these artifacts may interfere
with depiction subendocardial ischemia (Camici
2007).

4.2 Stress Function Imaging

Although it is possible to perform exercise testing in
an MR environment using a specific MR-compatible
cycle ergometer (Tops et al. 2005), functional stress
testing is usually performed during dobutamine
(£ atropine) administration. Dobutamine, as a
B-agonist, stimulates the f-receptors of myocytes and
increases contractility, heart rate and stroke volume
through increased ATP- and oxygen consumption and
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Fig. 21 First pass MPI-MR during adenosine stress before
(a, b) and after (e, f) PCI. First-pass imaging before PCI shows
extensive stress-induced perfusion defect in the inferolateral
LV wall (arrows, a, b). Subsequent coronary angiography
shows high-grade stenosis (95%) in distal right coronary artery
and proximal high-grade (90%) stenosis in first lateral branch of

resembles physical exercise (Ruffolo 1987). Using a
stepwise dose increment of dobutamine, the precise
nature of the ischemic substrate can be further
differentiated, e.g., stunned, ischemic, hibernated,
necrotic/scarred myocardium, and can be used to
discriminate ischemic myocardium from the func-
tional border zone (Buda et al. 1987; Cigarroa et al.
1993; Van Rugge et al. 1993, 1994; Wu et al. 2011).

During stress testing, myocardium supplied by a
normal coronary artery will show progressive increase
in myocardial contractility. In contrast, myocardium
supplied by a flow-limiting coronary stenosis will
become ischemic when the compensatory increase in
coronary blood supply is insufficient to match the
increased demand in oxygen, i.e. when the coronary
flow reserve is superseded. This in turn will cause a
decrease in regional contractility and lead to new wall
motion abnormalities (WMA) (Fig. 5). Besides

left circumflex coronary artery (arrow, d). Following PCI with
stent placement of the high-grade stenosis in distal right
coronary artery, adenosine stress MPI-MR shows normaliza-
tion of the perfusion in inferior LV wall while the myocardial
perfusion defect in the LV lateral wall persists (arrows, e, f)

detection of flow-limiting coronary stenoses in
patients suspected of obstructive CAD, two other
applications for stress function imaging are the
differentiation between viable and non-viable
dysfunctional myocardium in patients with chronic
CAD (see Sect. 6), and differentiation between stun-
ned and irreversibly damaged myocardium in patients
with a recent myocardial infarction. In contrast to the
detection of flow-limiting stenoses where a high-dose
regimen is used, the latter indications are typically
performed with low-dose regimen (<20 pg/kg dobu-
tamine) (Baer et al. 1994; Dendale et al. 1997).
Practically, stress function imaging for detecting
flow-limiting stenoses is started in resting conditions
acquiring cine MR images in a set of standardized
imaging planes through the ventricles. In our center
we acquire four short-axis planes and a horizontal and
vertical long-axis image, achieved in 3 consecutive
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Dobutamine Stress MRI

______________________ dobutamine atropine ...
Sug/kg/min 10ug/kg/min 20ug/kg/min 40ug/kg/min 0.25mg 0.25mg
| | 3 min | 3 min | 3 min | 3 min | 3 min |
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