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Foreword

This reference book on the use of Magnetic Resonance in the study
of the heart and vessels by Massimo Lombardi and Carlo Bartolozzi
represents an excellent opportunity for meditation and discussion
on some of the present trends in clinical medicine.

The first consideration cannot but concern the rapid and contin-
uing evolution of diagnostic technologies, and particularly of those
in the field of imaging: a topic that only ten years ago would never
have even been considered as a subject for a book of this type, but
that today clearly offers evidence of a concrete and relevant contri-
bution, in some cases exclusive, to many applications of cardiovas-
cular diagnostics. From this point of view, the authors deserve par-
ticular recognition for having put together a synthesis and a critical
presentation of the many applications in the field of Magnetic
Resonance Imaging: a contribution that will be of sure interest to the
consultants and specialists of imaging techniques and of medical
and surgical cardiovascular disciplines.

The second consideration concerns the fundamental importance
of the integration of medical and non-medical competencies in the
development and management of new technologies in medicine. In
sectors such as MRI the collaboration between physicists and engi-
neers not only provides a promise for the correct exploitation of the
techniques but also, and perhaps especially, a basis for the very same
development of the clinical applications in a sector in which the
boundaries between development and application are far from
established and indeed in continuous evolution.

The third consideration concerns the importance of the collab-
oration between the Institute of Clinical Physiology and the
departments of University hospitals: the first institution being
deeply characterized by the mission of performing clinical
research through a broad multi-disciplinarian basis, closely inte-
grated with on-field clinical applications, which validate innova-
tions providing the drive for further research; the second institu-
tion characterized by the important task of specialized training
and assistance, the quality of which must necessarily be guaran-
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teed and renewed on the basis of the progress of technological
knowledge.

My last consideration addresses the importance in the manage-
ment of continuously evolving technological innovations, through a
sound relationship between industrial companies and research
institutions that goes far beyond bare commercial aims.

For all the considerations above, this book represents a precious
and very significant example, which I am very glad to present.

Finally, I wish to express my particular appreciation to Massimo
Lombardi and the entire medical and non-medical staff, nursing,
technical and administrative personnel of the Magnetic Resonance
laboratory of the IFC-CNR, who have, in less than four years of
intense activity — often in difficult working conditions - developed
an idea into a consolidated reliable, reality, and have especially
demonstrated the ability of the laboratory to be at the cutting age of
this developing field.

Pisa, December 2004 Luigi Donato
Head of CNR
Institute of Clinical Physiology, Pisa



Preface

The study of the heart and vessels by Magnetic Resonance Imaging
represents a relatively new field of application, especially if one con-
siders the large-scale diagnostic use of the technique in the neuro-
logical and muscular fields.

The explanation of the delayed application in the cardiovascular
field can be sought in the methodological complexity linked to the
study of moving anatomical structures.

Due to the important developments in terms of hardware and
software seen in recent years, we can now choose a dedicated
approach for the study of the heart and vessels that allows us to
achieve all that morphological and functional information that oth-
erwise could not have been obtained by means of other imaging
techniques.

This monographic text origins from the collaboration of two dis-
ciplines that have historically covered specific interests in clinical-
diagnostic and technical-applicative settings: Cardiology and
Radiology.

The heart and vessels, which have often represented a battle
ground, have been for our Groups, fertile ground for development of
competencies, driven by our firma belief that a multidisciplinary
approach represents the most efficient way to exploit technological
resources to the best and respond in the best manner to clinical
needs.

Although this is a subject in continuous and rapid evolution, we
wanted to dedicate the first part of this text to some particular
methodological/technical aspects concerning the techniques of fast
acquisition finalized toward the achievement of morphological,
functional, and flow related information. The same section deals
with contrast agents that nowadays represent an integrating part of
the exam, with particular focus on the optimization of their use.

The last chapter of the introductive part is dedicated to image
post processing; we present the techniques that are at present indis-
pensable for obtaining a better interpretation of the native images
and allow at the same time quantitative-qualitative evaluations facil-
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itating the correlation with data obtained by other techniques of car-
diovascular imaging.

The most extensive part of this book is dedicated to clinical diag-
nostic applications.

In reference to cardiology, we present the contribution of MRI in
the most consolidated clinical sectors, providing an updated refer-
ence of positive practical value. At the same time we have wanted to
analyze, in a prospective way, the most interesting applicative evolu-
tions of what we foresee will find wide diffusion throughout cardio-
logical diagnostics in the near future.

The second clinical diagnostic topic is represented by the study
of the vessels: the subject has been approached to the full, spanning
from the intracranial vasculature to the peripheral vessels of the
limbs, in consideration of the panexplorative characteristics of MRI.

Wide space has also been dedicated to images, in order to allow
the reader an immediate correlation of the description of the meth-
ods and disease on one hand, and the iconographic representation
on the other.

This result has been achieved thanks to the Editor, who has per-
mitted a full range of action as to the number of images reproduced
and has assured us the best of quality. We are confident this aspect
will be appreciated by those wishing to use this book as a reference
text for the use of MRI in the cardio-vascular setting.

Pisa, December 2004 Carlo Bartolozzi
Director

Diagnostic and Interventional Radiology

University, AOUP, Pisa
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1 Physical principles of imaging
with magnetic resonance

MARIA FILOMENA SANTARELLI

1.1 Introduction

Magnetic Resonance (MR) is a phenomenon involving magnetic fields and
electromagnetic waves on the Radio Frequency (RF) domain. The discovery
of this phenomenon is quite recent and was simultaneously made in 1946 by
two independent groups of investigators at Stanford (directed by Bloch) and
at Harvard (headed by Purcell) [1, 2]. Since its discovery, MR has become very
popular, being an extremely useful tool, especially in the fields of analytical
chemistry and biochemistry [3, 4].

The intuition of using MR on humans came from experiments by Jackson,
who in 1967 acquired the first MR signals from a live animal. In 1972,
Lauterbur [5] obtained the first MR image from a sample containing water
and two years later generated the very first image from a live animal [6]. Later,
many other groups, more or less independently, contributed to improving the
technique toward those technologies that would allow the generation and
reconstruction of MR images [7-12]. Magnetic Resonance Imaging (MRI)
allows to generate images that yield excellent contrast between soft tissues,
with high spatial resolution in each direction. Like other imaging techniques,
MRI also employs electromagnetic radiation to examine the districts inside
the human body; however, because it employs low energy radiation, it may be
considered non-hazardous when used within tested limits.

In this chapter we will introduce the basic principles underlying the phe-
nomenon of MR and the formation of MR images. The description of the sin-
gle processes is not meant to be exhaustive. Because many of the principles
we will deal with here are quite complex, we have put particular effort in
keeping explanations simple avoiding details that would take the reader away
from the main train of thought. For more exhaustive explanations on single
processes or phenomena we suggest a list of specialist readings [13-16], while
the principles of MR and their application to the cardiovascular system can
be found on specific text books [17,18].

1.2 The phenomenon of magnetic resonance

The phenomenon of Magnetic Resonance may be approached using different
types of nuclei (*H, 3C, 9F, 23Na, 3'P), however the atom 'H is generally uti-
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lized for creating MR images. To get an idea of what nuclear magnetism is, we
can imagine a similarity with an electrically charged mass rotating on its own
axis that generates a tiny magnetic field with its own direction and orienta-
tion. This phenomenon is the so-called “spin” and is what attributes the mag-
netic momentum p to the nucleus (Fig. 1.1).

In the case of 'H, the nucleus is composed of a single proton (positive elec-
tric charge).

1.2.1 The nucleus

The property that allows each nucleus to interact with a magnetic field is
the so-called intrinsic spin. It is a quantum phenomenon according to
which the nucleus rotates on its axis, as illustrated in Figure 1.1. The values
taken by the spin, I, depend on the number of protons and neutrons inside
the nucleus.

If I =0, there is no interaction between the nucleus and the external mag-
netic field. The atom of hydrogen 'H has a single proton and its spin is I = 1/2.

The angular momentum, p, given by the spin I is given by:

p="h1l (1)

where 7 is Planck’s constant; p and I are vectors.
The so-called gyromagnetic ratio links the magnetic momentum 1 to the
angular momentum p:

=2 @)
P

The value is a constant characteristic of the type of nucleus; for example,
y for 'H, is 42.57 MHz/T (MHz: MegaHertz; T: Tesla).
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1.3 Interaction with an external magnetic field

We can imagine the nucleus of hydrogen 'H as a magnetic bar with a north
and south pole (bipolar). According to the laws of quantum mechanics, the
momentum of the dipole can take on the values of 2I+1 orientations in an
external magnetic field, corresponding to the 2I+1 energy levels allowed. The
“magnetic bar”, the proton, can thus align with the external field in parallel
or anti-parallel position, as represented in Figure 1.2.

In fact, the quantum model should be used to explain all the phenomena
of nuclear magnetic resonance. However, from an intuitive point of view, the
classical model in which the spin can assume any position in the external
magnetic field shows to be the best for visualizing most of the experiments.

For I = 1/2, as in the nucleus of hydrogen, all the predictions of the classi-
cal model are in exact agreement with the quantum theory applied to a
macroscopic system.

In the classical model, an electrically charged mass rotating on its axis will
tend to align itself with Bo when immersed in the magnetic field Bo. Thus the
proton is affected by a rotating force that induces the proton to start precess-
ing on Bo.

This could be compared to the spinning top that rotates on itself, moving
with precessional motion about an axis perpendicular to the floor (force of
gravity).

The precession rate (the number of rotations around the direction of Bo
over the unit of time) depends on the type of nucleus and the intensity of Bo.

The precession frequency can be calculated by means of Larmor’s law:

® = yBo 3)

where @ is the so-called “Larmor frequency” (measured in MHz); y is the
gyro-magnetic ratio (measured in MHz/Tesla, that describes the relationship
of mechanical and magnetic properties of the nucleus considered and
depends on the type of nucleus); B is the intensity of the magnetic field in
which the nucleus is immersed [(measured in Tesla T, where 1.0T = 10 kG =
10.000 G (Gauss)].

Fig. 1.2. Spin energy levels in a

/—\ /—\ magnetic field; left: low ener-
N N

getic level, right: high energetic
level
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Bo
Fig. 1.3. Graphical representa-
y tion of the total magnetization
vector, M

Formula (3) indicates that by increasing the intensity of the magnetic field
Bo, the frequency @ increases and thus also the nucleus rotation rate around Bo.

In reality, a single nucleus or a single magnetic momentum cannot be
observed, but the combined effect of all the nuclei within a sample can be.

What can be observed is thus the total magnetization M, given by the vec-
torial summation of the single magnetic moments: M = Y p, as shown in
Figure 1.3.

Because magnetic moments tend to align each other to the magnetic field,
there is only one component along Bg at equilibrium.

1.3.1 Radio Frequency (RF) pulses

To evaluate the total magnetization, we must find a way of perturbing the sys-
tem in its equilibrium state and force M to move away from Bo. Hence an exci-
tation pulse is given by applying a second magnetic field B, , which is per-
pendicular to Bg and rotates around By at a rate w, exactly the same as the
precession frequency of the nuclei.

The field B, causes M to move from its resting position, parallel to Bo, forc-
ing M to take a spiral trajectory, Figure 1.4.

When B, is switched off, M continues precessing, describing a cone with
an angle o to Bo.

The amplitude of this angle, the flip angle, depends on the amplitude of B,
and on the duration of its application.

In fact:

o = yB;t (4)

where t is the time during which the field B, is left on.
If B, is applied for sufficient time, it can cause M to position at 9o° with
respect to Bo. In such a case, the application of B, is called a 9o° pulse. M may



1 « Physical principles of imaging with magnetic resonance 5

Fig. 1.4. Magnetization vector
M during the activation of an
additional field B,

be also positioned in direction -Bo, which is called 180° pulse or inversion
pulse.

Because w/2m normally ranges between 1 MHz and 500 MHz (frequencies
that fall within the radio frequency domain), B; pulses are also known as
radio frequency pulses and B, as radio frequency magnetic field.

1.3.2 Free Induction Decay (FID)

After a 90° pulse has been applied, the magnetization vector M itself gener-
ates an oscillating RF magnetic field, which can be detected in virtue of the
alternated current it produces in a coil - in this case the same coil used to
apply the B, field. The signal induced by the magnetization vector increases
during the 90° pulse and decays to zero after the pulse is switched off because
of the relaxation that makes M return to its original equilibrium position Mo,
parallel to Bo.

This type of decay signal obtained in absence of By, is called Free
Induction Decay (FID), or Free Induction Signal (FIS), Figure 1.5. In this text
we will refer to it as the FID MR signal.

1.3.2.1 The rotating reference system

What we are interested in here, is the behavior of the magnetization vector
during the pulse sequences. The movement of the aforementioned vector M
is quite complicated and difficult to visualize when considering all the
involved phenomena together, especially when one or two pulses are applied.
In order to facilitate the mathematical and visual description of the phenom-
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90° pulse

FID

time Fig. 1.5. Free decay signal fol-
lowing the 90° pulse

enon, it is best to describe it from the view of an observer who is rotating on
an axis parallel to Bo, in synchrony with nuclear magnetic moments. This is
the so-called “rotating reference system”.

It is like observing moving objects from a rotating merry-go-round: if we
are exclusively interested in the movement of the objects and not in the rotat-
ing merry-go-round, it is easier for us to observe it by being on the ride rotat-
ing with those object, than being in a fixed point on the ground.

Observing the objects being on the ground is the so called “static reference
system”, while observing the objects being on the merry-go-round is the
“rotating reference system”.

In the case of the rotating system, the protons precessing with @ frequen-
cy are still, while those protons that for some additional phenomenon (as we
shall see later) precess at a minor speed are seen as rotating counterclock-
wise; likewise, the protons precessing at a speed higher than @ are seen as
rotating clockwise (Fig. 1.6).

\

> M
® =0,

O<® 0 Fig. 1.6. Graphical representa-

tion, on a system of rotating
axes, of protons precessing at
different frequencies
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1.4 Magnetic Resonance interaction with tissues

The contrast in the images of nuclear magnetic resonance depends on the dif-
ferent magnetic properties of the tissues. Although many parameters influ-
ence the signal coming from a sample under observation, the most common-
ly used are: proton density, T1 and T2, which are derived from the MR signal
released from the material. These parameters may have different values for
different tissues, but also have different values within the same tissue accord-
ing to whether it is in a normal or diseased state.

1.4.1 Proton density

Most of the hydrogen molecules in the human body are bound in the mole-
cules of water and fat, which is what we search for in the experiments of MR.

The term proton density simply refers to the number of protons per vol-
ume unit. Therefore, accordingly with the water contents, proton density in
bones is low, high in liver, and very high in blood.

The proton density for a tissue examined is basically proportional to the
initial amplitude of the MR signal immediately following the end of 90° exci-
tation pulse (Fig. 1.7): the higher the proton density, the higher the amplitude
of the signal.

1.4.2 Relaxation

The relaxation of the spin is caused by the exchange of energy between spins
and between spins and the surrounding environment. These interactions
generate two kinds of decay of the M vector, which are called spin-spin relax-
ation and spin-lattice relaxation. The result of relaxation is the return of M to
its equilibrium state parallel to Bo.

BIJ M Received RF
Signal
r 4 i)
" t
b
Bo “| Received RF
signal
2 i ¥ ¥iD)
3 e Acaemn . .
f r\f o Fig. 1.7. Effect of the different
proton density on the Mo vector
and on signal intensity
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Fig. 1.8. Spin-spin relaxation
causes the precession of nuclear
magnetic moments at different
velocities. The loss in phase
coherence provokes the expo-
nential decay of the transverse
magnetization with time con-
stant T2

Spin-spin relaxation

The spin-spin relaxation, also said transversal relaxation, or T2, is caused by
the interaction between nuclear magnetic moments.

The magnetic field experimented in each instant by each nucleus is certain-
ly dominated by the external field applied, however there is an additional con-
tribution to the local field on behalf of the closer neighboring nuclei. These
spin-spin interactions cause a weak change in the precessing frequencies of
each nucleus. The result is a loss in phase coherence among the nuclei, with a
reduction in the transverse component of the magnetization vector M (Mxy) -
that is the component perpendicular to the field B (Fig. 1.8). The constant of
the transverse relaxation time Mxy is given by T2, that is the time necessary to
reduce spin-lattice relaxation of the transverse component Mxy by 63%.

Spin-lattice relaxation

The spin-lattice relaxation, also called longitudinal relaxation time or Ti,
causes a gradual realignment of the magnetic moments with Bo, as shown in
Figure 1.9. This phenomenon depends on the intrinsic properties of the
nucleus but also on the microenvironment in which the nucleus is immersed
(surrounding nuclei, temperature, presence of large-sized molecules, para-
magnetic molecules as those of contrast media, and so on) - from here the
reference to spin-lattice interaction. Hence, the longitudinal component of M
returns to the equilibrium value Mo within a characteristic time, T1. T1 is the
time needed for 63% of M to return to equilibrium My after a 9o° RF pulse.

Fig. 1.9. Spin-lattice relaxation
causes the longitudinal compo-
nent of the magnetization vec-
tor to return to its Mg value at
equilibrium
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Generally, T1 for tissues is in the order of 1 second. Once the magnetiza-
tion vector has returned to its equilibrium value Mo parallel to Bo, there are
no chances of having a transverse magnetization different from zero. For this
reason T2 is always minor than, or at the most, equal to T1.

Pseudo relaxation

The lack of homogeneity in the magnetic field within a sample inevitably
causes a further relative dephasing among the protons, so that a relaxation
time T2* is defined. The speed of transversal decay observed, 1/T2%, is then
the sum of two contributions:

- contribution of spin-spin relaxation

- contribution of the relaxation given by the lack of homogeneity in the
magnetic field.
Thus:
1/ Tz* =1/Ty+1/ TzdiShom (5)
Where:
1/ TzdiShom =y ABo

in which ABy is the amplitude of the variation of the magnetic field in the
volume where the sample is located.

1.4.3 RF pulse sequences
1.4.3.1 Inversion Recovery (IR)

Inversion Recovery (IR) is a 180° pulse, which is followed by a 9o0° pulse after
a time of inversion (TI) (Fig. 1.10). This sequence is used in spectrometry to
measure spin-lattice relaxation time in small samples and in MRI to create
contrast regions with different T1 value.

In this latter case we must apply various pairs of 180° and 90° pulses.

The signal intensity S, immediately preceding the 9o° pulse in an Inversion-
Recovery experiment is proportional to the Mz amplitude at time TI, so that:

S eo Mz (TI) = Mo (1 - 2 exp (- TI/ T1)) (6)

where My is the equilibrium magnetization (equivalent to the proton
density) and T1 is the sample’s spin-lattice relaxation time.
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180° 90°
+—T|—>

JL |

FID
FIS

Fig. 1.10. Inversion recovery
pulse sequence

The graph in Figure 1.11 shows the behavior of Mz in function of time,
after a 180° pulse. The figure evidences how Mz depends on the value of T1.

The time t = 0 corresponds to the end of the 180° pulse, while the time t =
TI is the instant in which the 9o° pulse is applied. The three curves in Figure
1.11 refer to three samples with different T1 times.

1.4.3.2 Spin Echo (SE)

The base sequence consists in a 90° pulse followed by one of 180°. The time
between the two pulses is TE/2 (Fig. 1.12), where TE is the Time of Echo
(which will be described later in detail in Paragraph 1.4.4.2).

The Spin Echo sequence corrects the lack of homogeneity in the magnet-
ic field, leaving only the decay signal due to the spin-spin relaxation. This cor-
rection is brought about with a 180° pulse, called refocusing pulse. The ampli-
tude of the echo at TE is given by:

S»=S.exp (- TE/ T,) (7)
MO
Mz | Medium T1 .
/,/—"'I::mg T
0 t
L B

Fig.1.11. M; in function of time
t=0 t=Tl in an IR sequence
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Fig. 1.12. Spin Echo base

Spin Echo sequence

As illustrated in reference to Figure 1.13 the Spin Echo sequence consists in
the following:

1. A 90° pulse is applied (Fig. 1.13a).

2. Because the lack of homogeneity in the magnetic field inevitably occurs
inside the sample, the magnetization vectors that compose M start to lose
phase concordance with each other (see Fig. 1.13b). For example, if part of
the sample is in a region where the magnetic field is weaker than By, the
nuclei in this region will precess at a speed lower than @ = yBo in the stat-
ic reference system; while according to the rotating reference system the
magnetization vector will precess counterclockwise (because the relative
system rotates exactly at speed @¢ clockwise). On the contrary, the mag-
netization vectors relative to areas of the sample where the local magnet-
ic field is higher than B will precess clockwise in the rotating reference
system.

As final result, the transverse component of M (Mxy) decreases exponential-
ly in time, while the resulting MR signal is proportional to exp (-t/T2*).

3. A 180° pulse is applied after a time TE/2 following the first 9o° pulse. The
consequence is that all the magnetization vectors will rotate on the X’ axis
(Fig.1.13c). At the end of the 180° pulse, the span of the magnetization vec-
tors that previously opened away from the y’ axis is now flipped onto the
-y’ axis.

4. The magnetization vectors that precess more quickly (in regions with
higher magnetic fields) still precess clockwise in the relative reference sys-
tem, but now move toward the -y’ axis. Conversely, the vectors of the areas
with lower magnetic fields precess counterclockwise in the relative system
- they move toward the -y’ axis too (Fig. 1.13d).

5. At the time TE after the first pulse, all vectors are aligned on the -y’ axis;
that is, they have been refocused by the 180° pulse. Because M is the net
sum of these nuclear magnetic vectors, the transverse component Mxy
reaches its maximum amplitude at this TE time (Fig. 1.13e).

6. The magnetic vectors dephase once again causing a decrease of the MR
signal (Fig. 1.13f).
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Fig. 1.13 a-f. A Spin Echo
experiment seen from a rotating
reference system

1.4.3.3 Gradient Echo (GRE)

The problems involved in measuring the free induction decay of the trans-
verse magnetization (MR signal) immediately following the 90° excitation
pulse in an experiment can be solved with the Gradient Echo sequence

KT

MNegative gradient G
X

(Clockwise (rotating
reference system),

Counterclockwise
(rotating reference
system)

(=T

Positive gradient
Counterclockwise X

(rotating reference
system)
S+ tRN-D
S/ N
0

Clockwise
(rotating reference
system)

Positive gradient G
X

Ot t1d
tretttt

All spins
re-phase
one another

Positive gradient G

Counterclockwise

(rotating reference
system) [
@"\ T Ve "@ Clockwise
(rotating reference
N 1 S system)

Fig.1.14 a-e. (a) Instant following the 90° pulse;
(b) Situation of the spins during application of
the negative gradient; (c) Situation of the spins
during application of the positive gradient; (d)
Re-phasing of spins and formation of echo (e)
dephasing of spins after the moment/instant of
echo
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Fig. 1.15. Gradient Echo sequence

(GRE). Indeed this sequence exploits an inverse read-out gradient that re-
phases spins, generating an echo signal. (For a detailed explanation please go
to Paragraph 1.5.1 “Magnetic field gradients™).

- The sample in the magnetic field Bo is subjected to a 90° pulse, which puts
the spins into phase to one another, so that the magnetization, thus the
magnetic resonance signal, is highest (Fig. 1.14a)

- immediately after the 90° pulse, a negative magnetic field gradient is
applied; the spins start precessing at a position-dependant speed, dephas-
ing in an “ordinate” manner with one another (Fig. 1.14b)

- the following application of a gradient - this time a positive one - (Fig.1.14¢c)
causes a change in the direction of the spins’ rotation and their re-phasing,
which generates the echo known as echo of the gradient (Fig. 1.14d); the
amplitude of the echo signal is the same as the FID immediately following
the 90° pulse

- during the instants following TE, the spins start dephasing with one anoth-
er and the magnetization (and the signal amplitude) decays (Fig. 1.14e).

The MR signal is sampled before and after the echo instant, as shown in
Figure 1.15. Generally the GRE sequence uses o degree pulses, where o is < 90°.
1.4.4 MR signal parameters
1.4.4.1 Time of Repetition (TR)

In a sequence of pulses the Time of Repetition (TR) is the time lapsing

between two RF pulses. In the GRE sequences the TR parameter represents
the time between 9o° pulses (notice that the Spin Echo sequence includes two
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kinds of pulse: a 9o° pulse first, followed by a 180° pulse); during Inversion
Recovery (which includes a 180° pulse first, followed by a 90° pulse), TR
equals the time between the 180° pulses.

Figure 1.16 shows how the parameter TR affects the intensity of the signal
acquired. Indeed, taking for example a series of GRE pulses, if TR is sufficiently
long to allow the total magnetization M to return completely parallel to Bo (Fig.
1.16, top) the amplitude of the signal acquired after the second pulse will be the
same as that of the previous pulse. If instead TR is short (Fig. 1.16, bottom) the
magnetization M has not yet returned completely to the position Mo, but part of
the component remains on the xy plane; because only the z component is affect-
ed by the following RF pulse, the resulting signal will have a lower intensity than
that acquired in the previous pulse.

This phenomenon is called signal saturation and usually should be avoid-
ed, as it slowly reduces the amplitude of the signal. On the other hand, in
some cases saturation is purposely created for example to eliminate a specif-
ic tissue (such as fat) from the image and put into better evidence other
neighboring tissues.

Figure 1.17 shows an example of how the TR parameter can be properly
fixed to emphasize the contrast between different tissues with three different
T1 values.

Signal

Kidney
(n-.lssm)

3 Fig. 1.17. Contrast between tis-
lime (TR') . sues with different T1 in func-
1)y tion of different TR values
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1.4.4.2 Time of Echo (TE)

The Time of Echo or echo time (TE) is the time between the RF excitation pulse
and the center of the echo, that is where the signal has acquired its maximum
intensity. The amplitude of the transverse magnetization Mxy (and thus of the
echo signal acquired) at the peak of the echo signal depends on the TE and T2
of the tissue. For example, in a GRE sequence this amplitude is typically pro-
portional to exp TE/T2; in particular if TE is equal to T2, the transverse magne-
tization (and thus the amplitude of the echo signal acquired) will be decayed by
37% compared to its amplitude immediately after the RF pulse.

For longer TEs (as seen in Figs.1.18b with respect to 1.18a where TE is short)
Myxy is reduced, as is the intensity of the signal acquired. This occurs because
the spins have the possibility of dephasing progressively (see Fig. 1.18b)
because of the T2 effect of the material and the time elapsed after the RF pulse.

The operator of the MR scanner can properly define the TE and search for
the value that will generate the images with the greatest contrast among tis-
sues. Figure 1.19 shows an example of three different curves relative to three
different tissues; it can easily be seen that some TE values allow a better dis-
tinction between tissues than other TEs.

1.4.4.3 Flip Angle (FA)

The Flip Angle (FA) is the angle o = yB1t between the direction of the field Bo
and the magnetization vector M (see paragraph 1.3.1 “Radio Frequency puls-
es”). As we can see from the formula, a high value of a is obtained with a longer
RF activation pulse or with a greater amplitude of the B1 field. So a FA = 90°

ﬁ» Short TE ——

80" 1

..... H i
I Receiving of FID |

.....1‘ o

ﬁ— Long TE ————
..... i t
[ Receiving of FID l

M= M " .
mem, ; 3 MM <M Fig. 1.18 a, b. Effects of TE val-
T "é % — ues on magnetization M (and
thus on the intensity of the echo
signal). (a) short TE, (b) long TE
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corresponds to a RF activation time twofold that of a FA = 45°; this explains the
need for small FA values when the operator is monitoring extremely transient
phenomena (as often happens for cardiovascular images) and images must be
acquired very quickly. The inconvenience in these cases is that after the RF
pulse, the magnetization component on the xy plane, Mxy, is lower than in the
case with FA = 90° (see Fig.1.20a,b) so that the amplitude of the signal acquired
is lower. However, as it can be seen in the figure, using small FA values makes
the magnetization M return to its initial position (parallel to Bo) in a shorter
time compared to a FA of 9o° (compare Figures 1.20a and b); this allows us to
use shorter TRs without risking to saturate the signal.

1.5 MR imaging

Almost all images undergo a Fourier transformation analysis, a very efficient
and versatile technique for identifying the spatial location of the MR signals
released by the various sources of the body being examined.

Images can be 2D or 3D with several spatial characteristics and sizes.

90° pulse —._m

'T I.‘“_": [4..." -.M

"""" 45° pulse ] t Fig.1.20 a, b. Effect of FA values
e 3 , - on total magnetization M. and

"1 Au=m, o, M ‘T consequently on the echo sig-

FA =450 M, o nal. (a) High FA (90°) and (b)

low FA (45°)
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MR images are shown as 2D planes divided into a grid of dots (pixels). The
intensity of a pixel represents the amplitude of MR signal released from the
corresponding region.

The following paragrahs will explain how the spatial information is
encoded into MR signals and then decoded during the calculation of an MR
image in a process called image reconstruction.

1.5.1 Magnetic field gradients

A field gradient is a magnetic field added to Bo, with an intensity that varies
linearly with the position along the chosen axis. The MR measuring system
has three gradients, one along each axis (x, y, and z). These axes are fixed in
the scanner with the origin at the center of the magnet, while the field By is
conventionally set along z.

Whatever the gradient’s direction, its magnetic field is always directed
toward Bo as shown in Figure 1.21. It can also be noticed how the intensity of
Bo varies along the x axis because of the gradient:

dB;
Gx = (8)
dx

then the total magnetic field is given by:
B.(x) = Bo + xGx )

where B; varies according to its position along the x axis.

LW

B,(x) = BO+ x.G,

v

Fig. 1.21. Addition of a variable
magnetic field along the x axis

o
x"

o
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According to the formula @ = yB also the precession frequency of the pro-
tons, @, changes with the variation of the field B; to which the protons are
subjected.

Figure 1.22 shows how the signal frequency released from different water
containers changes in function of their spatial disposition along the x axis:
container number 1 influenced by a field B < Bg releases a signal with fre-
quency @ < wo. Likewise, the contents of container 3 releases a signal with
frequency @ > wo, while the signal from container 2 has frequency wo. The
final signal is given by the sum of the three signals.

It is interesting to notice that the intensity of the three signals differs
according to the quantity of water in the containers (which in fact depends on
the number of hydrogen nuclei - hence on proton density). The spatial dis-
crimination is performed by properly activating the three gradients (along x,
¥, 2), in order to obtain three different encodings (one for each of the three
spatial coordinates): 1) selective excitation, 2) frequency encoding, 3) phase
encoding.

1. Selective excitation is a technique that limits the MR excitation, and thus
the signal, to a specific region of a sample (or of a patient); hence the name
of slice selection. This technique is performed applying a RF pulse together
with a “slice selection gradient” perpendicular to the slice selected.

containers
of different
dimensions

2

signals
from single /\f\/\/\/
containers

———

time

total signal Fig. 1.22. Acquired MR signal,
with active gradient in function
of the spatial position of the
hydrogen molecules
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The effect of applying the gradient and the RF pulse simultaneously is that
only those protons that are precessing exactly at the frequency ® = yBo within
the slice are excited.

In fact the RF pulse has such an amplitude and temporal behavior to keep
to a narrow interval of frequencies close to the fundamental frequency: only
those spins whose resonance frequency fall within this interval will be excit-
ed. The slice thickness is given by:

A®
AZ = G— (10)
AN

where Aw is the interval of frequencies included in the selective RF pulse,
and G is the intensity of the gradient applied for the selection of the single
slice (Fig. 1.23).

2. Frequency encoding takes advantage of the property that resonance fre-
quency in MR is directly proportional to the intensity of the magnetic field.
When we apply a gradient (for example along x) we have a resonance fre-
quency that is a function of the position along the gradient direction, accord-
ing to the formula:

®(x) = y(Bo + xGx) (11)

The encoding gradient is activated during the MR signal acquisition.
Knowing the intensity of the Gx gradient, the position of the object along
direction can be derived from the information available on the frequency of
the acquired signal. This is done by analyzing the frequencies of the signal.

90° pulse;m
% s

o frequencies
spectrum
of RF pulse %

— ' Fig. 1.23. Selective slice excita-

tion
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3. Phase encoding evaluates the phase variations of proton precessing dur-
ing the activation of the gradient. The direction of the phase encoding is per-
pendicular to the direction of frequency encoding. If, for example, we apply a
90° pulse to a column of spins and then apply a phase encoding gradient, the
spins will precess at different speeds (frequencies wi) dephasing from one
another. When the gradient is switched off, the spins will experience the same
magnetic field Bo and thus begin once again to precess at the same frequen-
cy, maintaining however a dephasing (due to the previous activation of the
phase gradient), the entity of which depends on the position along the direc-
tion of the phase encoding. Apart from the position, such dephasing also
depends on the amplitude of the encoding gradient applied and on the total
time during which it is switched on, as in the formula:

T
#(y)=[ @ (e =yy[c,at 2)

where the phase encoding is applied along y; T is the time during which
the phase encoding gradient is switched on, and Gy is the amplitude of this
gradient. To create a MR image, the phase encoding gradient is alternatively
switched on and off a number of times, varying amplitude of the gradient
each time.

In summary, the alternating switching on and off of the gradients for spa-
tial encoding that allows the creation of the images involves the following
basic steps:

1. slice selection and spin excitation (interval 1, Fig. 1.24). The slice-selection
gradient makes various protons precess at a specific frequency so that
only those protons laying inside a slice and precessing at a specific fre-
quency (@o) are affected by the RF pulse with frequency @o.

2. a phase-encoding gradient applied between the excitation and the read-

out time (interval 2, Fig.1.24). Inmediately after the deactivation of the RF
pulse and of the slice selection gradient, a phase gradient is applied for an
extremely limited period so that the proton precession frequencies (and
thus the phase) along the gradient direction differ from one another; then
the phase gradient is deactivated so that the protons go back to precess at
the initial frequency @o, yet dephased in relation to each other along the
direction of the phase gradient.
The spatial information in the direction of phase encoding may be solved
by acquiring a great number of MR signals (from values of maximum
amplitude, step by step down to minimum values until reaching negative
values and negative minimums).
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3. a readout gradient during which the MR signal is collected (interval 3,
Fig.1.24). As described in paragraph 1.4.3, the signals acquired are in the
form of echoes; each echo is acquired during the activation of the fre-
quency gradient in such a way to produce a distribution of different fre-
quencies along the direction of the frequency gradient.

In order to obtain the image, this sequence is repeated a number of times,
varying the amplitude of the gradient phase each time (interval 2, Fig. 1.24).

The series of signals obtained with such acquisition is then properly digi-
tized and memorized into a matrix called K-space.

1.5.2 K-space

The evolution of a spin system after excitation can be studied more easily
in K-space. K-space is important in forming MR images for the very reason
that it is in K-space that MR signals are acquired: the samples of the signals
acquired are exactly the samples of the K-space matrix! In reality such
space is the dominium of the Fourier transformation of the MR image we
want to obtain. K represents the wave number k = 2m/A, where A is the wave-
lenght with components Kx, Ky, K.

As a matter of fact the images can be broken down into the sum of the sine
and cosine waves with different frequencies and orientation. K-space consists
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in the set of coefficients that make up the weight factor of these sine and
cosine waves. The coordinates of K-space are called spatial frequencies and
their unit of measure is cycles per length unit. Hence, the spatial frequencies
Kx, Ky, Kz correspond to a 2D image with x and y coordinates.

The K-space contains information on the intensity of the various points of
the final image. The images are obtained from K-space by an inverse Fourier
transformation, as we shall describe later on. Each point in K-space encloses
information on the entire MR image (Fig. 1.25).

Figure 1.25 shows the contributions of 6 dots in the K-space in the final
image. The distance of the dots from the center of the K-space determines the
frequency of the repeated lines: the greater the distance from the center, the
closer the lines (higher frequencies). The orientation of the sinusoidal wave
is perpendicular to the direction of K.

Figure 1.25 shows only the positive panel (i.e. the values of Kx and Ky>0)
of the K-space. In reality K-space also includes the negative values of Kx and
Ky, thus at the center of K-space Kx = Ky = 0 are fixed (no spatial frequency).

The central region of K-space encloses information on the gross image
while the areas farther from the center encode the details. Hence high frequen-
cies (that is high values for Kx and Ky) provide information on the details of the
image’s elements, while low frequencies provide more approximate informa-
tion.

The transition from approximate information to details is gradual from
the center of the K-space towards its extremities. At times it can be useful not
to acquire the entire K-space, especially when the aim is to reduce the acqui-
sition time of MR imaging (as for cardiovascular images). Indeed, by apply-
ing the half-Fourier method, only the signals occupying the positive half of
the K-space and the most central lines of the negative half are acquired.
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1.6 From K-space to the MR image:
the Fourier Transform

The Fourier transformation breaks up signals or curves in a sum of sine and
cosine waves each having different frequencies [19].

To reconstruct MR images, the Discrete Fourier Transform (DFT) is
used rather than the continuous transform. The data memorized in the K-
space are in fact numerical, thus discrete. The DFT and its inverse are
defined as a mathematical series (a sum of terms) in which the terms cor-
respond to the number of samples of the curve to be transformed. The
terms of the series are summed to calculate a pixel (that is a dot) in the
final MR image. Fast Fourier Transform (FFT) is now recognized as the
most efficient method for calculating the DFT and is implemented in all
MR machines.

A bidimensional DFT (DFT-2D) recreates the 2D image from the K space.
The DFT-2D is implemented as many separate FFTs, one for each line in the
K-space, on which then we calculate the FFT along the columns. So if the
K-space holds 256 lines and 256 columns, the recreation of the MR image will
require 512 FFTs. The Volumetric Fourier Transform (3D) used to create vol-
umetric images is an extension of the FFT-2D.

1.7 MRI hardware

A system for clinical MR generally is made up by the following parts:

- acoil that generates a static magnetic field (Bo) to align the protons to the
axis of the field

- aRF pulse transmitter consisting in a coil that generates RF pulses for dis-
turbing proton alignment along Bo

- aRF signal receiver consisting in a coil that receives the energy emitted by
the protons

— three coils for generating magnetic field gradients for modifying the spatial
homogeneity of the field Bg so that each dot can be made spatially recogniz-
able

- a computerized system for the amplification, digitization, and processing
of the MR signals to reconstuct for composing the final MR image.

The diagram in Figure 1.26 shows the structure of MR hardware.

The next paragraph will briefly describe the various components, while
the reader is invited to consult other specific references for a more detailed
description [21, 22].
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1.7.1 The magnet

At present there are different kinds of magnets with different technical charac-
teristics and also different purchase and management costs. The most used are:

- permanent magnet
- resistive magnet
- superconductive magnet.

1.7.1.1 Permanent magnet

It is made up of blocks of material with a strong magnetic memory that
maintains the magnetic field created inside their assembly once they have
been magnetized. These kinds of magnets only reach fields up to 0.3 T.
Another inconvenience is that they are very heavy (which requires them to be
installed in premises that can bear the excessive weight); moreover, the
homogeneity of the field depends a lot on the block assembly and the varia-
tions of environmental temperature. On the other hand these magnets are
relatively cheap and have low maintenance costs. In addition they have a ver-
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tical alignment of the main magnetic field, that added to its open configura-
tion, greatly reduces claustrophobia in patients.

1.7.1.2 Resistive magnet

This magnet can be considered a huge electromagnet, made of coils of elec-
tric conductive material where high intensity current continuously flows.
Because of phenomena of electrical resistance, the flow of current in the con-
ductor creates a great amount of heat which poses a significant problem in
terms of having adequate cooling systems; moreover, this system has a high
energetic cost, while only yielding magnetic fields of medium-low intensity
(0.2-0.3T). Other problems arise from the magnetic field homogeneity due to
current fluctuations in time and sudden temperature changes. The main
advantages of this type of magnet are in its open configuration, the easiness
with which the field is generated and nulled (just by switching off the elec-
tricity) and the relatively limited maintenance costs.

1.7.1.3 Superconductive magnets

At present, it is the most used, thanks to its excellent level of intensity, homo-
geneity and temporal stability of the static magnetic field. The main advan-
tages of these magnets are the possibility of reaching high magnetic fields (up
to 3.0 T and above), the field’s elevated temporal stability, and the possibility
of having a homogeneous field also over big volumes; this permits the acqui-
sition with large fields of view.

The superconductive magnet is based on the principle according to which
electricity flows with practically no resistance at all through certain materi-
als, the superconductors, at specific temperature conditions (close to the
absolute zero). This way the current passing through the superconductor coil
generates a magnetic field of great intensity, indefinitely as long as tempera-
ture conditions are kept close to zero.

The main problems concerning these magnets are their closed tunnel-like
configuration and high maintenance costs; in fact the creation of the cold
environment in which the superconductor is immersed requires costly cryo-
gens such as helium. In order to assure a constant temperature (about 4K, that
is 269 °C) these liquids must be periodically integrated into the circuit.

1.7.1.4 Magnetic field homogeneity

One of the fundamental requirements of the magnetic field generated by a
magnet consists in the homogeneity of the field. A low field homogeneity will
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lead to poor quality images owing to the fact that the protons of the sample
being examined do not experience the same magnetic field intensity and thus
will not all be affected by the RF pulse that will instead selectively act on the
protons that precess at the resonance frequency established. The homogene-
ity of the magnetic field is measured in parts per million (ppm); the quality
of the magnet is characterized by its having a limited lack of homogeneity-
within few ppm.

The MR machine is equipped with “shim” systems that control the homo-
geneity of the static magnetic field, these systems are distinguished as passive
and active. Passive shimming is created during the creation stage of of the
magnet and corrects the lack of homogeneity in the field due to the metal
structures used to build the magnet. On the other hand active shimming is a
system for correcting the lack of homogeneity in the field by exploiting the
coils inside the machine (shimming coils, see diagram in Fig. 1.26) aimed at
correcting the lack of homogeneity inside the central volume of the magnet
with maximum accuracy.

1.7.2 Radio frequency coils

RF coils are antennas used to emit the radio frequency signals required to
disturb the alignment of the protons with the magnetic field Bo (transmission
coils) and to receive the signals emitted by the tissue during the proton relax-
ation phase (receiving coils). This latter type of coil (receiving coils) is vari-
able in size and morphology according to the body part to be analyzed.

1.7.2.1 Transmission coils

Potentially each coil or antenna can both transmit and receive RF signals, and
this was the case with the first tomographic scans; nowadays, the modern MR
systems are equipped with a single coil fixed in the inner part of the magnet,
which transmits RF signals. This antenna is called a body coil and is usually
used in transmission, while it is used both for transmission and reception
when large body volumes need to be studied.

1.7.2.2 Receiver coils

On the market there are now many types of receiver coils differing in shape,
building strategy, and receiving quality in function of the body part to be
analyzed. For what concerns acquisition of signals from the cardiovascular
system, receiver coils can be distinguished into three families: volume coils,
surface coils, and phased array coils.
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1.7.2.2.1 Volume coils

Usually they have the shape of a carved cylinder, which hosts the structure
that needs to be examined. They have an excellent receiving homogeneity and
greatly enhance the Signal-to-Noise-Ratio (SNR) when they are “filled” (but
not touched) by the object under examination. Because the body parts vary
in size (skull, neck, abdomen, knee, and so on), there are also different sizes
of coils. Nowadays, the most used volume coils are the so-called birdcages
that are formed by a set of bars in which each cage bar receives the signal
originating from the sample part closest to its structure.

1.7.2.2.2 Surface coils

Their particular configuration allows them to receive the signal from the
structure contiguous to the coil; in fact increasing the distance between the
sample and the coil, the signal is reduced quadratically. This kind of coil
allows the acquisition of images with small fields of view, yet maintaining
the SNR (for example in the carotid district). Another distinguishing char-
acteristic of surface coils is their morphology that can vary in relation to the
body part for which they were specifically built (flat, circular, or wrapping
coils).

1.7.2.2.3 Phased array

These are antennas made up of various units, arranged in an appropriate
manner; each unit independently receives the signals from the regions of the
sample of their pertinence, examined with a preestablished delay. Later, the
signals received by each coil are elaborated to form a global image given by
the appropriate processing of the single images received by each coil. This
way images with a high SNR and with a large field of view can be obtained: in
fact the spatial resolution is determined by the single units, while the image’s
total field of view is given by the sum of the fields of view of the single units
of the coil.

1.7.3 Field gradient

Field gradients are coils that are switched on and off with the purpose of cre-
ating magnetic fields variable in time and space. The coils of the gradient are
positioned externally to the magnet.

The appropriate switching on and off of the gradients generates three spa-
tial encodings (slice selection, phase encoding, and frequency encoding) that
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make the position of each point of the sample recognizable. There are three
gradients inside a scanner, each of which is oriented along one of the three
spatial directions (X, y, z, with z generally defined as parallel to Bo), in a way
that allows the selection of axial, sagittal, and coronal sections. Moreover, the
combination of the gradients allows to perform scanning along any other
plane.

Important parameters for evaluating the efficiency of a gradient are the
maximum amplitude (measured in T/m, Tesla on meter), the time required to
reach the peak amplitude (measured in milliseconds, msec), the speed at
which the gradient reaches the maximum amplitude (“slew rate” measured in
T/m/sec). The MR equipment used today in cardiology with B 1.5 T, have typ-
ical field gradients with an amplitude between 20 a 50 mT/m, time to peak
150-250 msec, and a slew rate between 70-150 T/m/sec.

1.7.4 Computer

The computer in a MR system is the core unit for the instructions and con-
trol of all the components of the scanner. It manages all the functions
required to generate MR images: from the management of the RF wave
shapes and the switching on and off of RF pulses, to the management of the
gradients and data acquisition, processing, memorization, and the search and
presentation of the final data. Figure 1.26 illustrates the central role of the
computer within the system.

In addition to the computer, there is also an array processor for perform-
ing high-speed calculations such as the Fast Fourier Transform.

The drivers allow the memorization of the images acquired on mass mem-
ory devices such as magnetic-optic discs or DVDs.
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2 Techniques of fast MR imaging for
studying the cardiovascular system

MARIA FILOMENA SANTARELLI

2.1 Introduction

The use of Magnetic Resonance Imaging (MRI) in cardiovascular applica-
tions has developed with the introduction of new techniques for the control
of artifacts caused by movement and flow. Indeed, until the last decade, the
acquisition of cardiac MR images was suboptimal because of problems of
compensation in respiratory movement; nowadays, instead, excellent images
can be acquired by simply having the patient hold its breath. Alternatively,
excellent cardiac images can be acquired even with free breathing by relying
on the so-called navigator technique. There are a number of techniques
available, the choice spanning from Gradient Echo (GRE) synchronized with
ECG, or the more sophisticated segmented breath-hold and navigator tech-
niques that produce excellent quality images in a short time (seconds) and
practically void of artifacts if the patient is collaborative.

The advanced MRI machines in use today also reflect great developments
in hardware: very quick gradient activation and disactivation times (slew-
rates), high sensitivity radiofrequency coils, and very high gradient ampli-
tude allow numerous clinical evaluations in the cardiovascular setting. An
MR exam today makes it possible to evaluate the morphology of the heart,
perfusion, myocardial viability, flows and coronary anatomy.

This chapter will briefly illustrate the basic concepts of fast MR image for-
mation [1, 2], which are those that can be applied to the acquisition of car-
diovascular images.

2.2 Methods for optimizing K-space covering

2.2.1 Scanning time

The total acquisition time Ttot is determined by the Time of Repetition (TR)
(that is, the time between radiofrequency pulses), by the number of phase
encodings Ny, by the number of sections Nz, and by the number of excita-
tions (NEX):
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Ttot = NEX-N;Ny-TR (1)

So reducing the total scanning time translates into reducing the value of at
least one of the parameters above.

2.2.1.1 TR reduction

In one of the following paragraphs we shall see more in detail which method-
ologies allow the reduction of TR, and of values << T1. However, we must
underline that when TR — ATR with A<i, also the Signal-to-Noise Ratio
(SNR) decreases by at least VA and hence, at the best: SNR — VA SNR.
Moreover, when TR is modified, there is a consequent change also in tissue
contrast. It is thus necessary to evaluate properly whether it is best to reduce
TR and by how much, which is why the scanning time should be reduced by
trying to find a compromise between signal quality and time acquisition.

2.2.1.2 Reduction of the phase encoding number Ny,
and/or the slice number N;

Another way of reducing the total scanning time is to cut the number of
phase encodings or sections. As this method does not affect the contrast, this
could represent a valid solution, although it could induce artifacts due to par-
tial volume effect. There are two ways for reducing Ny or Nz. The first way is
to keep the Field Of View (FOV) constant along the directions y (Ly = Ay-Ny)
and/or z (Lz = Az-Ny), so that for Ny — ANy, with A<, the acquisition time is
reduced by a factor I; although spatial resolution worsens by a factor A (that
is: Ay — Ay/A), on the other hand SNR increases by a factor 1/VA. If we do not
want to reduce spatial resolution, then the reduction of Ny is not a good solu-
tion for shortening the total acquisition time.

The second way to reduce the total scanning time is to maintain the spa-
tial resolution, reducing Ny and Ly by a same factor A so to keep the value
Ay fixed. In this case Ttot = ATtot, but the SNR is reduced to VA SNR. This
reduction of the SNR is unavoidable when choosing to reduce the FOV.

2.2.1.3 Reduction of the Number of Excitations (NEX)

A third way to reduce the total acquisition time is to fix the Number of
Excitations (NEX) at 1 - a possible solution only in the case a high SNR is
present. As we have already seen, when we use a small FOV, SNR decreases by
a factor V), therefore we should need to use a value NEX>1. However, we can
increase the SNR by using purposely-designed RF coils, similar to small sur-
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face coils or array coils.

A better SNR also allows to reduce TR; therefore, also the design of the RF
coil can be considered as an important factor for reducing the total acquisi-
tion time Ttot.

On the other hand, we could also use a value NEX< 1 to reduce the acqui-
sition time. This is usually referred to as partial data acquisition on the
Fourier plane; this method, which is extensively used in the acquisition of
cardiovascular images, will be described in detail below.

2.2.2 Cardiac Gating

Acquisition of cardiac images not only requires the use of sequences with short
acquisition time but also that the organ being examined stay as still as possible,
in order to avoid causing the so-called motion artifacts in the image. A move-
ment in the direction of the readout gradient will create a blurry final image
(blurring), while a longer movement in the direction of the phase gradient will
create rippled borders (ghosting). One way to reduce these artifacts is to make
sure every RF pulse in the sequence occurs at the same instant of the cardiac
cycle. This can be obtained by the electrocardiogram synchronization (also
called ECG-gating). Such ECG-gating is created between the R wave and the RF
pulse for resonance signal acquisition, as shown in Figure 2.1.

As we see from the figure, an image with a matrix of 128128 dots can be
rebuilt after 128 pulses and thus after 128 cardiac cycles. However, it is also
possible to perform more than one RF pulse per cardiac cycle, activating each
pulse at a different phase of the cycle. This way, during a single cardiac cycle,
more lines of the K-space that belong simultaneously to more images can be
covered. Each line acquired is relevant to different times after the wave R peak
(see Fig. 2.2). Figure 2.2 shows how to acquire 4 images relevant to 4 different
phases of the cardiac cycle. Yet, many more images could be acquired by
applying the methods already described above (TR reduction, and so on) or
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the methods of partial covering of K-space, single pulse acquisition, and seg-
menting that will be explained in the following paragraphs. By employing the
various methods for the optimization of acquisition times, we can now
acquire up to 10 sections of the heart with 16-50 frames (temporal images)
per second.

2.2.2.1 Breath-hold

Breathing is another cause for motion artifacts. Synchrony with breathing
could help reduce these artifacts but does not actually contribute to feasibil-
ity since single breathing cycles last over a couple of seconds, and the image
acquisition would require too much time.

An alternative solution is to ask the patient to hold his breath for at least
half of the scan time, which covers the time necessary for acquiring the cen-
tral lines of the K-space. The central lines in fact correspond to the lowest
space frequencies; because the main information of the image is mostly in
low frequencies, it is best to reduce motion artifacts during this phase of
acquisition as much as possible. However, the quality of the image increases
if the image is acquired in synchrony to ECG and with a complete breath-hold
on behalf of the patient. Sometimes, depending on the images required and
the sequences used, the procedure might require repeated apneas - each of
which should present a number of phases in which the data acquisition can
be segmented. This method will work efficiently if each breath-hold main-
tains the chest in the same position at each cycle, a condition which is
achieved by using the navigator echo technique as shown in Figure 2.3.
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Fig. 2.3. Diagram of the “navi-
gator echo” sequence

An appropriate RF pulse is applied during the activation of the slice gra-
dient and phase selections (Gz and Gy in the figure). This involves a filling of
the spiral K-space. Such sequence selectively excitates a narrow column of
spins along the readout gradient (x in figure). The readout gradient allows the
acquisition of an echo from the column of spins, and the Fourier Transform
of this echo signal is a mono-dimensional projection along the column. The
column to be acquired is located in an adequate way so that it intersects the
diaphragm in proximity of the border between the lung and the liver. An edge
detection algorithm allows to detect the position of this border over time;
hence the position of the diaphragm can be detected at each breath-hold,
before acquiring a set of images.

Another empirical method for keeping the chest always in the same posi-
tion is to have patients hold their breath for their data-acquisition time in the
expiration phase rather than during inspiration.

2.2.3 Partial filling of K-space

The partial filling of K-space consists in reducing the number of phase
encodings, causing a reduction in SNR, which is compensated by keeping spa-
tial resolution constant. Partial data acquisition in the Fourier plane can be
obtained in virtue of the symmetry properties of the Fourier Transform to be
applied on the raw data, as are the signals acquired in MR. In this case, the use
of adequate algorithms would allow to reconstruct the entire set of data by
acquiring only half of the data.
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Initially, this method was utilized acquiring half K-space, thus including
either the positive or the negative lines; in such cases the final images had a
loss in SNR by a factor of V2 with no loss in spatial resolution. However, by
trying to reduce phase distortions, also additional lines beyond the exact half
were acquired.

One of the most recent methods consists in making acquisitions with a
rectangular FOV, in place of a square one. This method is applicable to all the
MRI sequences and preserves the conventional image sizes. This solution
consists in reducing the size of the data acquired along the direction of phase
encoding to the exact dimensions of the object that should be in the image.

In other words we avoid measuring the data in K-space outside the object,
obtaining a rectangular K-space rather than the conventional square one. As
shown in Figure 2.4c, the data acquired and memorized in the K-space are more
distant but the bandwidth in the phase encoding is left the same, so that the
spatial resolution remains unchanged. This result can be obtained by increas-
ing the amplitude of the gradient as it is increased for the phase encoding, so
that the reduced number of steps (lines of K-space) leads to the original dimen-
sions of the K-space. After the reconstruction, the final image contains infor-
mation in the central area of the matrix, with no signal in the relative extreme
areas (upper and lower, if this was the phase encoding direction).

Obviously the method of rectangular FOV and that of partial acquisition
can be combined (see Fig. 2.4d) in order to have a greater reduction in acqui-
sition time, without a great loss in SNR, since the original acquisition is of a
sufficiently satisfying quality.
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2.2.4 Segmentation

In all the methods discussed so far for reducing image acquisition time for
each RF excitation (that is, within the repetition interval) the procedure ana-
lyzes and memorizes only one single line of the K-space. Moreover, before a
new RF pulse can be activated some sequences require a waiting period (as
the longitudinal relaxation or the transverse dephasing of spins); for this rea-
son, in many conventional sequences, excitations are performed simultane-
ously on different slices properly distanced one from the other. This solution
is known as “interleaved multislice excitation” and will be approached later on
in more detail.

Alternatively, a greater number of lines of the K-space can be acquired
within a TR interval; this is performed by activating the phase and readout
gradients over again within a single TR. Hence, the result will be a series of
signals (echoes) acquired with a single RF pulse; for this reason, the method
is also called echo train. The corresponding image can therefore be seen as
fractioned in more segments, where each segment consists in the acquisition
of a certain number of lines with a single RF pulse. For example, if the image
includes N = 256 lines and is segmented into 4 (S = 4), that means that the
phase and readout gradients are switched on and off during each TR for N/S
= 64 times and that each segment includes 64 lines of K-space. Figure 2.5
presents a sketch of the segmented K-space.

With the segmented K-space the total acquisition time is reduced S-fold,
also if the total number of signals acquired (that is of the K-space) remains
unchanged. The SNR of the resulting image is affected in this case by the
attenuation between one phase encoding and another, caused by the spin-lat-
tice (longitudinal, T1), spin-spin (transverse, T2), or effective (T2*) relax-
ations. Segmentation can be applied by both Gradient Echo and Spin Echo
acquisitions.
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2.2,5 Single pulse

The limit case for acquiring a higher number of lines during a TR interval
occurs with the “single shot” method, or single pulse, where the entire K-space
is filled by adequately activating and dis-activating phase and readout gradients
in a single TR interval. In such a case the number of echoes in the echo train
corresponds exactly to the number of lines of the K-space, and thus of the final
image. The Echo Planar Imaging (EPI) was the first sequence to implement
such methodology; actually, EPI today - and the sequences derived from it -
also includes the possibility of acquiring images in multiple shots (multiple RF
pulses), covering the K-space in a segmented and/or interleaved way. It is the
user’s task to establish whether it is best to acquire images very quickly but with
a reduced SNR and more or less significant artifacts or to acquire images by
more repetitions of RF pulses.

In the EPI single shot sequences, all the data needed to reconstruct the
image are obtained using a set or train of echoes after a single RF pulse, fol-
lowed by a blipped activation and disactivation time of the phase gradient
between the activation and disactivation of the readout gradient, with simul-
taneous acquisition and memorization of the echo. Figure 2.6 represents a
diagram of the single shot EPI sequence, and the consequent K-space filling.

With this technique the total acquisition time of the images does not
depend on TR; what matters is the duration of the switch-on and switch-off
times for the gradients and the how many times the switch is performed (the
number of echoes, that is the number of lines of the K-space):

where AT is the time interval between the beginning of disactivation of
the readout gradient and the beginning of the reactivation of the that same
gradient for the reading of the following echo (see Figure 2.6 ); At instead is
the time interval between one piece of data and another in a single line of
the K-space.

2.2.6 Echo Planar Imaging (EPI)

There is a limit to the number of K-space lines that can actually be memo-
rized after a single RF pulse; such a limit basically implies the signal decay
caused by the effect of T2 and the amplitude and speed of activation/disacti-
vation of the readout gradient. This is particularly relevant when it is desir-
able to obtain images with high spatial resolution; in such cases it is best to
repeat the sequence over and over again to fill in the K-space with interme-
diate lines. This filling is achieved by using the same sequence (EPI) with the
same shape of gradients - except for Gy, the phase gradient that is initialized
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Fig. 2.6 a,b. Representation of single-pulse EPI sequence (a), and the consequent K-space filling (b)

with a slightly different value to allow the filling of the K-space starting from
a line intermediate to the previous pulses. In Figure 2.7 the continuous lines
show the K-space filling with the first RF pulse, while the dashed lines show
the filling with the second RF pulse (second sequence).

The EPI sequences may also include a preparation phase (prepared EPI).
For example, for a T2 contrast, we can address the event as a Spin Echo pulse.
Alternatively, we can include an inversion-recovery pulse to obtain a T1 con-
trast. To obtain cardiac images with sequences from the EPI family, there is
no need to acquire the entire image in a single-shot, in a single cardiac cycle.
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Indeed, because heart activity is repetitive and quite regular, the sequence can
be synchronized with the heart cycle, acquiring an image with more RF puls-
es each synchronized with the ECG.

2.2.7 Interleaved image acquisition

The interleaved acquisition of MR images (interleaved imaging) is used to
obtain more slices in the shortest acquisition time. This method allows tak-
ing advantage of the “lag times” between RF pulses that cause the saturation
of the echo signal to be acquired. In particular, at the end of the readout gra-
dient the spins in the selected slice have little longitudinal magnetization and
a pause will be necessary, in the order of T1 or even longer, before the spins
can be used again. However, the spins in the slice’s neighboring regions have
not been subjected to the previous pulses and may be used immediately,
while the original spins are returning to their longitudinal position. This
method can be extended to a set of equally spaced slices, to which we alter-
natively apply the sequences so that the spins of the interlaced slices are acti-
vated, while the spins of the previously activated slices are returning to their
longitudinal position.

Figure 2.8 schematically shows how the interlaced slices are acquired, with
ECG synchrony.

Let us suppose that each RF pulse takes 50 msec, with a 1 sec recovery time
for the spins to return to their longitudinal position; in this case there would
be enough time to fill 20 slices with 20 separate sequences. The best tempo-
ral order for slice acquisition is not spatial order as the slices do not have a
perfectly rectangular edge and the neighboring slices overlap. The best order
consists in first acquiring all the odd numbered slices and then all the even
ones then again odd ones and so on. For example, if we have 10 slices num-
bered in spatial order, the temporal order for acquisition will be:
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2.2.8 Spiral

As we have already mentioned, the EPI sequence was the first example of sin-
gle shot pulse sequence, many others have followed in diverse forms thanks
to advances in gradient technology and the improved rapidity of processing
and memory capacity of computers. Among these sequences, the spiral has
recently met interest for its use also in cardiac applications. The sequence
traced in the Figure 2.9 consists of a Gradient Echo pulse with the successive
activation of gradients of phase and frequency in a sinusoidal fashion (Fig.
2.9a). This method allows the memorization of the K-space signal in the form
of an expanding spiral as shown in Figure 2.9b.

The acquisition of the data that are memorized and acquired filling K-space
with a spiral trajectory, involve a very short acquisition time. The data are
acquired during the gradient amplitude, both in increasing and decreasing
phases. Furthermore, there are no quick increases or decreases in gradient
amplitude. However, this method implies a rather high processing time. As a
matter of fact, data are not acquired in a form to which we can directly apply
the Fourier Transform; the spiral data must be transferred to a rectangular grid
through appropriate interpolation algorithms that request additional calcula-
tion time.

A positive aspect in using the spiral sequence is its potential in increasing
spatial resolution; indeed, the spiral allows acquisition at gradually increas-
ing resolutions: by increasing the activation time, the K-space coverage
increases, thus providing a better spatial resolution.

Obviously, just as for the EPI sequences, so can the spiral sequences be uti-
lized as multiple RF pulses: the spiral is repeated with a small motion of the
phase gradient so as to fill intermediate spirals.

Preparation prepulses (as Spin Echo or Inversion Recovery) can be also
performed for the spiral sequence.
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Fig. 2.9 a, b. (a) Diagram of a spiral sequence; (b) Filling of the K-space with the spiral sequence
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2.3 Fast sequences in GRE

In this paragraph we shall briefly show the main strategies presently used for
reducing the time for forming and acquiring images in GRE. Notice that the
use of different strategies leads to different sequence nomenclatures, but it
may well happen that sequences employing the same strategies may have dif-
ferent names because of the trademarks assigned by different producing
companies. For example the sequence called FLASH in the Siemens machine
exploits the same strategy of the sequence named GRASS in the machine by
General Electric. However, it must be said that the physical principles gov-
erning such strategies are similar. For this purpose in this and the following
paragraph we will illustrate the different principles using sequence names
only when citing examples.

2.3.1 Low Angle GRE

As seen in the previous paragraph, one of the strategies for getting GRE
images quickly is to utilize very short repetition times. However, such a solu-
tion may lead to signal saturation and thus to the reduction of the amplitude
of the signal acquired. To avoid this, GRE acquisitions are performed setting
very narrow Flip Angles (FAs). This strategy was first exploited in 1986 with
FLASH by Siemens (Fast Low Angle SHot) [3].

The acquisition of signals with narrow FAs allows very low TRs—even
below the T1 of the tissue that is being acquired. In fact, we can use 1 msec <
TR< 200 msec for tissues like the heart muscle with T1 = 800 msec; there-
fore if we set TR =1 msec, the scanning time for an image will be about 128
msec. In this case if the RF pulse were 90°, the spin system would saturate
after very few TRs and thus a very low signal would be acquired; conversely,
if we use a FA much narrower than 90°, no saturation occurs, if not after
many TRs. Let us suppose we set FA=30°; if Mo is the total magnetization
available immediately before the first RF pulse, the component of M laying
on the plane transverse to z after the 30° pulse is Mosin30° = Mo/2, which
means that a 30° pulse generates a signal with half the amplitude of that of
a 90° pulse; moreover it means that about 87% of the magnetization stays
along z and is thus ready to undergo another 30° pulse - differently from the
90° pulse that makes the M component along z null, excluding the possibili-
ty of applying another RF pulse. Figure 2.10 shows the orientation of Mo
after the 30° pulse.

Therefore, we can avoid saturating the signals by utilizing a succession of
TR (TR<<T1) with small FAs; which is paid with a reduced amplitude of the
signals. Mathematically, the amplitude of the signal acquired with small FAs
can be so described:
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Fig. 2.10. Graphical representa-
tion of M after a 30° RF pulse

(1 - e_T%l) sin(o) - e_T%Z*
S (3)

[o]

S=

1-cos(0)-e

with So the maximum signal amplitude (obtainable with TR>>T1, TE = 0
msec and FA = o = 90°). From this formula we can calculate, after a series of
mathematical steps, the optimal FA - also called the Ernst angle ag [4] - by
tixing TR and TE for given values of T1, we have the maximum signal at:

TR
ag = cos'l(e Tl) (4)

Let us consider, for example a typical value of TR = 20 msec and the T1 of
the heart muscle = 800 msec; from the formula, we will have that the Ernst
angle is ag = 13° with the magnetization available for the next RF pulse of
0.9Moy, that is 90% of the maximum amplitude Mo.

In practice, different tissues have different T1 values, so that it is impossi-
ble to optimize the contrast for all, as each have their own Ernst angle. In
medical imaging, the most important factor is the Contrast-to-Noise Ratio
(CNR) between tissues, while the Ernst angle is basically a useful guide for
identifying which is the most suitable FA.

With the sequences in GRE, image contrast can be manipulated simply by
changing the FA: higher FA values yield a T1-weighed contrast (T1W); lower
angles yield Proton Density weighted images (PDW) when using brief echo
times and T2* weighted images (T2*W) when using longer TEs.
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2.3.2 Spoiled Gradient Echo (SPGR)

In order to obtain images in Gradient Echo without artifacts, the transverse
magnetization Mxy along the plane perpendicular to By needs to be com-
pletely null at the end of the TR interval so that only the longitudinal com-
ponent M; is left when the next RF pulse occurs. This way the amplitude of
the signal that we obtain depends uniquely on the longitudinal relaxation
during TR, void of any possible effects caused by transverse magnetization
remaining at the end of the TR interval. Such an assumption is true if
T1<<TR, but in many cases (when the image includes areas with a high Ti,
such as in blood for example) this is not true and the remaining magnetiza-
tion creates artifacts in the final image. At present, one of the methods used
to avoid the problems above consists in the so called “spoiling” operation -
from which the name of Spoiled Gradient Echo. This method spoils the phase
coherence in transverse magnetization between successive TR intervals [5].

This disturbance, called “gradient spoiling” is usually performed after data
acquisition. An alternative method consists in the casual variation of the RF
pulse phase (RF spoiling) at each pulse. This method is, at the moment, the
most used in the machines for cardiovascular images as it guarantees a
homogeneous spoiling effect over the entire FOV.

2.3.3 Steady State Free Precession (SSFP)

An alternative way of treating the remaining transverse component before
the following RF pulse - that is, at the end of the TR interval - is to utilize this
very same component to improve the SNR and increase the phase coherence
between successive TR intervals [1]. In other words, this technique recycles
the remaining transverse component by exploiting the physical phenomenon
known as Steady State Free Precession. This technique enables the operator
to make acquisitions, even in conditions of wide FAs and very brief TRs, with-
out risking saturation. Hence the sequences that exploit such a method (FIES-
TA, True FISP, Balanced Echo) include a first phase involving an appropriate
succession of RF pulses until the steady state is reached, and then a real
sequence of data acquisition for generating the image.

In the acquisition of cardiovascular images, such an approach is exten-
sively used, especially for anatomo-functional images in which it is absolute-
ly necessary to have images very rapidly, and with high SNR and CNR.

2.4 Fast sequences in SE

Images acquired using the standard Spin Echo sequence (SE) require long
acquisition times (minutes) and are therefore inadequate in cardiovascular
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settings. The long acquisition times are due to the fact that at least two RF
pulses must be generated (the first at 9o°, the second at 180°) and a TE/2 time
lapse must run between the two pulses. However, from the SE images we can
extrapolate some extremely useful information for the diagnosis in cardio-
vascular settings. Therefore, diverse strategies have been studied in the
attempt of obtaining SE images having acquisition times compatible with
those that may be proposed for acquiring cardiovascular images.

Such new technologies belong to the large family of Fast Spin Echo
sequences.

2.4.1 Fast Spin Echo (FSE)

One of the strategies implemented in the FSE sequences involves the use of
echo-trains. With this technique, each Spin Echo is subjected to a different
phase encoding gradient; therefore, if we collect P spin echoes at each TR
interval, we will have P lines of the K-space acquired in a single TR, with the
result that the image acquisition time is P-fold faster than a conventional SE
sequence. Therefore, in general, if the image matrix has Ny pixels in the
direction of the phase encoding and P echoes (hence P lines in K-space) are
memorized at each TR, the sequence must be repeated Ny/P times to mem-
orize all the data (i.e., to fill all the K-space). The total acquisition time will
then be:

Tacq = TR*Ny/P (5)

With this methodology each echo is memorized at a particular segment of
the K-space at each TR; the most simple strategy is to memorize the first
echoes after having activated the phase gradient with negative maximum
value, memorize the central echoes after having activated phase gradient
with amplitude close to 0; and finally the last echoes after having activated
the gradient with the positive maximum amplitude. Figure 2.11a shows the
diagram of a typical FSE sequence, while Figure 2.11b schematically shows the
memorization process according to this strategy.

From the graph we can notice the way such a gradient is activated with
negative amplitude (“rewind” of phase gradient) just briefly before the RF
180° pulse. This operation is performed in the FSE sequence for the purpose
of eliminating any dephasing owed to the phase gradient; in fact the 180°
pulse must have the role of rephasing uniquely those spins that have been
dephased by the T2 effect alone, and not those dephased by the phase gradi-
ent effect also. In the case in which an echo train is acquired, as happens for
the FSE sequences, the TE time (also called effective TE) corresponds to the
echo memorized when the amplitude of phase encoding gradient is null.
Therefore, the segment of the K-space containing the low spatial frequencies
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Fig.2.11 a,b. Diagram of one of the most used data memorization methods in FSE echo trains. The
figure shows 8 echo trains: (a) the diagram of the sequence; (b) the consequent filling of the K-space

determines the TE. It must be remembered that in MRI the contrast is deter-
mined especially by low spatial frequencies, while the details are enclosed in
the higher frequencies.

2.5 Rapid images with parallel imaging techniques

The term parallel imaging is used in MR to describe the strategies by which
a number of signals are acquired simultaneously, contrarily to what conven-
tionally happens with one signal acquired at a time. Parallel imaging requires
the simultaneous use of several receiving coils, from each of which spatial
information of the image is acquired separately. In optics, an analogy is rep-
resented by the CCD charging coupling device monitor that is a parallel
image device, unlike the fax that is a line-by-line scanning device.

The techniques of parallel imaging in MR are very recent, indeed the first
publications on the theoretical aspects of this methodology with the first in-
vivo results only date back to the late nineties [6, 7]. Such techniques are
based on the appropriate use of several RF receiving coils (array coils) and on
software algorithms enabling image reconstruction; these procedures drasti-
cally reduce image-formation and reconstruction times and are thus suitable
in cardiovascular setting. Historically, parallel imaging was first implement-
ed in the Philips machines, although today many companies are implement-
ing the same methodologies in different machine models, assigning - as
always - different names to the corresponding sequences!

Literature reports on two categories of parallel imaging: massively paral-
lel strategies and partially parallel strategies. The category of massively par-
allel strategies includes those techniques in which the number of the coils
receiving the RF signal corresponds to the number of signals to be acquired
(that is the number of lines of the K-space). This solution would substitute
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completely the use of gradients for phase encoding with a remarkable
increase in velocity in image acquisition. Yet at present, this technique has not
been implemented although there are several proposals from a theoretical
point of view, along with the projects for the relative coils. The number of
receiving coils in the partially parallel methods is instead much less than the
number of the lines of data. With this last solution space encoding is obtained
by the combination of encoding through the gradients and the RF coils. To
date, these are the solutions that are implemented in the MR scanners.
Therefore, when speaking of parallel imaging we refer to the latter.

The different parallel imaging methods mentioned above share the com-
mon characteristic of using multiple RF-signal receiving coils, but differ in
the way they elaborate the signals received and the way they form the final
image. The SMASH (Simultaneous Acquisition of Spatial Harmonics) tech-
nique for example uses a linear combination of the various signals acquired
by the different coils (refer to [6] for details); such an operation depends by
the positioning of the coils and the geometry of the section. The more recent
SENSE (SENSitivity Encoding) technique depends instead on coil sensitivity
and not on the geometry of the coils or of the section [7]. Figure 2.12 schemat-
ically shows the different stages of signal acquisition in the parallel imaging
technique (in particular an example of the SMASH technique) and how the
final image is obtained after appropriate algorithmic steps. Figure 2.12.a illus-
trates (left) how the signals are acquired by 3 different coils and memorized
in the K- space, while the right side of the figure shows the respective images
of each coil as they would appear if they were actually acquired separately by
the single coils; as we can see from the figure, the images contain data belong-
ing to distanced points overlapping one another, as a consequence of data
undersampling. Figure 2.12b evidences how the SMASH technique “exploits”
the different signals acquired by the different coils: the algorithm performs a
specific linear combination of the spatial harmonics (2 in the case of the
example represented in the Figure). Finally, Figure 2.12c shows, on the left,
how the lines of the K-space have been properly defined and, on the right, the
reconstruction of the final image.

2.6 Vascular imaging sequences

This section will briefly describe the three major families of sequences uti-
lized to acquire vascular images (also called angio-MR, or Magnetic
Resonance Angiography, MRA). For more detailed information we invite the
reader to consult other scientific publications [8-12]. These sequences exploit
the physical principles that link the behavior of moving tissue (like blood) to
the phenomenon of resonance and to the proper succession of switching on
and off of RF pulses and gradients.
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2.6.1 Time Of Flight (TOF)

The Time Of Flight sequence is a GRE sequence having a TR shorter than the
T1 of stationary tissues, to an extent that it determines saturation of station-
ary spins. Let us imagine submitting to MR a volume of stationary tissue, not
too thick, and which is orthogonally crossed by vessels of flowing blood. After
a first radio frequency pulse all the tissue volume has been excited. If a sec-
ond RF pulse is given after a short TR, the stationary tissue has yet to recov-
er the longitudinal magnetization and is thus saturated ,while the blood that
has flown by is substituted by fresh blood, obviously different from the blood
flowing during the first RF pulse, and may be excited again to re-generate an
MR signal.

This produces a high contrast between the blood flowing inside the excit-
ed layer and the absence of a signal in the stationary tissue. The entity of such
contrast depends on the flow rate and on the thickness of the layer: the high-
er the flow rate and the thinner the layer, the higher the signal of the circu-
lating blood.

T1 GRE sequences, are used with the shortest TR and TE possible and an
intermediate FA (approximately 40°) in 2D or 3D acquisition modality.

2.6.1.1 Angio-MR 2D TOF

Sequential acquisition is made on two dimension images, with a thickness of
1.5-4 mm so that a sufficient spatial resolution is obtained. Figure 2.13a
schematically shows how the single slices are acquired perpendicularly to the
flow.

The sequential acquisition of each layer minimizes the saturation phe-
nomena as each layer acts as an “entry slice” in which the accentuation of the
signal linked to the flow has its highest expression.
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2.6.1.2 Angio-MR 3D TOF

A 3D volumetric GRE T1 sequence is used (spoiled to null the T2 residual
component of the signal). The sequence allows the simultaneous acquisition
of a tissue volume (slab) composed of very thin (submillimetric) partitions
with a high acquisition matrix that are formed by small voxels as shown in
Figure 2.13b.

Volumes thicker than 6 cm can not be examined because of progressive
saturation phenomena within the slab; however these phenomena can also
occur in cases of slowed flow because the path covered by the spins across the
slab can be long enough to cause a loss in signal.

Slice #
1 2

2§

single slab

(3DFT)

siab 4

stab 3

stab 2

slab 1
Fig. 2.13 a-c. Schematic representation of TOF
image acquisition: (a) TOF 2D; (b) TOF 3D; (c)
TOF MOTSA
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2.6.1.3 Angio-MR 3D TOF MOTSA (Multiple Overlapping Thin Slab)

An angio-MR TOF-MOTSA method puts together the advantages of the 2D
and 3D sequences. Actually, this method utilizes multiple, partially over-
lapped slabs of reduced thickness (Figure 2.13c). Each slab is acquired sepa-
rately and in theory can be assimilated to an entry slice, then all the slabs are
rebuilt together. On one hand this allows to minimize the phenomenon of
intra-voxel phase dispersion and to have images with high spatial and con-
trast resolution, on the other to reduce saturation effects inside each slab with
a better evaluation of slow flows. The method is particularly suited for cover-
ing a wide FOV but requires a longer acquisition time than the 3D TOF single
slab and the reconstruction is burdened by the “Venetian blind” artifact that
can be seen on the interface between the two slabs.

2.6.2 Phase Contrast Images

The Phase Contrast (PC) methods exploit the phenomenon of phase shift as
a signal source. The angio-MR PC enables to evaluate the blood flow in the
arterial and venous districts qualitatively and quantitatively providing infor-
mation on volume, speed and direction of blood flow.

Both stationary spins and spins moving inside an excitated sample along
the direction of field gradient undergo phase variations. These variations in
the spins that make up stationary tissue depends exclusively on their spatial
position and always maintains the same intensity (linear function).
Conversely, the mobile spins behave differently, as the phase variation induced
by the field gradient in one direction depends on the position but also on the
speed and direction of flow and varies in function of time (square function,
that is proportional to the square of the time).

Let us suppose to firstly apply a positive gradient, then a negative one to a
GRE sequence. This gradient will have to be bipolar with equal but opposite
amplitude.

During the application of the positive lobe of the gradient both mobile
and stationary spins build up a phase shift that the stationary spins give off
during the application of the negative lobe. The mobile spins instead return
to their phase of origin only partially, maintaining a shift proportional to
their speed of motion and to the time the gradient is applied. This very dif-
ference between stationary and mobile spins is the underlying concept of
Phase Contrast MRA. The bipolar gradient must be applied separately in each
direction of the magnetic field (x, y, z) and must have an amplitude propor-
tional to the blood flow the operator wishes to acquire (VENC, Velocity
Encoding Value). Figure 2.14 shows an example of a PC acquired image
(Figure 2.14a illustrates the anatomic image, while Figure 2.14b is the corre-
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Fig. 2.14 a-c. Example of PC image: (a) conven-
tional image; (b) corresponding image in PC; (c)
graph plotting flow-velocity vs time for a specif-
ic ROl in the PC image

sponding image in PC) and a diagram of flow velocity evaluated by PC in a
Region Of Interest (ROI) of the area pictured above.

Although stationary spins do not accumulate phase dispersion, a minimum
amount of the signal comes from field inhomogeneities because of phenome-
na of magnetic susceptibility. This is avoided by acquiring two identical
sequences that differ only in the activation of the bipolar gradient; then the
two sets of data are subtracted, completely eliminating the signal of the sta-
tionary tissue. The subtraction of the signal of the stationary spins from that
of the mobile spins therefore yields the signal exclusively emitted by the flow.

This passage is fundamental as it allows to eliminate an eventual signal
coming from tissues with brief T1 or with high magnetic susceptibility while
maintaining only the signal relating to the blood flow.

The data so obtained can be processed in three ways:

a) by obtaining anatomical details or relating to the flow velocity according
to the VENC chosen (Complex Difference Processing, CDP)

b) by obtaining information on the direction of flow (Phase Difference
Processing, PDP) by encoding the blood flow along the x, y, z axes sepa-
rately, so as to obtain images with different signs according to whether the
flow is in the same or opposite direction to the gradient
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c) by obtaining dynamic images and volume and blood flow measurements
acquiring a single section repeated at the same level during the cardiac
sample and synchronized to it.

The PC MRA, as the TOF can be performed in 2D or 3D.

2.6.3 Contrast Enhanced Magnetic Resonance Angiography
(CEMRA)

CEMRA foresees the use of a contrast medium (ex. gadolinium-based con-
trast agent). Intravenously infused gadolinium determines a reduction in T1
of blood that in turn translates in a hyperintensity of flow signal over other
surrounding tissue.

The contrast medium routinely used is a chelate of gadolinium, with low
molecular weight that crosses the capillary membrane and has a distribution
outside the capillary bed into the extra-cellular space, thus behaving as an
interstitial contrast medium. For its use in MRA it is therefore necessary that
the acquisition occurs during the phase of arterial distribution of the con-
trast medium. Figure 2.15 illustrates an example of CEMRA.

The success of an MRA with contrast bolus depends on the synchronysm
between acquisition of data and concentration of the contrast medium in the
vascular district of interest. To assure a high quality of images, data from the
central portion of the K-space of the sequence, which are responsible for the
image’s contrast resolution, have to be obtained when the contrast media
concentration is the highest. It is therefore fundamental to know both the
acquisition time for the sequence and the circulation time. A scanning time

Fig. 2.15. Example of a CEMRA
image
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of 18 seconds will fill the central portion of the K-space between the sixth and
the twelfth second from the beginning of the scanning. If the circulating time
is 15 seconds, we will have a scanning delay of 9 seconds; the scanning delay,
that is the time elapsing between the beginning of the injection with contrast
medium and the beginning of acquisition, is given by the formula:

RS =TC - 1/3 TS (6)

where RS is the scanning delay, TS is the sequence scanning, and TC is the
time of circulation. The unknown circulating time can be calculated with the
bolus test. The test consists in injecting 1-2 ml of paramagnetic contrast
solution and acquiring a scan perpendicular to the vascular axis under
examination with high temporal resolution (1 scanning with acquisition
time of 1-2 seconds), repeated a number of times so to be able to appreciate
the arrival of the contrast medium in the vessel lumen. A ROI positioned
inside the vessel examined allows one to trace a graph for signal intensity in
function of time, where the peak corresponds to the maximum concentra-
tion of the contrast medium in the vessel, at that specific time, that is at the
circulating time. Nowadays there are automatic bolus detection systems
(bolus tracking) with automatic synchronization of the CEMRA scanning
that disengage the operator from calculating the circulating time. For exam-
ple, with the “smart prep” technique we can register the variations in signal
intensity upon arrival of the bolus by positioning an echo navigator over the
aortic arc. Once the signal reaches the preestablished threshold indicating
the arrival of the bolus, the CEMRA scanning is automatically synchronized.
An analogous method is the fluoroscopic triggering, which consists in the
serial acquisition of ultra rapid bidimensional T1-weighted images that are
obtained each second, visualizing the arrival of the contrast medium. The
operator is required to start the acquisition of the 3D data set upon arrival
of the bolus in the artery.

Venous opacification can be reduced by using sequences with elliptic fill-
ing of the K-space. This method allows the acquisition of data in a time frame
over 30 seconds, avoiding venous overlay since the portion of the K-space
deputed to the difference of image contrast is rapidly filled at the beginning
and the remaining portion of the K-space is used to increment the spatial res-
olution, thus the image’s resolution. Given the narrowness of the window
used to create the contrast, it is necessary to use automatic detection meth-
ods for the arrival of the bolus, like the smart prep or the fluoroscopic trig-
gering.

Another method that enables to obtain MR angiograms independent from
circulating time is 3D Time-Resolved Imaging of Contrast Kinetics sequence
(TRICKS).

The imaging techniques available today are not fast enough to acquire all
of the necessary data of the K-space data with the desired temporal resolu-
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tion in angiography. In fact, to resolve arterial and venous phases, good tem-
poral resolution is required (e.g., ~5 sec, depending on the anatomical
region). Unfortunately, acquiring a time frame with the needed spatial reso-
lution and coverage may require significantly more than just a few seconds
(i.e., 15-20 sec might be considered typical).

Accordingly, in a time interval comparable to the temporal resolution
required, one may be able to acquire only 1/4 to 1/2 of the necessary K-space
data.

TRICKS [13-14] is a method capable of converting an acquired partial
dataset into a full frame. To do this, TRICKS assumes that the high spatial fre-
quency content of the image does not require as high a temporal resolution
as the low spatial frequency content.

Basically, TRICKS sequence includes K-space acquisition into sub-regions
(usually 3 or 4) along the phase-encoding direction; each region is acquired
in separated times (or frames). During each TRICKS time frame, a segment
of K-space, corresponding to a single region, is acquired. The first region con-
tains the lowest part of the spatial frequencies in the phase-encoding direc-
tion, and the successive regions correspond to higher spatial frequencies in
this direction. Complete K-space volumes are formed from these segments by
retrospectively combining the acquired regions.

This temporal interpolation scheme ensures that region acquired near the
peak arterial signal intensity enhancement (i.e., the lowest spatial frequen-
cies) is combined with the regions that are acquired after the contrast agent
filled the targeted blood vessels.

This method allows one to obtain a single set of 3D data in short time (2-10
sec) with the aim of solving temporarily the arterial, parenchomigraphic, and
venous phases of the angiogram. The method however, allows a gain in tempo-
ral resolution at the expenses of spatial resolution.

2.7 Conclusions

In this chapter we have seen a rapid overview of different strategies applied for
obtaining cardiovascular MR images. Obviously, the aim of using such meth-
ods is to obtain images in the least time possible, but also that they be of the
best quality. The parameters most often used to determine whether the images
are of good quality are the SNR and the CNR. Therefore the primary objective
of the techniques mentioned above is to obtain images rapidly with high SNR
and CNR; this objective is pursued thanks to the use of methods that allow to
best exploit the physical principles on which they are based , and the hardware
and software tools available today. It is obvious that the study and develop-
ment of new techniques for fast imaging are evolving in parallel to the new
instruments designed and developed in the field of electronics, informatics,
and material science.
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3 Post-processing

VINCENZO POSITANO

3.1 Introduction

In the past years the computerized analysis of digital images in Magnetic
Resonance (MR), and particularly in cardiovascular magnetic resonance,
has gained an increasing relevance and has become as important as the tra-
ditional procedures of direct printing on radiographic film. In fact the use
of digital images allows to produce, store and interchange great quantities
of data in a simple and inexpensive way, while preserving the possibility of
examining and distributing some of the images produced as traditional
radiographic films. Moreover, the use of digital images has allowed the
development of advanced postprocessing techniques, with the possibility of
obtaining 3D images of the organs under examination and making quanti-
tative measurements of physiological parameters useful at the diagnostic
phase.

Typically, the Magnetic Resonance Imaging (MRI) scanner is connected
to a console - generally a calculator equipped with a UNIX operating system
- where the images are produced directly in digital format. The images
obtained can be stored through a proper memorizing device that can utilize
magneto-optical disks, DAT, CDROM, DVD, and others. A Local Area
Network (LAN) connects the console to a digital printer, which is usually
adapted for printing on radiographic film. In addition there can be a second
workstation to which the images can be sent for examination and storage via
LAN, also when the main console is engaged in acquisitions. Further exten-
sions dedicated to reporting or image processing can be connected either
directly through the LAN or indirectly through a remote connection via
internet.

3.2 Digital images

In digital imaging the basic element of an image is the pixel - a geometrical
element, generally square, of the same size of the image’s spatial resolution,
which can take on a certain number of levels of gray. If, for example, the res-
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Fig. 3.1. Discrete structure of MR images

olution of a MR image is 1.2X1.2 mm, then each pixel of the image will be a
square with a side of 1.2 mm. The overall image is formed by a matrix of pix-
els. Figure 3.1 shows a typical image of MR and the enlargement of a detail
that evidences the discrete structure of the very image. The number of gray
levels that the pixel can take on is called image depth and is usually expressed
as a number of bits. Without going into detail on binary codes, it can be stat-
ed that the depth of an image can be considered as 2 raised to the power of
number of bits available, as can be seen in Table 3.1. Images only 1 pixel deep
are binary images and therefore in black and white. The typical depth of most
electronic devices such as monitors and video cameras is 8 bits. MRI utilizes
a maximum image depth of 16 bits, often reduced to 12.

Generally, each digital image is memorized in a particular format in which
the information relating to an image is encoded according to a particular
algorithm in a digital file. Clearly, in order to read an image encoded in such
a way, it is necessary to run a program that can interpret the format used to
produce that image.

For what concerns MRI machines, the digital image must enclose, apart
from the image itself, also all the information pertaining to the examination

Table 3.1. Depth of digital images

Number of bits Depth of image Notes
2 Black and white image
8 256 Image displayed on monitor
12 4096 Typical MR image

16 65536 Max depth of MR image
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which the image is part of. The data required are the patient’s personal data
(name, date of birth, etc.) which are inserted by the operator, and then the
data referring to the sequence adopted, the characteristics of the MRI
machine being used, the spatial and temporal information of the images
acquired, and in general any information that can be useful for interpreting
the image correctly.

Speaking in terms of computer jargon, the part of the image containing
such information is called header, and the unprocessed numerical data rela-
tive to the image itself are called raw data.

Therefore, it appears evident that MR images can be used only with a pro-
gram that can correctly interpret the encoding of the header and the raw data
the manufacturer made use of to build the scanner. Otherwise, the MR images
are absolutely unusable.

3.2.1 Proprietary formats and DICOM formats

The moment the companies manufacturing MR machines began to use digi-
tal images, each company produced images employing its own encodings.
Therefore, encodings differ from one manufacturer to another but also from
one model to another. These formats are called proprietary, as they are com-
pany property, developed by the manufacturer for their exclusive use, and are
usually not made public. Normally the manufacturer does not provide any
guarantee on the possibility of exchanging the data contained in such formats
with the outside world. The reality is that the use of a proprietary format for
digital images ties the user to the software and hardware provided by the
manufacturer of that given MR machine and there is no guarantee of the pos-
sibility to access the stored data in the case of substitution of the MR equip-
ment. Moreover, the exchange of data with other centers is extremely difficult,
if not impossible.

In recent years,a common DICOM (Digital Imaging and Communications
in Medicine) format has been developed to overcome the obstacles limiting
the use of proprietary formats; this format allows the exchange of medical
images and is compatible with almost all the cardiovascular MR equipment
in use today [1].

The DICOM format is a standard set of rules for transmitting biomedical
digital images and healthcare information to and from different pieces of
equipment (acquisition machines, computers, printers, digital databases...),
through the definition of a communication protocol and the use of standard
web protocols and technologies (Ethernet, Transmission Control Protocol/
Internet Protocol, TCP/IP). The original project was developed by two
American associations: The American College of Radiology (ACR), responsi-
ble for developing the technical and medical aspects, and the National
Electrical Manufacturers Association (NEMA), a consortium of manufactur-
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ers responsible, among other things, for the legal aspects covering patent reg-
ulations. At international level, the European standardization committee has
accepted DICOM in MEDICOM (MEDia Interchange COMmunication), and
the JIRA (Japan Industries Association Radiological Systems) has approved
its development. From 1985 to 2001 the DICOM 3 standard underwent many
changes and integrations before reaching its actual state in the DICOM regu-
lations set out in 15 volumes for a total of 15000 pages. It should be underlined
that DICOM 3 is an industrial standard and not an ISO (International
Standard Organization) universal one: this allows a certain tolerance in the
implementation of its specifications to the point that, at present, there are no
truly DICOM compliant machines, in the rigorous sense a standard would
impose. Indeed, in the vast majority of cases a machine will conform to the
standard in some parts (for example, the image storage modality), while it
will adopt proprietary functions in others (as for managing patient lists).

The DICOM compatibility of MR equipment, and more in general any
DICOM compatible device, must be certified by the manufacturer through
the auto-certification document, called Conformance Statement, which lists
properties and functions of the equipment. Certainly, DICOM is extremely
practical as it allows us to efficiently store, elaborate, and exchange digital
images. Moreover, DICOM frees the user from having to buy hardware or
software extensions from the manufacturer of the MR scanner. Yet, before
purchasing a DICOM compatible device it is advisable to make a compatibil-
ity enquiry and an on-the-field trial.

Many programs also allow the vision of DICOM images on a Personal
Computer, and often can even be downloaded from the internet. Many of
these programs also allow elementary postprocessing operations such as lin-
ear and surface measurements.

3.2.2 Memory devices

The first concern in a MR lab is storing the digital images acquired. The back-
up and the storage of images over long periods of time is required by the
present regulations but also by issues of scientific/diagnostic relevance. The
amount of data that needs to be preserved can be evaluated keeping in mind
that a cardiac MR image is encoded on 16 bits (2 bytes), and that each pixel
can take on 2'¢ = 65536 values. The typical acquisition format is 256x256 pixel,
and thus the size of raw data is 256 X256 X2 = 131,072 bytes. To these, we must
add the bytes of the titles and annotations (approximately 10.000 for the
DICOM format) up to about 140,000 bytes (149 Kb) for a typical cardiac MR
image. Other typical acquisition formats are 128x128, 512X512 and 1024X1024,
which correspond respectively to image sizes of 42Kb, 522Kb and 2058 Kb.
Considering that a cardiac MR exam usually includes from several hundreds
to several thousands of images, the average size of one study can range
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between 50 and 200 Mbytes.
There are basically three memory devices used for saving images:

1) Magneto-optical disks
2) DAT (magnetic tapes)
3) CDROM and DVDROM

The storage on magneto-optical disks is the most popular technique and is
implemented on most MR machines on the market. The disks are quite small
sized (5.3”%0.25”) and utilize a double-control data transcription system: the
disk contents can only be modified when there is the simultaneous activation
of the magnetic head and the laser ray that heats the disk. This system avoids
accidental damages to the disk that may occur in the presence of contaminat-
ing magnetic fields (monitor, acoustic speakers, the MR equipment itself).
Disk capacity ranges from 1.2 Mb to 5 Gb; moreover, the disks can be written
over countless times and be reused. On the other hand, these magneto-optical
disks present some disadvantages such as their elevated cost (50 Euro), as
compared to other memory devices, and the difficulty of using the recorded
disks outside the laboratory owing to problems in finding the drivers and
often to problems of incompatibility. There are, however, devices (called Juke-
boxes) that can manage several hundred magneto-optical disks automatical-
ly, allowing the user to easily handle reading and writing operations on a great
number of disks. These apparatuses can remarkably simplify the management
of a MR data storage system.

The Digital Audio Tape (DAT) are magnetic tapes similar to normal music
cassettes but smaller in size. Data are memorized sequentially by magnetic
heads. The main advantage of DAT is the elevated capacity (up to 10 Gb) and
the limited cost of the memory media (about 10 Euro). The drawback is the
sequential nature of the device which makes access to stored data quite
lengthy: if we are interested in a study memorized at the end of the tape, we
are forced to play the entire tape. Notwithstanding these inconveniences, the
DAT can be useful as an emergency support when data on the main disk are
accidentally deleted or destroyed. As DAT are sensitive to magnetic fields they
must be stored away from the MR scanner or other electromagnetic devices.

Compact Disks Read-Only-Memory (CDROMs) are extremely popular
optical storage devices on which data are memorized by a laser ray. CDROMs
are totally insensitive to magnetic and electrical fields. Because the memory
media is not enclosed in a container as for magneto-optical disks, it is vulner-
able to chipping and scratching. The typical capacity of a CDROM is 700 MB.
The main advantage is the inexpensive cost of both the memory support (less
than one Euro) and the device (writer/burner) for writing on disk (100 Euro).
In addition, CD readers are practically installed on almost every computer.

The Digital Video Disks Read-Only-Memory (DVDROMs) are optical
disks similar to CDROMs but with a much higher memory capacity (approx-



62 MRI of the Heart and Vessels

imately 10 Gb). The prices of the DVD support are already quite accessible
(about 10 Euro) and are likely to decrease in the future in virtue to the wide
diffusion of DVDs in the field of multimedia. Although CDROMs and
DVDROMs have not reached the reliability of the magneto-optical supports,
they will probably become the most widespread memorization platform also
in the medical setting.

3.2.3 Data transfer via network

In modern laboratories of cardiac MR, the standard way of transferring data
from and to different working stations is by LAN. The LAN can be installed
at the same time the machine is installed, otherwise a preexisting LAN can be
used instead, in which case the several workstations can also be set far apart
from one another. The exchange of data between workstations may be done
using proprietary formats, with the limits mentioned above, or with the
DICOM format and its relative advantages.

The exchange of data according to the DICOM protocol foresees an
authenticating system between the stations involved in the exchange. The
model adopted is the classical client-server: one machine, generally the MR
console, hosts the images and a DICOM program called DICOM server that
waits to receive requests coming from programs (client) residing on other
machines, such as the workstation where the images are processed. Each
client must be authorized to the connection and configured through an
appropriate code. This allows to protect the data located on the different sta-
tions from unwanted intrusions. It is important to notice, however, that the
DICOM protocol foresees that data transmission occur uncripted; thus to
assure the protection of confidential data it is advisable that the LAN con-
necting the different stations be isolated from the rest of the network and
protected by security devices (firewall). An interesting aspect of the use of the
DICOM protocol is the possibility of exchanging data via network not only
among stations of the same lab but also between different labs, at the condi-
tion they are both connected by an internet connection. Because of the diffi-
culty of rendering this type of connection secure, the transfer of data should
occur only after the data have been encoded in an anonymous form to pre-
serve the confidential part of data intact. In the case we wish to implement
permanently a protocol for the exchange of data between two physically dis-
tant laboratories using the internet, data can be protected during the transfer
with the use of specific cryptographic algorithms.

Another very important aspect is the possibility of exchanging data also
outside the workstations provided by the manufacturer of the scanner, with
the use of low cost computers. This is made possible through the use of
appropriate software that allows access to DICOM data on the MR machine
and the possibility to view and elaborate the images received.
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3.2.4 Printing devices

Each MRI lab foresees the presence of a digital printer for radiographic films.
The printer can be connected either directly to the MR console or to the other
stations via LAN. A radiographic printer can also utilize the DICOM protocol
for printing images; the main advantage in applying the protocol is that the
same printer can be used from different stations and by different labs.

3.3 Image visualization

3.3.1 Windowing

Generally, MR images are encoded on 16 bits, that is each pixel of the image
can take on 2'6 = 65536 values, which corresponds to a same number of gray
levels. Actually, the number of levels employed is less - in cardiac magnetic
imaging, usually a few thousand.

The viewing instruments used, traditional video screens or Liquid Cristal
Display (LCD), can visualize up to 256 levels of grey. This does not constitute
a limit as greater resolutions would be useless: the human eye can only dis-
tinguish a limited number of grey levels simultaneously [2]. But because the
human eye can separate a much greater number of colors, medical images
often characterize images representing false colors; in other words, they
match each hue of grey to a specific color through a predetermined map. This
application, however, is not widely used in cardiac MRI.

Hence, all the devices for displaying images must approach the problem of
representing a number of grey levels higher than the ones they can manage.
The images visualized or printed are, therefore, strongly characterized by the

Fig. 3.2. Effect of the windowing operation



64 MRI of the Heart and Vessels

way in which this inconvenience is approached; because the solution is all but
univocal one must consider that each image printed or viewed on the moni-
tor may represent only in part the global information actually enclosed in the
data acquired by the scanner.

The process by which the image’s levels of gray are represented on screen
or printed is generally called windowing. The pixels lying within a certain
range of values (a window) - established by the user - are represented using
all grey levels available (typically 256).

The values below the chosen window are all set to zero, and they are hence
represented in black. All the values above are, instead, assigned the highest
value of the scale (typically 255) and are thus represented in white. Figure 3.2
shows an example of the differences of visualization that can be obtained
through different selections of the window to be used. In the picture on the left,
gray levels are displayed in a proportional way. The picture on the right shows
the same image after appropriate windowing to optimize the visualization of
the heart. However, as it can be noticed, the area of the anterior chest loses
some detail owing to a compression of the relative gray levels.

3.3.2 Visualizing in 3D

In many cases cardiac magnetic resonance images are acquired in 3D, cov-
ering an entire area of interest such as the heart or a cluster of vessels,
through a series of parallel sections. These 3D acquisitions can then be
repeated over time so to follow the evolution of a certain phenomenon like
a cardiac cycle over an R-R interval, or the diffusion of a paramagnetic con-
trast medium.

Typical examples are the fast-cine sequences, in which 8-12 parallel sec-
tions on short axis are acquired 20-30 times in different instances of the R-R
interval, and the sequences used in MRA, in which a set of parallel sections of
a vascular tree are acquired so as to obtain a 3D view of the vascular tree
itself.

The visual representation of a volume of tridimensional data naturally
involves the use of algorithms for visualizing an image in 3D on a bidimen-
sional support such as a monitor or photographic film [3, 4]. Ahead we will
analyze some of the techniques for 3D viewing, underlining the characteris-
tics with the respective advantages and disadvantages.

3.3.3 Image segmentation
All the 3D viewing procedures involve a segmenting operation - that is, the

extraction of the area of interest from the global image. More in detail, the
segmenting consists in partitioning the image in homogeneous regions,
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each corresponding to a real object (for example a cardiac vessel or a car-
diac wall). Literature reports of many algorithms for segmenting MR
images. An important group of methods is based on the identification of
two threshold values, a minimum and maximum that define the anatomical
item to be located. This technique allows to locate regions of a scene shar-
ing the same properties and which thus belong to the same tissue. Typically,
the user can define an interval of values to separate the object of interest
from the surrounding scene and transform the latter into background.
Usually, a preview of the segmented image is provided so that the segmen-
tation parameters can be adjusted interactively. Often the threshold values
are implicitly provided by the program used, based on the types of images
that have to be elaborated. Therefore, the threshold method is very simple
to apply and efficient in those images in which the regions of interest are
well distinguishable, like in vascular images by MRA. Another option fore-
seen by visualization programs is the manual selection of an area and the
limitation of the viewing procedure to that selected area. For other kinds of
images, due to reduced Signal-to-Noise Ratio (SNR) and Contrast-to-Noise
Ratio (CNR), more sophisticated methods are employed, an example of
which (active contour/algorithm) will be described later.

3.3.4 MIP and RaySum algorithms

These are algorithms that mimic the principle underlying the production of
radiographic images.

The starting images are made up of a series of equally distanced parallel
slices (Fig. 3.3). Once the direction of projection has been established (see
Fig. 3.3) the algorithm locates a series of rays parallel to the direction of pro-
jection that crosses the slices. In particular each projecting ray crosses all the
slices in a specific number of dots (see Fig. 3.3). Therefore each ray will have
a set of values corresponding to the signal intensity of the pixel crossed in

s Fig. 3.3. Maximum Intensity projection (MIP)
A and RAYSUM algorithms for 3D visualization.

D A: Series of parallel slices; B: Direction of pro-
jection; C: Projecting rays crossing the slices; D:
Angle of observation
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each slice. In the MIP algorithm (Maximum Intensity Projection), the maxi-
mum value is chosen and is transferred onto the projected image that con-
stitutes the visualization of the 3D image wanted (see Fig. 3.3). In the RaySum
algorithm all the values obtained are summed and the resulting value is
tracked on the projected image. Other algorithms employed are the projec-
tion at minimum intensity, in which the minimum value is adopted, and the
projection at medium intensity in which the average of values is utilized.
Another further variant foresees the projection rays to be non-parallel,
leaving from a source and spreading with a certain angle. While the first
hypothesis of parallel rays means hypothesizing a far point of view for 3D
visualization, this latter approach hypothesizes a close-up point of view.
Usually the MRA visualization utilizes the MIP parallel ray technique. Figure
3.4 illustrates the steps of 3D reconstruction obtained with the technique
explained above. In the upper part of the figure there are some of the 72
images that make up the starting acquisition (the sections indicated as A in
Fig. 3.3) and hence of the parallel sections that cover the upper part of the
trunk, neck and the inferior part of the head. In the lower part three different
MIP reconstructions are visualized. The first is the global reconstruction with

Fig. 3.4. Reconstruction of carotids by the MIP technique
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aview direction perpendicular to the plane of the sections acquired; the other
two are details of the left and right carotid obtained from the global image
through an operation of manual segmentation.

3.3.5 Approach to surfaces

The approach to surfaces uses bidimensional primitives, generally triangles or
polygons, to represent tridimensional objects. In practice, the surface of the
object to be visualized is approximated with a certain number of adjacent poly-
gons (often triangles). Algorithms that have been optimized for this purpose,
and which often utilize particular video cards, visualize the polygons thus pro-
viding a three-dimensional representation of the object. Obviously, the higher
the number of polygons, the better the accuracy of the representation. Figure
3.5 shows the triangle representation of the left and right ventricle, and the
ensuing 3D image. The main advantage of surface representation is the reduc-
tion of the data to be elaborated down into a list of polygons and connections,
with the consequential reduction in time lost in calculations. Since the surface
approach is extensively employed in popular commercial items such as
videogames, the market offers of wide selection of inexpensive highly advanced
video boards that support this type of approach. The fundamental limit to this
approach is the need to separate or segment the object of interest, in our case a
vessel or the heart, from the surrounding objects. An error in the segmenting
procedure inevitably leads to errors in the 3D representation [5].

Another important aspect in the 3D reconstruction by surface algorithms
is the introduction of shading, an effect for conveying the three-dimensional
information. Without going into detail of the various algorithms, the under-
lying concept is to define one or more light sources and mimic the illuminat-
ing effect of those sources on the rebuilt surfaces to create the illusion of 3D
representation.

Fig. 3.5. 3D surface rendering of heart. The 3D representation of left and right ventricle (right); the
underlying grid of triangles (left)
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3.4 Quantitative measures of mass and volume

The importance of wall thickness, ventricular mass and volumes as funda-
mental diagnostic parameters is well known, as they allow us to estimate
indices such as the ejection fraction, wall function, etc. Cardiovascular MRI
allows the evaluation of these indices in an extremely precise way thanks to
high image resolution and the possibility of acquiring images on a series of
parallel planes, whichever way they may be oriented.

The software tools that allow the quantitative mass and volume evaluation
typically use short axis images of the fast-cine type, i.e. a certain number of
parallel slices (8-12) covering the whole ventricle. For each slice there are a high
number of frames (16-30) that allow to rebuild the entire cardiac cycle. As we
can imagine, the number of images to be examined is significant (200-540),and
a manual measurement would not be proposable. Many programs have been
developed for the automatic analysis of the images which could be adopted to
reduce the time of postprocessing; this software is usually provided along with
MR equipment intended for use in cardiology [6]. At present, the software
available does not yet allow a totally automatic elaboration of the images but
requires considerable interaction on behalf of the user. Generally, to reduce
elaboration time, the operator chooses to examine only two temporal phases of
the R-R interval, typically end-diastole and end-systole, thus reducing the
number of images to be examined to about 16-24 and preserving at the same
time the option of evaluating efficiently the diagnostic indices desired.

The key point of the procedure of automatic elaboration is a segmentation
algorithm: this divides the image into a series of primitive portions topolog-
ically connected (in our case right ventricle, left ventricle, myocardial wall),
and then catalogues every single region and reassembles those portions that
belong to the same tissue.

The segmenting algorithms used are of various nature but a detailed dis-
sertation of these would go beyond the scope of this paragraph. Speaking in
general terms, the algorithms used are referred to as edge segmentation,
where intensity discontinuity inside the image is evidenced as sharp varia-
tions in grey scales. Such discontinuities represent the borders between dif-
ferent tissues.

One of the most utilized techniques for detecting edges is that proposed by
Canny, which consists in the use of the first derivative of the voxel intensity
function: the points where the max values of the derivative make up the edge.

In general the user is asked to insert a seed for the automatic segmentation
algorithm, which can either be an approximate border of the inside of the left
ventricle or a marker at the center of the ventricle itself. At this point the algo-
rithm goes on automatically, trying to locate the edges desired, typically the
endocardium and the epicardium of the left ventricle.

Figure 3.6 shows the edges detected on six slices relative to the diastolic
phase. The algorithm used in this example is called “active contours” and
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Fig. 3.6. Detection of endocardial and epicardial borders on MR cardiac images

defines a closed curve that simulates the physical behavior of an elastic band.
The ring is deformed by external forces which are represented, as we
described earlier, by the portions of maximum intensity of the first derivative
of the image and by internal forces that oppose the deformation. When the
equilibrium between the two forces is reached, the curve stabilizes and
locates the contour desired [7]. Since the information enclosed in the DICOM
format provides both the planar resolution of the single slice and the distance
between two adjacent slices, the program can automatically calculate the ven-
tricular mass and volume in the phase considered by evaluating the area of
the curves that define the endocardium and epicardium. Because the ventric-
ular volume is approximated with a series of parallel planes, there will obvi-
ously be an error proportional to the distance between the slices. This hap-
pens because the volume is approximated by an operation of interpolation,
typically when using the Simpson method or its variants.

By repeating the calculation of the volume and mass for the systolic phase,
we can evaluate the first diagnostic index, the Ejection Fraction (EF). If the
software calculates the value of the ventricular volume for each phase of the
cardiac cycle, then the diastolic and systolic phase are automatically calculat-
ed and consequentially also the value of EE.

Other parameters of interest from a diagnostic point of view are the wall
thickness and wall thickening that measure respectively the absolute thick-
ness of the ventricular wall (in mm) and the relative wall thickening during
the cardiac cycle with respect to the diastolic phase.
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Table 3.2. Number and type of contours to be drawn in order to obtain a quantitative
analysis

Quantitative Contours to be detected Frames to be processed

measurement

End-diastolic volume Endocardium All end-diastolic frames

End-systolic volume  Endocardium All end-systolic frames

Ejection fraction Endocardium All end-diast. and end-syst. frames

Stroke volume Endocardium All end-diast. and end-syst. frames

Myocardial mass Endocardium and Epicardium  All end-diastolic frames

Wall thickness Endocardium and Epicardium  All frames in the selected cardiac
phase

Wall thickening Endocardium and Epicardium  All end-diast. and end-syst. frames

Wall function Endocardium and Epicardium  All frames in the selected cardiac
phase

Generally, the number of edges to detect and validate depends on the
information desired. Table 3.2 shows the types and number of contours nec-
essary for the most common types of analysis. The results of the quantitative
analyses are made available in both numerical and graphical format, often
using colored representations such as the bull’s eye.

3.5 Flow analysis

By using appropriate acquisition sequences, it is possible to obtain images
containing information on the velocity of the blood inside a vessel. Such
images, known by the name of Phase Contrast (PC), can be elaborated
through appropriate algorithms in order to acquire information on the speed
of the haematic fluid in a vessel, and therefore on the volume transported.

An image sequence of PC type is made up of anatomical images, which
serve as reference for the analysis, and by a series of PC images that enclose
information on the velocity of flow in time, usually in an R-R interval. In
Figure 3.7b we can see the anatomical image of reference, and on the left the
first of the series of PC images (usually 20-40 images per cardiac cycle). To
perform the analysis, the user must establish the edges of the vessel on all
images. The procedure usually adopted foresees the definition of a starting
contour on an anatomical image where the vessel is well defined. At this point
the automatic procedure continues defining the edges on all the anatomical
and the PC images. The user can eventually intervene to correct any errors
manually.

Once the contours have all been defined, the program extracts the mean
value of the signal from the Region Of Interest (ROI) thereby defined. The
mean value will be proportional to the velocity of the blood in the vessel con-
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sidered. In some cases it is advisable to define a reference area far away from
the vessel in order to normalize the amplitude of the signal detected in rela-
tion to variations in background intensity. This operation is particularly
important when making measurements on vessels close to the heart where
the baseline signal may be subject to oscillations due to cardiac motion.

Once the value of the velocity has been extracted for each temporal instant,
we can obtain graphs on the velocity itself, flow, and volume. Indeed, by know-
ing the area of the vessel through the contours defined earlier, and the blood
velocity through the analysis of grey levels, it is possible to derive the volume
that passes through the vessel over the unit of time, and thus, the actual flow.
Figure 3.7 illustrates a typical graph of blood velocity over time, measured on
PC images. Similar graphs can be obtained for volume also.

3.6 Measures of myocardial perfusion

The use of cardiac MR in evaluating myocardial perfusion is made possible by
the use of paramagnetic contrast mediums and the relationship between their
concentrations in the myocardium and signal intensity over time. To this pur-
pose a set of parallel sections of the left ventricle are acquired over time (typ-
ically three every R-R interval) during the passage of the contrast medium -
generally gadolinium based. The acquisition is synchronized with ECG to
acquire all the images in the diastolic phase. Myocardial perfusion is measured
by evaluating the dynamic changes of the magnetic properties of the wall
caused by the presence of the contrast medium. In particular, after the injec-
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tion of the contrast medium, an increase of signal intensity is detected in the
cavity of the right ventricle first, then in the cavity of the left one, and finally
in the wall. Apart from the visual analysis of eventual perfusion defects, it is
possible to perform a quantitative analysis through the use of proper software.
The method is based on the extraction of the intensity vs time curves (I/T)
from a region of the myocardium and from the ventricular cavity, which is
considered representative of the medium input function. Considering a cer-
tain section, the average value of the signal in a certain area is measured for
each time frame, which all together form the intensity/time curve. In order to
compensate any spatial variations in the signal’s baseline intensity, the curves
are normalized to the value measured before the arrival of the contrast medi-
um. Various parameters can be extracted from the curve, such as slope, peak
time, integrals, etc. Given the kinetic characteristics of the contrast medium in
use in cardiovascular MR, the most representative parameter is the slope,
which is usually normalized to the maximum slope of the input function [8-
10]. Figure 3.8 illustrates from left to right, a typical I/T curve extracted from
the left ventricle cavity and the I/T curve extracted from the myocardium of
healthy heart. The slope of the line, which approximates the curve in the point
of maximum inclination, represents the diagnostic index extracted.

One of the fundamental issues to address here is represented by the mis-
alignment of the images in the time sequence. In fact, even if the acquisition is
performed with the breath-hold technique, the patient’s movements often
cause a misaligning of the images, which produces artifacts on the I/T curve
since the same geometrical location no longer corresponds to the same
anatomical location. Indeed, the programs for quantitative analysis of myocar-
dial perfusion images often include tools for automatic realignment. In gener-
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Fig. 3.8. Intensity vs. time curves for myocardial cardiac perfusion
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al the steps in quantitative analysis of MR perfusion images may be summa-
rized as follows:

1. The user performs the realignment of the images, a procedure known as
registration. Usually, an area corresponding to the left ventricle is selected
from the global image, and the automatic registration starts.

2. The user defines the limits of the ventricular wall on an image of the tem-
poral sequence, usually the one in which the ventricle is best defined. The
two edges (endocardium and epicardium) are copied and pasted over to
all the temporal frames. If the registration was successful then the edges
match on all the images of the time sequence, otherwise the edges must be
corrected manually.

3. The myocardium is divided into ROIs. The user establishes a reference
marker, for example the anterior intersection of the right and left ventri-
cle walls, and establishes a number of radial and angular divisions. The
subdivision of the myocardium is performed automatically and the I/T
curves for each ROI are extracted. Figure 3.9 illustrates two example of
automatic subdivision of the myocardium.

Fig. 3.9 a-d. Two examples of myocardial segmentation (a, b) and 2D (c) and 3D (d) perfusion maps
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4.

The parameters extracted from the curves are viewed through colored
maps in which the color intensity corresponds to a value of the perfusion
index chosen (see Fig. 3.9). The value of the indices can be saved for future
analyses.

The same procedure may be repeated on a different slice.

If more than one slice is examined, we can obtain a 3D visualization of the
perfusion indices (see Fig. 3.9).
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A Contrast agents in cardiovascular magnetic
resonance

MASSIMO LOMBARDI, VIRNA ZAMPA

4.1 General characteristics

The contrast agents used in Magnetic Resonance Imaging (MRI) feature
some peculiarities that distinguish them from the agents used in other imag-
ing techniques. Their most original characteristic is that they are indirect
contrast agents, in the sense that the molecules of the contrast alter the mag-
netization state of the surrounding protons, which are the only atoms com-
peting for the formation of the images. The interaction between the mole-
cules of the contrast and the protons becomes visible with the alteration of
the relaxation times T1 and T2 of the 'H nuclei that are within a 100 nm dis-
tance from the molecule of the contrast medium (Fig. 4.1). The alteration of
the relaxation times is exploited to increase the contrast both between tissues
and between the regions with contrast medium and those without (or less
enriched regions) within the same tissue. According to whether the longitu-
dinal (T1) or transverse (T2) relaxation is more affected, we distinguish
between relaxation agents and susceptibility agents. The first cause a short-
ening in relaxation time T1 and induce a positive enhancement of the signal
in Ti-weighted images and are therefore identified as positive contrast
agents. The latter act by creating a local lack of homogeneity in the magnet-
ic field at a macroscopic level which induces a marked fluctuation of the
magnetic momentum between the blood and intracellular compartments,
causing a shortening of T2* of the neighboring 'H nuclei, thus determining a
decrease in signal. Hence the term of negative contrast agents.

Fig. 4.1. The curve on the left
shows the effect of the contrast
Intensity agent on longitudinal relaxation
of magnetic time, on the right the effect on
vector . .
Tz the transversal relaxation time.
The presence of the contrast
T agent induces a much quicker
»| recovery of base magnetization
time time in both T1 and T2 (downward
shift of the curve entity of mag-
netic vector/time)
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It must however be said that, although this classification is still in use, it is
now widely acknowledged that the phenomenon varies according to the
dosage of the contrast medium and to the type of sequence used.

For example, let us consider the paramagnetic substances such as the Gd
complexes, which are traditionally included in the group of positive agents;
when these substances are present in low concentrations, they determine an
increase in the signal of T1-weighted images; while when they are in high con-
centrations they determine a decrease in signal because of the prevailing
effect of T2* over the signal detected (Fig. 4.2).

Among the susceptibility agents, there are microcrystals of ferrous oxide
and dysprosium-based agents (such as DY-DTPA-BMA), which principally
act on the relaxation time T2.

It must be underlined that with the acquisition techniques in use today,
cardiovascular MRI exclusively employs the association between positive
contrast agents and the sequences that generate T1-weighted images.

Another way by which contrasts are classified is linked to their behavior
in the magnetic field; therefore, we distinguish diamagnetic, paramagnetic,
ferromagnetic, and superparamagnetic contrast agents.

Diamagnetic substances do not have unpaired electrons in their outer
orbital and, therefore, do not have a magnetic momentum (ratio of induced
magnetization inside the material over the external magnetic field) and are
not used in clinical settings.

Paramagnetic substances (gadolinium, manganese, dysprosium), the most
used in MRI today [1-5], have one or more unpaired electrons in the outer
orbitals. These electrons generate local fluctuating magnetic fields that deter-
mine a non-null magnetic momentum once they are immersed into a sta-
tionary magnetic field. This magnetic momentum is nulled when the para-
magnetic substance is removed from the magnetic field. The most utilized
paramagnetic substances are the lanthanides, among which the most used is

Fig. 4.2. The relation between
concentration of the contrast
agent and signal intensity in an
in vitro experiment employing a
T1 sequence with a short TR (10
msec). For relatively small
changes in concentration, the
relation remains linear until a
plateau is reached a further
increases of concentration above
" ’ * * *| a threshold value there is a con-

mmol/l sequent fall in signal (suscepti-
bility effect)
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gadolinium - the first to be employed for this purpose thanks to the intuition
of H. Weinman. Gadolinium (Gd) has 7 unpaired electrons in its last orbital
and thus has a strong magnetic field. By its nature, it is extremely toxic and is,
therefore, chelated with a molecule that binds it very tightly into a very low
toxic product. The first chelating agent for Gd was DTPA (diethylene-tri-
amine-pentaacetic acid). Gd-DTPA has long been the only agent on the mar-
ket; however in recent years the number of contrast agents containing lan-
thanides, and in particular gadolinium, together with different chelating sub-
stances, has increased symmetrically with the growth of MRI. The chelating
agent represents the main determinant of the pharmacokinetics, the ioniza-
tion and the relaxivity of the molecule (Fig. 4.3a-c).

Ferromagnetic and superparamagnetic agents are composed of micro-crys-
tals of ferrous oxide: the first by larger particles, the second by smaller ones.

Iron itself (Fe III) is a weak paramagnetic ion, and can form ferrous oxide
crystals (FeO-Fe,03), also called magnetite, when bonded to a bivalent ion
(Fe II). A ferromagnetic substance has the characteristic of maintaining the
magnetic momentum acquired during exposition to a strong stationary

0oocC /—\ 00| ‘'coc—\ [\ ,—co0o
Gd3+ - Ga3+
/€00 coo OH
) ‘ooc—"\__J
COO
Gd-HP-DO3A
Gd-DTPA
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N Fig. 4.3 a-c. Examples of molecules of three Gd-
H,C -~ H Q based contrast agents that differ for how Gd is

o chelated inside the molecule; the shell-like struc-
Gd-DTPA-BMA o ture of the molecule avoids any contact between

the Gd ion and the tissue components
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magnetic field also after the removal from the field. Superparamagnetic sub-
stances (nanometric-sized microcrystals) acquire once more reversibility
characteristics in consequence of the microscopic dimension itself.
Ferromagnetic substances are non-soluble and are administered in an aque-
ous suspension. Their atoms have unpaired electrons but are not used in car-
diovascular MRI.

Superparamagnetic substances share the common characteristic of hav-
ing a strong electromagnetic momentum and of influencing the atoms of
hydrogen within a radius that is 100 times larger than that influenced by
other paramagnetic substances (10 micrometers). Compared to paramagnet-
ic agents, these contrast agents can be used in much smaller concentrations
(about 1/10th the usual gadolinium based contrast agents).

The strong effect produced on proton magnetization by these substances
influences the relaxation of both T1 and T2*. When these superparamagnetic
molecules are circulating in the blood stream and suspended in the plasma
they can manifest a strong contrast effect in T1-weighed sequences. These
substances are then eliminated in a few hours through the endothelial retic-
ular system.

Superparamagnetic contrast agents have also been proposed for studies
on the cardiovascular system with satisfying results both in animal and
human studies [6-8]. Yet these preliminary experiences are still limited to the
research labs.

Another important classification of contrast agents in MRI is linked to
their pharmacokinetics, and particularly to their distribution throughout
compartments. Hence, the division into: multi-compartmental or interstitial
distribution agents, mono-compartmental or intravascular distribution
agents, and intracellular or organ-specific agents.

Given that there are basically 4 compartments at the myocardial level (plas-
ma, blood cells, interstitium, and tissue cells), the extracellular agents have low
molecular weights, are hydro-soluble, have a rapid distribution from plasma to
interstitial space and are rapidly eliminated (mainly through the kidney).
Although these agents have a low molecular weight, they do not penetrate sig-
nificantly into the cellular structures. At present they are the only agents used
in clinical routine since they are the only ones available on the market for the
cardiovascular apparatus [1-5]. However, they present the inconvenience of not
keeping within a single compartment of a tissue. Indeed, the permeability of
the spaces between endothelial cells (100-200 A) allows their rapid transfer to
the interstitial level with a high partitioning coefficient. Therefore, the
enhancement of the signal depends on the contrast medium both distributed
intravascularly and at an interstitial level (Fig. 4.4a).

Intravascular contrast agents (or blood pool agents) stay confined within
the plasma without entering the extravascular compartment. The use of these
agents provides information relative to haematic tissue volume, absolute
blood flow, and endothelial permeability, which cannot be obtained using
extra-cellular agents (Fig. 4.4b).
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Fig. 4.4 a, b. (a) Time/intensity curves of the first passage of the contrast medium through the
myocardium, in all cases either it be or normally perfused tissues (Ant = anterior myocardial wall,
Ant-lat = anterior-lateral myocardial wall) of hypoperfused tissue (Inf = inferior myocardial wall),
once the signal has reached a peak concentration the signal remains high, indicating the presence
of the agent within the myocardium, as a result of the presence of the agent within the interstitium,
which begins after a few heart beats and remains up to the equilibrium phase. (b) Time-intensity
curves obtained in an animal model of myocardial perfusion, using ferrous oxide as a contrast
agent with intravascular behavior. It can be noticed that there is a rapid washout of the agent prior
to the equilibrium phase both in the case of normally perfused tissue and hypoperfused tissue

Blood-pool contrast agents have been obtained using macromolecules
containing gadolinium, with molecular weights such that confine the mole-
cule within the vessels, yet allowing them to be eliminated through the kid-
ney glomerules. Molecules such as Gd-DTPA-albumine, Gd-DTPA-destrane,
Gd-DTPA polylysine have been used. Yet the main drawback remains the long
half-life (Gd-DTPA-destrane has an half-life of several hours) that causes a
larger risk for toxicity and immunological reactions.

Finally, also microcrystals of ferrous oxide have been utilized: coated with
polymeric structures of particular sizes, they stay confined to the vessels
before they are eliminated by the endothelial reticular system of the liver,
spleen, and bone marrow.

As for the blood-pool contrast agents, studies of phase II and III are being
completed with favorable results (see Paragraph 7.3.2).

4.2 Behavior of extra-vascular contrast agents
at myocardial level

The local concentration of extravascular contrast agents with low molecular
weight at the cardiac level are remarkably affected by the changes in distri-
bution volumes, which in turn are affected by the tissue’s physiopathological
status — as occurs for example in the case of the loss of compartmentalization
following the destruction of the cell membrane. The pharmacogentic charac-
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teristics of Gd-DTPA have been studied in an animal model characterized by
a precisely defined ischemic territory [9] where the kinetics of the contrast
medium can be modelled according to Kety’s modified model [9-12]:

[Gd - DTPA]i (t)= FEzt [Gd-DTPA] (1) e FE/(er)dr

where F is the regional perfusion, E is the extraction fraction of the Gd-DTPA,
[Gd-DTPA] is the concentration of the arterial (a) and tissue (i) contrast
medium, and A is the partition coefficient for Gd-DTPA. In agreement with
this equation, if the input of the arterial function is kept constant so that the
concentration of tissue and blood Gd-DTPA is in equilibrium, then A will be
the ratio between the tissue and arterial concentrations of Gd-DTPA. If these
considerations are true, an increase in distribution volume - the effect of the
loss of ischemic myocardial cell-membrane integrity - origins an increased
mass of Gd-DPTA per tissue-mass unit, which results in a higher increase of
the signal compared to normal tissue in T1-weighed images. It is apparent
that whenever the regional perfusion (F) is altered or unbalanced, the local
kinetics of the contrast medium are heavily affected. Figure 4.4a shows the
intensity vs time curves (signal intensity that is in turn a function of the local
concentration of the contrast medium). It is apparent that once the intensity
plateau is reached, the washout is influenced by the presence of the contrast
medium within the interstitial space, where during this first phase it is dis-
tributed according to the principles mentioned above.

Another application that derives from other pharmacokinetic considera-
tions on low molecular weight contrast agents has recently become widespread.
In presence of necrotic myocardium and during the phase of post-ischemic
reparation, severe structural alterations occur (increase of collagen component,
alterations of local perfusion, etc.) and determine an accumulation and delayed
contrast medium washout. The result is a wide difference in the concentration
of the contrast medium in the necrotic and non-necrotic tissue, which reaches
the maximum differential after 10-15 minutes from the i.v. administration. By
utilizing adequate acquisition techniques, the diverse concentration in necrotic
and non-necrotic (hence viable) tissues is amplified (see Paragraph 7.3.3).

4.3 Distinctive behavior of intravascular contrast agents at
myocardial level

In the study of myocardial perfusion based on the first pass technique, one of
the implicit problems in the use of blood-pool contrast agents is the fact that
the concentration (number of molecules per volume unit) is inevitably
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Fig. 4.5. Myocardial perfusion
study performed with an
intravascular contrast agent
(iron dioxide) in an animal
model

reduced as compared to the extra-cellular agents, which makes the signal
weaker (Fig. 4.5) as compared to the enhancement effect obtained with a stan-
dard dosage of extra-cellular contrast agents (Fig. 4.6). Moreover, this prob-
lem seems to be overcome through the increased effectiveness in terms of
relaxivity (that is, the capacity of modifying the T1 of the neighboring pro-
tons) of the more recent intravascular contrast agents. The first indications as
to the use of intravascular contrast agents in the visualization of the vessels
appear univocally positive [13].

In reality the concept of indirect contrast agents has much more complex
implications. For example, we must consider that hydrogen atoms in water -
notwithstanding their compartment of origin (red blood cells, plasma, inter-

.

Fig. 4.6 a, b. Study of myocardial perfusion performed with an extravascular contrast agent (gado-
diamide) in an animal model. The wide ischemic territory can be well appreciated in figure (b) as
a region of reduced signal intensity, pertaining to the anterior descending coronary artery, if com-
pared with the other myocardial regions
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stitium or tissue cells) — change their compartment between the intracellular
space and the interstitial space with a rate of 8-27 times per sec, and about 7
times per sec between the interstitium and the plasma. Therefore, there are
about 40 water exchanges between the blood and the interstitium at each sin-
gle passage through the capillaries. Such frequency of water exchanges pre-
supposes movements within times shorter than those required for proton
relaxation that the agents cause in the 'H atoms. Thus the effect of the con-
trast agents largely depends on the concentration in the voxels but is, at least
in part, independent from the distribution of the contrast medium in the
voxel and thus independent from its compartmentalization. The above is
especially true in the case of paramagnetic contrast agents. In the case of
superparamagnetic contrasts agents that induce distortion of the magnetic
field only in the point where they create a lack of homogeneity in the mag-
netic distribution, their action is not only markedly influenced by the con-
centration, but also by the compartmentalization inside the voxel. If, for
example, as a consequence of a heart attack the compartmentalization
between plasma, interstitium and the cells (being lysated) is lost, there will be
a reduced contrast effect (in the perfusion images) caused by these agents,
since the expanded volume of distribution will lessen the influence of these
compounds on the magnetic susceptibility.

These movements of water protons between compartments significantly
influence the signal variations induced by the contrast agents and thus must
be considered, and perhaps corrected, from a modellistic point of view, when
one passes to a semi-quantitative or quantitative evaluation of regional per-
fusion distribution [14].

All the first pass acquisition techniques must overcome the above problem
of the water exchange between vasculature and interstitium. The contrast
medium acts indirectly through its effect on the signal coming from the
hydrogen nuclei, therefore the phenomenon of water exchange through dif-
ferent compartments can cause problems relative to the evaluation of the
presence of the contrast medium in the vessels of the tissue under examina-
tion. Hence, even if the contrast medium is confined to the vascular com-
partment where it has a reducing effect on T1, because of the very exchange
of water molecules between vessels and insterstitium, we can obtain magne-
tization outside the compartment where the proton had contact with the con-
trast medium, and thus a contamination of the signal coming from other
compartments. The relaxation time T1 of a voxel in which there are several
distinct compartments depends indeed, not only on the characteristic T1 of
the given compartment, but also on the water exchange between the various
compartments. This phenomenon can interfere with the quantification of the
flow when using a no-exchange model that does not foresee exchanges. In
such cases, the hematic volume can be overestimated, which can consequent-
ly lead to an erroneous assessment of regional perfusion.
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The opposite situation would occur with models that take into account
fast exchanges. However, by using a sequence prepared with a saturation
recovery pulse performed setting a short TR (<4 ms) and a wide flip angle
(>20°) a situation comparable to the non-exchange condition can be
obtained.

4.4 Intracellular or organ-specific contrast agents

Noteworthy of mention are the intracellular or organ-specific contrast agents
that can penetrate cells. Manganese (Mn), a paramagnetic contrast medium,
can be towed inside cells through the calcium channels of myocardiocytes.
However, free Mn is highly toxic and perhaps even teratogenic. The only Mn-
based contrast medium on the market is Mn-DPDP (Mn-dipyridoxal diphos-
phate), the use of which is limited to studies on hepatic imaging. To date, the
necessity of administering high dosages to increase the myocardial signal has
limited its use in humans, at least for what concerns the cardiovascular district.

4.5 Guide to the use of contrast agents in cardiovascular
magnetic resonance

In cardiologic studies, contrast agents are generally employed on a routine
basis for three purposes: inducing or excluding the enhancement of patho-
logic structures (e.g. neoplastic masses, thrombotic formations), gaining
diagnostic benefits in agreement with what might be defined as the semiotics
of “classic” magnetic resonance; to study myocardial viability [15]; and assess
myocardial perfusion [16]. For details on the use of the contrast agents we
invite the reader to the pertaining chapters.

In the case of angiography with magnetic resonance (MRA) we can briefly
say that the use of contrast agents is practically unavoidable in all districts -
with the exception of intracranial vessels - also when, as in the case of the
thoracic aorta, the images that can be obtained with static and dynamic
images already offer a wealth of diagnostic information. In the case of
Contrast Enhanced Magnetic Resonance Angiography (CEMRA) there are a
few pragmatic principles (see pertaining chapters) that guide the choice on
the dosage and velocity of administration, along with the presupposition that
the shortening effect on T1 is a function of the local concentration (Fig. 4.7)
that can be reached only with high dosages and rapid administration.

The use of contrast agents with intravascular distribution (blood-pool)
seems quite promising for MRA in that these agents have a better Contrast-
to-Noise Ratio (CNR) than the extravascular ones. However, the use of such
contrast agents is not void of negative effects,among which their permanence
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within the venous system, which inevitably contaminates the images
obtained at the equilibrium state. Yet it is early to understand what the impact
of the use of blood-pool agents in MRA will be and whether such use will
involve substantial changes in techniques and acquisition sequences.

4.6 Toxicity of contrast agents in magnetic resonance

This is an issue of particular interest especially for MRA. In fact, MRA employs
higher volumes of contrast medium (the maximum limit that should not be
exceeded is 4 mmol/kg corresponding to 8 ml of contrast medium o0.05 mmol
every 10 kg of body weight) with the purpose of obtaining the shortest T1 pos-
sible and having the optimal contrast with the surrounding structures that are
still almost void, of contrast medium. Generally, however, lower dosages of
about 0.2-0.3 mmol/kg are used.

The toxicity of the contrast agents used in MRI (at least those in use today,
employed in over a million of individuals) has been shown to be extremely
low as to the major collateral effects (very few documented cases of severe
idiosyncrasy or lethal effects) and minor effects (skin rashes, itching, etc.).
For this reason the agents are administered without any particular patient
preparation or preliminary check-ups. The low toxicity is explained, among
other reasons, by the high molecular stability (dissociation constant) that
remains practically unchanged all the way until the elimination of the mole-
cules through the kidney and through the liver (the latter representing 5-10%
of the whole ammount administered) (Fig. 4.8), without freeing Gd in ionic,
and thus toxic form. This high stability remains unchanged for many hours
after administration. As for the iodate contrast agents, also in this family of
contrast agents for magnetic resonance, many non-ionic molecules for reduc-
ing toxicity have been developed. Low toxicity apart, the true advantage
remains however in general quite modest, although useful when dealing with
patients with a pluri-allergic status.

A completely different issue is the use of these agents in patients with kid-
ney failure, since the kidney is the main path for elimination of the medium.
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Yet, there are studies that document their usability in patients with creatinine
plasmatic levels >5 mg/dl or, however, with a reduction of creatinine clear-
ance below 30 ml/min [17-24]. Therefore, in clinical practice, these patients
too, are administered high volumes of contrast medium (up to 0.4 mmol/kg)
without particular precautions.

4.7 Way of administration

Intravenous administration of contrast agents can be performed manually in
the case of tumor masses or in case of viability studies (delayed enhancement),
but requires a pressure injector in all other cases. In the case of high volumes,
as for the MRA exam (30-50 ml of contrast agents), there are no precise guide-
lines regulating the injection rate since every scanner is different with its own
acquisition time procedure. Consequently, the velocity of infusion must be
optimized in function of the equipment’s rapidity of acquisition. Some studies
however indicate an injection velocity of 2 and 4 ml/sec. In the case of the study
of myocardial perfusion, the aim is to have the bolus arrive in the left sections
of the heart as compact as possible, so as to obtain an input function charac-
terized by a rapid rise and minimize the variability between injections. For per-
fusion studies, it is pragmatically advisable not to exceed the injection time of
3 seconds, whatever the volume administered. Elevated flows obviously require
the positioning of a tube of adequate dimensions certified or tested for such
flow levels. The suggestion is just as trivial as useful! For the dosage in single
applications we invite the reader to the chapters on the specific organ.
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5 Intracranial vascular district

RAFFAELLO CANAPICCHI, FRANCESCO LOMBARDO, FABIO SCAZZERI,
DOMENICO MONTANARO

5.1 Introduction

The diagnosis of cerebral pathology currently employs Computed
Tomography (CT), Digital Subtraction Angiography (DSA) and Magnetic
Resonance Imaging (MRI). The latter plays an important role as it provides
structural information through the study of the encephalic parenchyma, and
functional information through the analysis of molecular motion (diffu-
sion), cell metabolism (spectroscopy), and blood flow (perfusion and MR
Angiography - MRA).

Although DSA is an invasive and expensive technique, it is still considered
irreplaceable in image diagnostics of many cerebro-vascular pathologies.
However, the implementation of fast sequences and of sophisticated applica-
tion software on high-field MR equipment today allows, to obtain vascular
images iconographically similar to those of DSA and with a sufficient spatial
resolution in a non-invasive and relatively inexpensive way.

Hence, MRA has gained its place among the neuroradiologist’s diagnostic
tools and is successfully gaining ground in clinical practice.

This chapter will deal with the potential and the limits of MRA method-
ologies in the neuroradiological assessment of major intra-cranial vascular
lesions; for didactic purposes MRA types will be treated based on the dis-
tinction between arterial and venous abnormalities. For many of these
abnormalities, DSA is still the method of choice, although MRA is increas-
ingly being considered, as new sequences are being provided by technologi-
cal progress.

Here, the technical aspects of MRA will not be treated as they have already
been approached in the previous chapters.

5.2 Arterial compartment

5.2.1 Anatomical variants and persistence of fetal anastomoses

The circle of Willis connects the arterial vessels of the base of the skull and
forms the main way for collateral flow in the case of obstructive pathology of
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the large cerebro-ascending arterial trunks. Unfortunately, the circle is com-
plete only in 21% of cases, which explains the variability of clinical presenta-
tion (which can go from a simple transient ischemic attack to a definitive
hemi-plegia), for example, in the case of a carotid occlusion [1].

Therefore, in the occurence of an ischemic event, knowing the morpholo-
gy of the circle can be useful. In approximately 10% of cases, the supra-optic
tract of the anterior cerebral a. (A1) is missing or hypoplasic with supply of
the pericallosal a. from the anterior communicating a. (Fig. 5.1a).

In 20% of individuals the communicating posterior a. arises from the
carotid siphon (fetal origin) and continues directly in the posterior cerebral
a. with absence or hypoplasia of its premesencephalic tract [2] (Fig 5.1b).
Asymmetry between the two vertebral aa, with one side dominating over the
other, is frequent.

The most common form of persistent fetal anastomosis (0.55% of cases) is
the primitive trigeminal artery, and derives from the missed involution of the
embryonic circulation system. Less frequent are the hypoglossal a., the oph-
thalmic a., and the proatlantal a. [3]. The primitive trigeminal a. connects the
intracavernous tract of the carotid siphon to the intermediate tract of the
basilar a. at the point of origin of the trigeminal nerve (Fig. 5.1c). Often the
proximal segment of the basilar a. is hypoplastic.

Less frequent anatomical variants are the duplication of the superior cere-
bellar a. (Fig. 5.1d), the fenestration of the basilar a., the azygos pericallosal a.
(Fig 5.1) [4].

The presence of such anatomic abnormalities can be detected in a simple
way by adding a 3D Time of Flight (TOF) sequence to the MR structural study.

5.2.2 Arterial lumen abnormalities: steno-occlusion and ectasia

This group gathers luminal abnormalities of the intra-cranial portions of the
cerebro-afferent arterial vessels and the consequences of the obstructive
pathology of the extra-cranial arterial cerebro-afferent compartment on the
intra-cranial circulation.

Atherosclerotic disease is the most frequent cause of arterial canalization
damage, followed by dissections, vasculitis, dysplasia (fibro muscular dyspla-
sia, moya-moya, carotid aplasia-hypoplasia), coagulopathies and extrinsic
compressions (tumors).

Atheromas mostly affect arterial cerebro-afferent vessels in the extra-cra-
nial district but also in the intra-cranial compartment, both directly and as a
consequence of a number of pathologic situations (embolization, reduction in
blood supply, and thereby Oz, in the designated territories). Atherosclerotic
disease causes artery wall alterations that can lead to stenosis, ulceration,
thrombosis or ectasia [5].

Stenosis of the main arterial trunks appears in MRA as a focal narrowing
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Fig. 5.1 a-f. (a) MRA, 3D TOF, MIP reconstruction, coronal view: unique pericallosal (Azygos)
artery associated to hypoplasia of the left A1 tract; (b) MRA, 3D TOF, MIP reconstruction, axial
view: fetal origin of the left posterior cerebral a. from the carotid siphon with hypoplasia of the pre-
mesencefalic portion; (c) MRA, 3D TOF, MIP reconstruction, sagittal view: primitive trigeminal a.
connecting the intrapetrosus segment of the left carotid siphon with the intermediate tract of the
basilar a. (d) MPR of the partitions on the coronal plane: Fenestration of left superior cerebellar a.:
double origin of the artery with fusion of the two branches in an unique peri-pontine branch. (e, f)
Axial and coronal views, MRA, 3D PC: kissing carotids

of the flow signal delimited by smooth or irregular edges, with poststenotic
apparent normalization. In the presurgical assessment of the extra-cranial
carotid artery stenoses, the study of the intra-cranial circulation aims to
exclude coexisting stenoses of the carotid siphon (tandem lesions) [6] which
would contraindicate endarterectomy (Fig. 5.2a,b).
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3 LN S fj ‘I"r.d
Fig. 5.2 a-d. (a) MRA, 3D TOF, Target MIP reconstruction: high degree stenosis of the intrapetrosus
tract of the right internal carotid a. (b) Same case, 3D TOF + contrast agent, Target MIP reconstruc-
tion of the carotid a. and vertebral a.: stenosating ulcered plaque at the origin of the extra-cranial
internal carotid a. Evidence of concomitant stenosis at the intrapetrosus tract (tandem lesion) (c)
MRA, 3D TOE, Target MIP reconstruction: hemodynamic stenosis of the intermediate tract of the
basilar a. with focal absence of flow signal (d) Same case: confirmation and better definition with DSA

Usually, the TOF sequence is employed, even if it overestimates the degree
of stenosis due to saturation phenomena linked to turbulent flow appearing
near the luminal stenosis, and to intravoxel phase dispersion. As these are
more marked in the 2D TOF sequences, 3D is preferable as it has the further
advantage of a better spatial resolution [7].

Stenoses over 70% of the lumen can appear as a focal absence of flow sig-
nal (Fig. 5.2¢,d).
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Lumen abnormalities are not easy to locate at the level of the petrous, cav-
ernous and supraclinoid segments of the carotid siphon, as the course of the
vessels is irregular and not perfectly orthogonal to the acquisition plane. This
fact give rise to saturation phenomena artifacts that, simulating arterial
lumen narrowing, may lead to diagnostic error. Generally, the signal loss of
artifactual origin concerns both carotid siphons and is perfectly symmetri-
cal; however, if there is any doubt concerning the morphology, it is recom-
mended to rely on complementary sequences, such as the 2D Phase Contrast
(PC) with the appropriate Velocity ENCoding (VENC) [8], or on the injection
of a contrast agent (such as in the 3D TOF CEMRA sequence) that minimizes
the inflow effect and exploits the T1 shortening caused by the Gd in the cir-
culating blood [9] (Fig. 5.2a,b).

About 50% of severe ischemic events are due to thrombo-embolic occlu-
sion of the internal carotid a. in its supraclinoid tract, of sylvian a. (main
branch or first degree branching), or of posterior cerebral a. [10].

MRA, performed in the acute phase, has a diagnostic sensitivity close to
100% [11], therefore, in the case of stroke, it is recomended to complete the
traditional MRI exam and the diffusion and perfusion sequences with a 3D
TOF sequence.

Occlusion causes absence of signal inside the artery lumen being exam-
ined, generally with sharp edges, with the disappearance or reduction of flow
in the territory of dependant supply, according to whether there are collater-
al circles or not, and to their extent. Much more difficult is the diagnosis in
case of occlusion of the peripheral intra-cranial arterial branches. In fact, the
ischemic oedema can slow down the flow in small vessels, causing a satura-
tion phenomenon that obstacles their identification also in case of main-
tained lumen patency (Fig. 5.3a-c).

Also hemodynamically-significant stenoses of the carotids and basilar
first-degree arterial branches appear as absence or marked focal decrease of
flow signal [12] (Fig. 5.3d).

If the diagnosis of steno-occlusion is confirmed, the following step con-
sists in the search for signs of any compensation by collateral vascular
branches. This can be achieved by using either TOF sequences with selective
positioning of presaturation bands, or - more simply and rapidly - 2D PC
Phase Difference Processing (PDP) after choosing an appropriate VENC [13].
The circle of Willis and the ophtalmic aa. can be evaluated by juxtaposing two
1 cm-thick slabs at the cranial base.

This allows us to identify separately the direction of the flow according to
the orientation of the single gradients. Indeed, in the image processed for evi-
dencing the PDP, the flow oriented toward the versus of the gradient is codi-
fied with a high signal, while the opposite flow is codified with a low signal
thus suggesting which arterial afferents are involved in the revascularizing
the ischemic territory (Fig 5.4a-e).

Because MRA is a non-invasive procedure, it is suitable in follow-up for
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Fig. 5.3 a-d. (a) MRA, 3D TOE, MIP reconstruction, axial view. Right Temporal hemorrhagic infarc-
tion: the periferal sylvian branches are much less evident for saturation phenomena due to the
delayed flow. (b) MRA, 3D TOE, MIP reconstruction, axial view. Bare left sylvian tree for partial
occlusion. (c) Same case: MRA, 3D TOF, Target MIP sagittal view. Subtotal occlusion of the left syl-
vian a. (d) MRA, 3D TOF, Target MIP, coronal view : stenosis of the horizontal tract of the right syl-
vian a.

documenting the re-canalization after fibrinolytic therapy of an obstructed
arterial lumen.

In cases of vasculitis structural MRI has an important role in the diag-
nostic work-up demonstrating brain injury, but the same cannot be said for
MRA. In fact, the disease affects small vessels, causing multiple focal narrow-
ing and ectasia which are hard to detect with the MRA techniques available
today [14]. Therefore, although the DSA does not reach 100% diagnostic sen-
sitivity, it still remains the current standard of reference.

In vasculitis that involve also larger vessels (Takayasu syndrome) MRA
can result useful, but the findings are similar to those of atheromasic disease.

Atherosclerosis of the intra-cranial arterial district causes degeneration in
the tunica media, which may determine in elder patients ectasia and tortuosi-
ty of the vessels. The event may involve the whole main artery (dolico-ectasia)
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Fig. 5.4 a-e. (a) MRA, 3D TOF, MIP reconstruction,
coronal view. Occlusion of the left extra-cranial
internal carotid a. and preocclusive stenosis of the
right carotid siphon. (b) Same case, MRA, 2D PC
CDP VENC 8o, axial view. Absence of flow signal of
the left carotid siphon. Good representation of the
intra-cranial vasculature. (¢) Same case, MRA, 2D
PC, PDP VENC 8o, flow direction anterior/posteri-
or. Inversion of flow direction in the Ophthalmic aa.
and in the Posterior Communicants that contribute
to the rehabitation of the intra-cranic carotidal cir-
culation. (d) Occlusion of left Internal Carotid a.,
MRA, 2D PC, CDP VENC 8o. Absence of flow signal
of the left carotid siphon. Good representation of
the intra-cranial vasculature. (e) Same case, MRA,
2D PC, PDP VENC 8o direction of flow gradient
anterior/posterior. Inversion of flow direction in the
left ophthalmic a. which appears hyperintense.
Notice the contro-lateral a. appears hypointense the
flow being regularly directed
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or a portion of it (fusiform aneurysm). Dolico-ectasia more frequently
involves the vertebro-basilar district and less often the carotid siphons [15].

The most informative MRA sequence is the 3D TOE. The affected artery
becomes ectatic and elongated, with irregular walls due both to the presence
of atheromasic plaques and to intramural hemorrhage and wall thrombi. This
determines turbulence and slowing of the flow, with a focal signal loss which
is difficult to differentiate from a lumen narrowing. Therefore, for diagnostic
purposes, the use of PC sequences or contrast agents may be required to com-
plete the study [16].

The ectatic carotid siphons can run medially within the sella turcica,
instead of coursing laterally along the carotid sulcus, approaching the medi-
an line and assuming the so called aspect of “kissing carotids” (Fig. 5.1e,f).

Fusiform aneurysms most often have an atheromasic origin. Less frequent
origins are collagenopathies and viral infections (chicken pox, HIV). They
involve the basilar a., where MRA detects a focal elongated arterial ectasia
with variable extension that does not usually involve the main branches.
Inside the lumen there are haematic clots that slow down the flow and cause
turbulences that originate signal loss due to spin saturation and intravoxel
phase dispersion when 3D TOF sequences are used (Fig. 5.5a,b). The use of
contrast agents does not always solve the problem because the signal emitted
by the meta-hemoglobin in the clot overlaps the signal emitted by blood flow
and can be responsible for false negatives. More reliable information can be
obtained with PC sequences but the exam of choice for the most accurate bal-
ance is still the DSA.

Arterial dissection causes 10-15% of ischemic strokes occurring among
young adults.

Intra-cranial dissection of arteries is often traumatic in origin and is
mostly localized at the supra-clinoid carotid siphons, distal segments of ver-
tebral aa, and basilar a.

The MRI and MRA findings are comparable to those of the extra-cranial
cerebro-afferent arteries but are more difficult to recognize because of the
small size and tortuosity of the vessels.

The moya-moya syndrome is a vascular dysplasia characterized by a pro-
gressive occlusion of the intra-cranial arteries, with unusual collateral com-
pensative circulation coming from lepto-meningeal, trans-dural, lenticulo-
striate and thalamus-perforating anastomoses. The latter take on the aspect of
a cigarette smoke puff (in Japanese moya-moya). The syndrome can affect
both children and adults and may be associated with various pathologies such
as neurofibromatosis, sickle cell disease, atherosclerosis, and radiotherapy.

The most informative MRA sequence is the 3D TOFE, which evidences the
narrowing of the arterial tracts involved (generally the supra-clinoid seg-
ments of carotid siphons) and the collateral circulation that have a typical
aspect when they involve the lenticulostriate a. and appear as high-signal con-
torted tubular structures. The analysis of single sections and of the structur-
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Fig.5.5 a-e. (a) MRA, 3D TOF, Target MIP recon-
struction, sagittal view: fusiform aneurysm of
the upper portion of the basilar a. partially filled
with thrombotic material. (b) Same case, MRA,
3D TOF partition: intra-luminal thrombosis in
. the basilar a. Persistence of right antero-lateral
flow. (¢, d) Moya-moya. MRA, 3D TOE, MIP coro-
nal and axial reconstruction. Occlusion at the
bifurcation of the right internal carotid a. with
vascular “blush” (moya) at the level of right
putamen. (e) Same case. Axial MR image T
hypointense spot at the anterior right putamen
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al MR images provides important diagnostic elements of proof (Fig. 5.5¢c-e).
The use of contrast agents can also be useful in reducing the saturation effects
caused by the slow flow in the collateral circulation [17].

5.2.3 Vascular malformations

Vascular malformations derive from amartomatous development of the meso-
dermal vascular components and are classified into 4 subgroups: Artero-
Venous Malformations (AVM), Venous Angiomas (VA), Cavernous Angiomas
(CA) and Capillary Telangiectasias (CT). The AVM can be located at pial or
intra-parenchymal level (AVM strictly speaking) or may involve dural vessels
[dural artero-venous shunts, usually addressed to as Dural Artero-venous
Fistula (DAF)]. In reality, most of the DAF represents acquired pathologies.
Vascular malformations can also be distinguished into forms that are angio-
graphically detectable (AVM, DAF, and VA) and forms that are occult (CA, CT,
and AVM completely occluded as a consequence of thrombosis) [18]. AVM are
the only ones that can be studied with MRA.

The VA will be discussed in Paragraph 5.3.

AVM are today considered the result of anomalous regulation of angio-
genetic processes, most often occurring at the supra-tentorial level. They
consists of 1) mature nutritive arterial vessels with aneurysmatic dilatations,
2) a nidus of dysplastic vessels (with no interposition of the capillary bed nor
of the normal cerebral parenchyma) with aneurysmatic dilatations and
artero-venous fistulas, 3) superficial or deep draining dilated veins. In 50% of
cases an hemorrhagic ictus is the presenting symptom, while epilepsy or focal
neurological signs are observed in 25%.

Treatment can be surgical, endovascular, radio-surgical or combined [19].

To date, arterial DSA still remains the most useful diagnostic tool, espe-
cially in view of surgical or endovascular treatment; however, MRA provides
useful information and plays a very important role in view of radio-surgical
therapy and in posttreatment follow-up [20].

In their evaluation by MRA, it is recomended to use both TOF and PC
sequences because it is useful to evaluate separately the afferent arteries, the
efferent veins, and the nidus when present.

The 3D TOF allows a good identification of the afferent arteries and
nidus, while the efferent vessels remain less visible due to spin saturation
phenomena, except for high flow AVM (Fig. 5.6a,b).

It is also possible to have selective information on the origin of the indi-
vidual feeding arteries of the AVM by properly positioning the presaturation
bands and repeating the sequences, but this is a time consuming process. The
reconstruction with target MIP algorithms eliminates overlapping vessels
that are not involved, providing better diagnostic images [21, 22] (Fig. 5.6¢).

When sub-acute intraparenchymal hemorrhage is present, met-hemoglo-
bin overlaps the flow signal, making the identification of the AVM vessels dif-
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Fig.5.6 a-e. (a) MRA, 3D TOE, MIP reconstruction,
axial view. Left occipital AVM supplied by branch-
es of sylvian a. and posterior cerebral a. Venous
drainages scarcely identifiable, especially the deep
ones with lower flow. (b) MRA, 3D TOF MOTSA,
MIP reconstruction, coronal view: right deep
frontal AVM with low flow supplied by sylvian and
lenticulostriate branches with deep parasagittal
frontal nidus and artero-venous shunt. (¢) MRA,
3D TOE, MIP reconstruction, axial view, with selec-
tive presaturation band. Left Temporal AVM with
high flow. Portion of AVM supplied by temporal
and temporo-occipital branches of sylvian a. with
artero-venous shunt. (d) Axial MR T1image. Right
parafloccular lipoma: small hyperintense mass
reaching the posterior site of the cisterna at the
right pontocerebellar angle. () MRA, 3D TOF
Target, MIP reconstruction, sagittal view of verte-
bro-basilar arteries: hyperintense formation near
to the right postero-inferior cerebellar a. that
mimics an abnormal AVM-like flow
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ficult. Conversely, tissues with short T1 can cause false positives (Fig. 5.6d,e).
In these cases the PC sequences are useful since the subtraction of stationary
tissues — lipoma and hemorrhage included - allows us to obtain completely
flow-related images. The most used PC sequence is the 2D with appropriate
VENC (60-80 cm/sec). Even if the 2D images can be visualized only in the
acquisition plane, they can be oriented on different planes in short time, pro-
viding selective information on the small feeding arterial branches [23, 24].

Identifying the efferent venous vessels is extremely important also for prog-
nostic purposes, as the presence of venous ectasia or deep venous drainages is
associated with higher risk of bleeding and with increased surgical risk [25]. If
the AVM has low flow velocity, the most suitable TOF sequence is 3D, while 2D
is more indicated for high flow artero-venous fistulas.

The PC technique with low VENC (20-30 cm/sec) is also employed in the
study of the efferent veins. In the 2D sequence the slice must be positioned at
the level of the AVM, both on the sagittal and on the axial plane, as the latter is
the most appropriate for visualizing deep venous drainage (Fig. 5.7a).

Gadolinium administration increases the contrast and thereby allows a
better identification of small vessels with both TOF and PC techniques, even
if the TOFs are negatively affected by stationary tissue enhancement and by
the low selectivity of the method (Fig. 5.7b).

Three-dimensional MRA sequences after intravenous contrast agent
bolus administration (CEMRA) are extremely useful in the evaluation of
AVM. In this sequence, K-space is filled with an ellipsoidal or spiral trajecto-
ry, so that it is possible to acquire the main anatomical information in a very
short time interval. If acquisition is started when the contrast agent reaches
the selected vascular district,images will display the first pass of the contrast
agent through the vascular structure. Furthermore, the acquisition can be
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Fig. 5.7 a-e. (a) MRA, 2D PC, CDP VENC 4o.
Right frontal parasagittal AVM. Excellent repre-
sentation of a superficial venous drainage. (b)
Same case, MRA, 3D TOF + contrast agent, MIP
reconstruction, axial view. Well defined borders,
also of the small vessels but overlapping of arter-
ies, veins, and angiomatous nidus. (c) Axial RM
image FSE Ta2-weighted. Left frontal prerolandic
AVM: hypointense cortical-subcortical angioma-
tous nidus. (d) Same case of a) and b). Partition of
MRA, 3D TOE. Well evidenced flow signal deriv-
ing from the angiomatous nidus. (e) Volumetric
reconstruction of encephalic parenchyma and of
the vessels in AVM supplied both by the sylvian a.
and by left posterior cerebral a. with the nidus
deeply located in the occipital lobe

repeated in a multiphase approach such as the arrival, filling and washout of
the contrast agent at the level of the target vessel.

The off-line reconstruction and analysis of all phases, with the Maximum
Intensity Projection (MIP) algorithm for example, can allow the detection of
the afferent and efferent vessels related to the AVM nidus (Fig. 5.8a-d). In real-
ity, this is only partially true. Sometimes, the speed of the flow is so high and
the persistence of the contrast agent within the nidus and in the related ves-
sels is so prolonged, that it is impossible to identify the single phases. This is,
however, possible with DSA.



102 MRI of the Heart and Vessels

Fig. 5.8 a-d. Frontal artero-venous malformation. (a) Antero-posterior projection from MIP algo-
rithm reconstructions of images acquired in MOTSA. With this technique the vascular nidus is
barely visible due to the high flow relative to arterial afferents. (b, ¢, d) CEMRA images were
acquired in three phases following the bolus injection of the contrast agent: early [arterial, (b)],
intermediate [capillary-venous, (c)] and late [(venous, (d)]. Arrow 1: dilated draining vein; Arrow 2:
absence of direct signal from artero-venous nidus. Arrow 3: arterial supply of AVM (sylvian and
lenticulo-striate branches). Arrow 4 and s5: direct enhancement of A-V nidus. Arrow 6: draining
veins afferenting to the septal longitudinal sinus. Arrow 7: varicous enlargement of a draining vein.
Arrow 8: direct collection of some veins into the superior sagittal longitudinal sinus

The angiomatous nidus must be analyzed precisely regarding its size and
its location related to the cerebral eloquent areas so that the physician can
plan the correct surgical or radio-surgical approach to preserve such struc-
tures as much as possible. Structural MR images can be sufficiently adeguate
for this aim [26], however the vascular or parenchymal (hypointense) calcifi-
cations may mimic anomalous vascular structures, leading to errors of over-
estimation of the size of the nidus.

More reliable information can be obtained from the source images of a 3D
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TOF sequence (Fig. 5.7¢, d), which can be rebuilt also in different planes from
the axial one, allowing a 3D view of the nidus. In fact, we can obtain also vol-
umetric and surface reformations that simultaneously show the vessels and
the encephalic parenchyma, hence locating the AVM nidus in relation to the
cortical topography (Fig. 5.7e).

The MRA techniques are recommended in the follow-up of treated AVM
and are the reference point for further decisions on more-invasive procedures.

PC sequences allow the acquisition of data related to velocity and quantity
of flow of an AVM. Just by employing 2D Complex Difference Processing
(CDP) sequences with a different VENC we can already get an idea, although
approximate, on flow velocity, while by using the single section cine PC Phase
Difference Processing (PDP) orthogonally oriented to the flow of the main
arterial afference, the changes in flow amount can be quantified in compari-
son to the contralateral unaffected artery [27] and also quantify the reduction
of flow as consequence of treatment.

The DAFs are formed by a group of microfistulas located between arteri-
al dural branches coming from the internal and/or external carotid and the
dural wall of a venous sinus. Most DAFs are acquired, due to traumas or
venous thrombosis, with pathological activation of neo-angiogenesis.

The diagnostic modality of choice of DAFs is DSA. MRA is often normal,
especially in the small-sized or low flow forms. If abnormal features are pres-
ent, these are gross and partial, they do not delimit the angio architecture in
detail and require the further employment of DSA, which extensively and
selectively documents the feeding arteries, the venous thromboses, and the
venous drainages - in particular the cortical ones that are associated with a
higher risk of hemorrhage [28].

The MRA evaluation of the DAF can be performed by using both PC with
low VENC, and 3D TOF - pulse sequences. The analysis of the single parti-
tions has proven to be very useful because it better shows the small areas of
flow signals near dural sinus and sinus thrombosis [29]. The MIP reformation
can evidence the DAF supply coming from the internal and external carotid,
the iuxta-sinusal anomalous network, the possible occluded venous sinus and
cortical or deep drainages (Fig. 5.9a-d).

A particular type of fistula is the Direct Carotid-Cavernous Fistula
(DCCEF). This is not considered a true DAF; it is of traumatic origin and ensues
after laceration of the wall of the intra-cavernous carotid siphon which caus-
es arterial hemorrhage in the cavernous sinus and increases the intra-cav-
ernous pressure inverting the flow in the superior ophthalmic veins [30].

The diagnosis of DCCF is also possible with structural MRI. MRA 3D TOF
techniques evidence flow signal around the intra-cavernous carotid siphon
and in the superior ophthalmic vein. Source-image analysis helps in defining
the peri-arterious high signal of the venous blood, which can be suppressed
by a properly positioned presaturation band (Fig. 5.9e,f).

Nevertheless, the diagnostic method of choice for DCCF is still DSA, espe-
cially in view of endovascular treatment [31].
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Fig. 5.9 a-f. (a) MRA, 3D TOE, MOTSA, Target
MIP reconstruction. Sagittal view. Dural fistula of
left transverse sinus supplied by posterior branch
of middle meningeal a. and likely by retroaurico-
lar branches. Thrombosis of the transverse sinus
with presence of flow in the sigmoid sinus. (b)
Same case, MRA, 2D PC, VENC 30, axial view: this
technique allows to confirm the occlusion of the
left transversal sinus with hematic shunt versus
sigmoid sinus. (c) Same case, selective DSA
catheterization of left External Carotid confirm-
ing the supply of the fistula by the middle
meningeal a. and by retroauricolar branches. (d)
Same case, selective DSA catheterization of left
Internal Carotid: further supply of the fistula by a
tentorial branch of carotid siphon, not visible at
MRA. (e) MRA, 3D TOF, MIP reconstruction,
sagittal view. Right direct carotid-cavernous fistu-
la with arterial blood in the cavernous sinus and
ectasia of superior ophthalmic vein. (f) Same case,
MRA 3D TOF partition. Signal compatible with
arterial flow within the right cavernous sinus sur-

. rounding the carotid siphon
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5.2.4 Aneurysms

The aneurysmatic dilations are classified into saccular, fusiform and blister-
like. The fusiform aneurysms have already been described and the blister-like
ones are too small to benefit from MRA in the diagnostic path. Septic or
mycotic aneurysms most likely have a saccular shape and develop along the
course of more distal arterial branches.

Uncommon forms defined as “serpentine” aneurysms [32, 33] are the seg-
mental ectasia of an arterial branch, which appears extremely tortuous.
Distally, the affected vessel regains its normal shape and supplies the district of
competence as normally. Seen with angiography and MRA, they are very simi-
lar to fusiform aneurysms but in 50% of cases they affect the sylvian a. and its
branching, and occur in young individuals (Fig. 5.10a).

Saccular Aneurysms (SA) are much more frequent; they affect about 11% of
the population, mainly women (3/2), rarely children, and are multiple in 20% of
cases. At present, it is believed that a number of factors contribute to their
development: genetic (they can be found in the Ehlers-Danlos syndrome, in
fibromuscular dysplasia, in the autosomal-dominant form of polycystic kidney
disease and can be found in several members of the same family), biomechan-
ical (abnormalities in arterial dynamics, vessel wall alterations), etc. [34].

SAs generally arise at the level of arterial bifurcations where there is a defect
in the continuity of the tunica media, and focal outpouching of the intima can
occur through a localized defect in the internal elastic lamina. In 90% of cases
they affect the internal carotid, most often the anterior communicating a. SAs are
divided by size into small (up to 12 mm), large (from 12 to 25 mm) and giant
(over 25 mm). Their first most common clinical sign is subarachnoid hemor-
rhage by breaking of the aneurismal sac, with hematic spreading in the pericere-
bral and intraventricular cerebrospinal fluid. However, in 2-9% of autoptic find-
ings, non-ruptured aneurysms are found [35]. Giant SAs can manifest by focal
neurological deficit from brain compression or distal embolism [36].

DSA represents the diagnostic gold standard. When the diagnostic evalu-
ation is performed in the acute phase during subarachnoid hemorrhage, it is
also an indispensable tool for chosing the most favorable therapeutic strate-
gy between the endovascular and microsurgical approach.

Despite recent works declaring its usefulness [37], the role of MRA in
meningeal hemorrhages seems, to date, still limited in the acute setting (Fig.
5.10b-d) because it is burdened by false negatives, and is unable to evidence
vasospasm in a reliable way. Moreover false positives may be due to the pres-
ence of peri-aneurysmatic hemorrhage [38].

Conversely, MRA is an important tool in the screening of non-bleeding
SAs and is reliable in the search of SAs larger than 3 mm, as the smaller ones
cannot be detected due to problems concerning image spatial resolution
(Fig. 5.11a-c). Therefore, it is generally used to confirm or exclude uncertain
findings of structural MR, in the evaluation of subjects at risk, in the fol-
low-up of non-treated carriers, and in postsurgical or endovascular treat-
ment follow-up [39] (Fig. 5.11d-f). Obviously, patients who have undergone
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Fig. 5.10 a-d. (a) MRA, 3D TOF, Target MIP reconstruction, coronal view. Serpentine aneurysm of
horizontal segment of right sylvian a,: focal fusiform ectasia of M1 and M2 with normal size of arte-
rial branches downstream. (b) MRI, FLAIR sequence, coronal view. Acute hemorrhage: hyperin-
tense material within the left peri-hemispheric subarachnoid space. There is also an hypointense
lesion within left sylvian cistern suggesting saccular aneurysm of the middle cerebral a. (c) Same
case, MRA, 3D PC, MIP reconstruction, axial view, without conclusive diagnostic features. (d) Same
case, DSA with selective catetherization of the left internal carotid: in this image the saccular
aneurysm is diagnostically well defined

Fig. 5.11 a-f. (a) MRA, 3D TOF MOTSA, Target MIP reconstruction, axial view. Small saccular
aneurysm at the right sylvian bifurcation. (b) MRA, 3D TOF, MIP reconstruction, sagittal view: large
saccular aneurysm of carotid-ophthalmic level. The aneurysm has grown superiorly. (c) MRA, 3D
TOF MOTSA, Target MIP reconstruction, oblique view: bilobate giant saccular aneurysm of left
carotid bifurcation. Extensive thrombosis inside the inferior lobe. (d) MRA, 3D TOF MOTSA, Target
MIP reconstruction, parasagittal oblique view: saccular aneurysm of the apical segment of basilar
a.In this case the aneurysm has grown posteriorly. (e) Same case, MRA, 3D TOF MOTSA, Target MIP
reconstruction, parasagittal oblique view. Two year follow-up: size increase of the saccular
aneurysm. (f) MRA, 3D TOF partition. Area void of signal near the posterior wall of the left carotid
siphon. The lack of signal is due to the presence of Guglielmis’ spirals in saccular aneurysm of the
posterior communicant a. which is totally occluded

Q
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surgical clipping can have MRA only if the material used is magnetically
compatible.

Among all the MRA techniques mentioned, the most informative and most
used method is the 3D TOF. The need for obtaining images with high spatial
resolution that reduce false negatives to the minimum, entails the use of a high
matrix and of thin widely overlapped slabs (MOTSA) to study a sufficient vol-
ume. Magnetization Transfer (MT) and Fat Suppression (FS) must be used to
minimize the signal from stationary tissues. The MOTSA sequences provide
the advantages of both 2D and 3D TOF and can thus also evidence slow flow
aneurysmatic dilatations with a good spatial resolution [40].

Once the presence of a SA has been established, it is necessary to accu-
rately define its location, the relationship with its parent vessel and with the
neighboring anatomical structures, the shape and size of the neck (Fig. 5.12a).
For these purposes it is necessary to have selective reconstruction of each
vessel to avoid overlapping,and to have an accurate analysis of the single par-
titions to rule out the presence of multiple SAs.

In the giant forms, intraluminal thrombi are frequently found. When these
are not recent, they contain met-hemoglobin, which generates a signal that may
be confused with that of arterial flow, causing an overestimation of the intra-
aneurysmal lumen, in the TOF sequences. More recent thrombi show interme-
diate signal on T1 pulse sequences; so MRA 3D TOF images can bring to under-
estimate the size of the aneurysmal sac (Fig. 5.12b, c).

Therefore, it can also be useful to employ PC techniques, which allow the
operator to evidence by choosing different VENC the different flow veloci-
ties inside the sac, differentiating them from the endo-saccular thrombus
(Fig. 5.12d,e). However, the use of this method is limited to few selected cases
due to a number of drawbacks, the main being:

a) the 3D PC sequence, the images of which can be reconstructed on the dif-
ferent planes, is time-consuming because it has to be repeated by chosing
different VENCs. In fact, a low encoding velocity allows to evidence exclu-
sively low flow, while high flow is evidenced with higher encoding velocities

b) the selected VENC does not always provide a good visualization of the
related vessel.

Fig. 5.12 a-f. (a) MRA, 3D TOF, Target MIP reconstruction, coronal oblique view. Large saccular
aneurysm of right vertebral a. at the level of the origin of the postero-inferior cerebellar a. (b) MRA,
3D TOE, Target MIP reformation, coronal view: small saccular aneurysm of distal segment of the
basilar a. (c) Same case, MRA, 3D TOF partition. The aneurysm is considered as a large one because
of the endoluminal thrombosis which is not visible in the postprocessed image. (d) Same case as a)
MRA, 2D PC CDP, axial, VENC 20. Inside the aneurysmatic sac only the slow peripheral flow is evi-
denced. (e) Same case as a) MRA, 2D PC CDP axial view, VENC 60. Within the saccular aneurysm the
fast haematic flow is also evident. (f) Same case as a) MRA, 2D PC PDP, axial view, VENC 4o, direc-
tion of flow gradient antero-posterior: entering haematic flow along the left wall of the sac (hyper-
intense: same direction of the gradient); exit flow along the right wall of the sac (hypointense: oppo-
site direction to the gradient)

—
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In experimental models it has been demonstrated that the blood flow, in
lateral aneurysms (the ones implanted orthogonally to the major axis of the
vessels from which they originate) enters the sac at the distal (downstream)
aspect of the neck, and exits proximally sliding along the wall. Therefore, the
point subject to most dynamic stress, which is also the most likely to rupture,
is the distal wall of the aneurysmal neck and not the dome, as was believed in
the past [42]. This has been confirmed also in vivo with angiographic PC
sequences, which separately evidence the various components of flow inside
large lateral aneurysms [43] (Fig. 5.12f): a high VENC reveals the so-called
“inflow jet”, while a lower VENC evidences the vorticous flow throughout the
sac.

MRA can sometimes be used to solve diagnostic problems that arise from
analyzing traditional MR images. For example, abnormal pneumatization of
an anterior clinoid process at MRI induces an oval lack of signal near to the
supra-clinoid segment of carotid siphon, mimicking an aneurysmatic dilata-
tion. The doubt can be solved with CT or MRA. Because it is non-invasive and
inexpensive as compared to DSA, MRA has become a sufficiently sensitive
and specific screening tool in subjects at risk with familiarity or pathologies
of which the SA can be part of, such as the polycystic kidney, the arterial sub-
intimal dysplasia, cerebral AVM, aortic coarctation, several connective tissue
disorders.

Therefore using MRA 11,7% prevalence of SA has been demonstrated in
patients affected by polycystic kidney, and asymptomatic aneurysms have
been found in 17,9% of blood-relative to sub-arachnoid hemorrhage [44, 45].

5.2.5 Neurovascular conflict

The Neurovascular Conflict (NVC) is among the most frequent causes of
trigeminal neuralgia and facial nerve spasm; NVC is due to the compression
by arterial or, more rarely, by venous vessels on the trigeminal or facial nerve
at the level of the nerve root exit zone, where there is no myelin sheath [46].
The most frequently involved arteries are the vertebral at the vertebro-basi-
lar junction, the postero-inferior cerebellar, and the antero-inferior cerebel-
lar [46]. MRA is the most informative tool in the assessment of NVC. The
analysis of the partitions allows us to confirm or exclude the existence of
NVC at the level of a specific nervous emergence, while MIP reconstruction
identifies the involved artery. In order to better document the anatomical fea-
tures, it is advisable to perform Multiplanar Reconstruction (MPR) of the
partitions, which provides images of high contrast between the arterial ves-
sel (high signal), the nervous emergence or parenchymal structure (interme-
diate signal) and the cerebro-spinal fluid (low signal) on different planes [47]
(Fig. 5.13a,b).
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5.2.6 Expansive lesions
(dislocations and neoformed vascularizations)

In cases of intracranial tumours, MRA - following MRI - provides addition-
al diagnostic elements useful in planning of surgery or stereotassic approach.
The most relevant features concern their relationship to arterial vessels: arte-
rial dislocations caused by mass effect and arterial “blush” in neo-vascular-
rized tumors (Fig. 5.13¢c-f).

5.3 Venous compartment

Although MRA underwent a great development with the study of arterial
pathology, today it has an important role also in the diagnostic balance of the
intra-cranial venous system pathology, together with MRI.

5.3.1 Occlusive pathology

It is believed that about 1% of severe strokes are caused by Cerebral Venous
Thrombosis (CVT). The clinical symptoms, especially at early stages, are
blurry and non-specific, therefore the diagnosis can be delayed with conse-
quences on the therapeutical decisions: because the pharmacological throm-
bolysis must be established as soon as possible.

There are many causes for venous occlusion. The most common are trau-
mas, infections, pregnancy, oral contraceptives, some metabolic unbalances
(dehydration, hyperthyroidism, hepatic cirrhosis), several coagulopathies,
some collagen diseases and vasculitis (such as Behget disease).

Usually the thrombus develops in a venous sinus, increasing venous pres-
sure and hindering the functioning of arachnoid villi: hence the first symp-
tom is endo-cranial hypertension. Afterwards, the thrombous extends to the
deep and cortical affluent veins; upstream venous pressure increases affect-
ing the encephalic parenchyma and originating focal neurological signs (50%
of cases) [48].

DSA has been widely employed with excellent results in the diagnosis of
CVT, but at present the combined use of structural MR and MRA provide a
diagnostic accuracy of approximately 100% as it allows the identification of
both the occluded venous vessel and the possible parenchymal damage.

At the MR exam in the acute phase [49], the fresh thrombus inside the
venous sinus is isointense to the brain in the T1-weighted Spin Echo images
(Fig. 5.14a), while it appears hypointense on T2-weighted images. In fact the
red blood cells contain oxy-hemoglobin, lacking the magnet susceptibility
effect on T1 while inducing loss of signal intensity on T2. Hence, the signal of
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the acute thrombus is undistinguishable from that of circulating blood. The
blood flow on T1 has a variable signal depending on the speed and the orien-
tation of the slices in respect to the direction of the venous vessel, however it
can be hypointense or hyperintense. Hence, the fundamental diagnostic ele-
ment is the isointensity on T1 that can be revealed on all planes [50].

MRA confirms the diagnostic suspicion and better shows the extension of
the thrombotic process from the venous sinus to the afferent veins. The 2D
TOF sequence with presaturation of the arterial flow is generally used
because it better highlights slow flow [51].

The endoluminal thrombus appears as a zone of signal void. To obtain
details in cases requiring an accurate study of the venous system, the most
suitable sequence is the 3D TOF sequence after Gd administration. The 2D-
PC sequence with low VENC (5-15 cm/sec) is employed when rapid informa-
tion on the patency of a venous sinus is needed (as in the case of poorly coop-
erative patients) (Fig. 5.14b). Also with this technique there is no flow signal
in the occluded vessel.

During the sub-acute phase (after 2-3 days) the hemoglobin inside the
venous thrombus changes to met-hemoglobin. As this form causes a magnet-
ic susceptibility effect on both T1 and T2, the thrombotic venous sinus
appears hyperintense on T1 and T2 (Fig. 5.14¢).

The signal change on T1 must be confirmed in all planes in order to be dis-
tinguished from the inflow effect that appears as hyperintensity in the first
images acquired orthogonally to the direction of the vessel. Because mis-
interpretation may also arise from the phenomenon of signal enhancement
in T1 given by the slow flow, hyperintensity should be confirmed on T2-
weighted images in all cases [50].

Met-Hb inside trombus may show similar signal intensity to the normal
flow on MRA TOF images, causing important problems of interpretation. In
such cases it is very helpful to apply PC sequences with low VENC, which are
not biased by the signal from stationary tissue. The collateral channels can be
identified employing phase subtraction, which provides information on flow
direction [52].

Both traditional MR and MRA are indispensable for monitoring vascular
re-habitation (Fig. 5.14d-f).

Fig. 5.13 a-f. (a) MRA, 3D TOF, target MIP reformation. Vertebro-basilar arteries: tortuous right
postero-inferior cerebellar a. (PICA) possible cause of neuro-vascular conflict with the acustic-
facial nerve. (b) MPR of the partitions in the coronal oblique plane: contact between the loop of the
PICA a. and the emergency acustic-facial nerve. (c) MRI, FLAIR sequence, coronal view: large size
meningioma in the right middle cranial fossa. (d) Same case, MRA 3D TOF Target MIP reconstruc-
tion, coronal view: cerebral anterior aa. are dislocated toward the left side and the right sylvian hor-
izontal tract is pushed up and medially. (¢) MRA, 3D TOEF, Target MIP reconstruction, sagittal view.
Right Tympano-giugular glomangioma: vascolar “blush” supply by ascending pharingeal a. (f) Same
case, MRA 3D TOF, partition: confirmation of tumoral neovascularization with confluencing of
hyperintense areas in the tympanic region and the right posterior foramen lacerum

—
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Fig. 5.14 a-f. (a) MR T1 image, sagittal view. Acute thrombosis of the sagittal sinus: intermediate sig-
nal of the superior longitudinal sinus. (b) Same case, MRA 2D PC, VENC 4o, sagittal view: lack of sig-
nal within the superior longitudinal sinus and the rectus sinus. (c) contiguous RM T1 images, sagittal
view. Sub-acute thrombosis of the right lateral sinus: hyperintensity of sinus lumen. (d) Same case,
MRA 2D PC,VENC 40, axial view: lack of signal within the right transverse sinus. (e) Same case as a),
MRA, 2D PC, VENC 4o, sagittal view, follow-up after treatment: rehabitation of the sinus lumen. (f)
Same case of ¢), MRA, 2D PC, PDP,VENC 40, axial view, right to left direction of flow gradient: rehabi-
tation of lateral sinus with orthodromic flow direction (hypointense because directed from left to

right)
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5.3.2 Venous angiomas

Venous Angiomas (VA) are also defined venous dysplasias, because they are
not true malformations but rather venous vessels angiogenically mature and
morphologically dysplastic. Often they remain asymptomatic and are occa-
sionally found upon MRI. The association of cavernous malformation to VA
is well known, and is often complicated by bleeding. Structural MRI is suffi-
cient for diagnostic purposes [53], while MRA is limited to cases of uncertain
diagnosis.

To study VAs that show slow flow, the most suitable sequences are the 2D
TOF with saturation band for the arterial flow and PC sequences with low
VENC. Also the 3D TOF can be used after the administration of a contrast
agent to reduce the circulating blood T1 signal.

Within 3D angiograms it is possible to evidence thin dysplastic medullary
veins with radiated appearance (like a “caput medusae”) that converge in an
enlarged transcortical or subependymal collector vein. Sometimes the
drainage is double and in some cases the VA are multiple [54].

5.3.3 Tumors (relationship with main venous structures:
surgical planning)

The study of the intracranial venous system is very useful in the presurgical
assessment of the tumors for a correct planning of surgical approach.

In traditional surgery of intra-axial tumors it is recommended that the
surgeon know in advance the relationship between the tumor and the corti-
cal veins in order to prevent lesions of the normal surrounding tissue [55].

In the traditional surgical approach to para-sagittal menigiomas it is
mandatory to know whether the tumor has infiltrated or compressed the
superior longitudinal sinus. In particular this information is needed in the
case of retro-coronal menigiomas, since the intermediate-posterior segment
of superior longitudinal sinus cannot be ablated without causing severe
parenchimal lesions - unless obviously the sinus is completely obstructed by
the tumor and compensatory circles have developed. Therefore, if the menin-
gioma completely obstructes the sinus, the total ablation can be performed,
but if the sinus is even only in part patent, the neurosurgeon has to choose
between the subtotal ablation or delaying the operation until obstruction has
become complete.

In these cases the intravenous Gd administration has proven to be useful
on the 3D TOF since the tumor enhancement appears together with the
venous sinus [56] (Fig. 5.15a-c).

In the stereotassic approach to tumoral pathology, it is extremely useful to
obtain presurgery images of both the arterial and venous peritumoral circle
and any relationships of the vessels with the lesion, since the access to the
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M ENCEFA

Fig. 5.15 a-c. (a) RM T1 + contrast agent image,
axial view. Left parasagittal meningioma infil-
trating the falx and crossing on the other side.
(b) Same case, MRA, 3D PC VENC 40 + contrast
agent, sagittal view: infiltration of the intermedi-
ate third of superior sagittal sinus. (c) Same case,
MRA, 3D PC, VENC 40 + contrast agent, sagittal
partition: superior sagittal sinus is occluded at
its posterior third because of meningiomatous
infiltration

brain is reduced in size and the operating field is not exposed. The volumet-
ric and surface reconstructions in these cases can result extremely useful in
the choice of the least invasive way of access [57].
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6 Vessels of the neck

Mirco CoSOTTINI, MARIA CHIARA MICHELASSI, GUIDO LAZZAROTTI

6.1 Introduction

The study of epi-aortic vessels can be performed with a variety of imaging
techniques that provide morphological or functional information and show
the vascular lumen of the vessel wall itself. From a technical point of view,
these can be sub-grouped into invasive, such as Digital Subtraction
Angiography (DSA), and into non-invasive or minimally invasive, such as
Echo-Doppler, angio-Computed Tomography (CT),and Magnetic Resonance
Angiography (MRA). This latter technique presents some advantages over
angio-CT such as that of not using ionizing radiation and iodinated contrast
agents, and of being more versatile in its reconstruction techniques thanks to
the invisibility of the bone structures located in the field of investigation.
Differently from other ultra-sonographic techniques, MRA allows a
panoramic and objective view of the vascular district being examined, with-
out the limit of a reduced field of view or of dependence on the operator.

6.2 Imaging techniques

Today, MRA techniques that are based on the principles of blood flow and
allow the visualization of vessels without the use of a contrast agent have a
limited role in the study of epi-aortic vessels. Contrast Phase (CP) sequence
maintains a role in the evaluation of the vascular hemodynamics, while the
Time of Flight (TOF) technique has been substituted by Contrast Enhanced
MRA (CEMRA).

The diagnostic interpretation of magnetic resonance angiograms has
been revolutionized by the ultrafast technique with contrast bolus. Indeed, in
the techniques based on flow, the evaluation of the stenosing pathology is
based on the effect of blood flow inside the vessel and requires experience in
the reading and knowledge of the physical phenomena associated to flow in
Magnetic Resonance Imaging (MRI); conversely, in contrast-enhanced tech-
niques the angiogram is interpreted as a luminography, the same way as hap-
pens in conventional angiography.
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6.3 Evaluation of epi-aortic vessels

MRA is usually performed with a super conductive magnet, preferably
equipped with a high field and, necessarily, with high-performance gradients
(maximum gradient strength >20 mT/m, slew rate >120 mT/m msec). The
sequence utilized for CEMRA acquisition is a 3D fast SPGR on the coronal
oblique plane, positioned along the sagittal plane after the acquisition of a
scout image. In order to obtain a T1 for blood lower than that of the station-
ary tissue having a higher signal intensity, the operator must use a quantity
of Gd-based contrast agent sufficient to reduce the blood’s T1 to values below
280 msec (280 msec is the T1 of fat tissue at 1.5 T). As to the other character-
istics of the CEMRA, the reader is invited to go to the chapter on fast
sequences. Here, we shall recall that in the case of supraortic vessels, in order
to have a better visualization of the terminal branches of small caliber, an
elliptic filling of K-space is recommended [1].

The parameters utilized in a typical sequence are: TR/TE 5.7/1.6 msec, FA 30°,
NEX o.5, matrix 192X256, zero filling in slice and frequency direction, bandwidth
62.5 KHz, thickness 1.8, 40 partitions, FOV 24 cm. Generally, this technique
employs a phased-array coil dedicated to the neurovascular structures of the
neck. Some coils in commerce today allow the contemporary visualization of the
carotid-vertebral axes and the epi-aortic vessels emerging from the arc thus
allowing the study to be performed in a single acquisition.

The injection with contrast bolus is performed through the use of a MR-
compatible automatic injector, using 0.2 mmol/kg of paramagnetic contrast
agent that is injected intravenously at a constant rate (e.g. 2 ml/sec).

CEMRA images are then transferred to a dedicated workstation and refor-
matted by the reconstruction algorithms: Maximum Intensity Projection
(MIP) and Multiplanar Volume Reconstruction (MPVR). Similarly, 3D volume
reconstructions can be made.

In the case of steno-occlusive pathology of the cerebral ascending vessels,
the CEMRA procedure can be preceded by a hemodynamic evaluation with
Fast PC axial scannings or cine-PC positioned in the most vertical tracts of the
carotid siphons and of the basilar artery. If requested, the CEMRA investiga-
tion can be preceded by the MRA of the intracranial vessels (see Chapter 5).
When dissection of the carotid a. or of the vertebral a. is suspected or already
acknowledged, it is necessary that CEMRA be preceded by T1- weighted axial
scanning on the axis of the vertebral carotid, possibly with a spectral fat-satu-
ration pulse to establish the presence of a sub-intimal hematoma.

Some MR machines do not have coils specific for MRA studies of the cere-
bral ascending vessels; therefore, the anatomic coverage of the emergence of
epi-aortic vessels is not properly guaranteed by the coils dedicated to the
examination of the neck. In such situations, it is necessary to perform a sep-
arate study on the emergence of epi-aortic vessels with surface coils or
phased-array coils that are normally utilized for the study of the abdomen
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and, in this case, positioned at the upper part of the chest. When a non-dedi-
cated coil is used in order to maintain a sufficient spatial resolution, it is sug-
gested to evaluate separately the aortic arc together with the emergence of
vessels and in a subsequent acquisition the vertebral carotid axes [2]. For
aimed evaluations of the aortic arc and of epi-aortic vessels, the CEMRA pro-
tocol may be slightly modified. The tendency is to use a wider field-of-view
(36-49 cm) to avoid the wrap around of the patient’s shoulders. For a study
limited to the epi-aortic vessels where the anatomical distribution of the ves-
sels on the coronal plane has a relative depth, a minor number of partitions
can be utilized for covering the entire anatomical district under examination.
Consequently, in such cases, the scanning time decreases to values that per-
mit acquisitions in apnea. Although the respiratory excursions of the chest
cage at the pulmonary apexes are minor and breath-hold is not mandatory,
apnea enhances the quality of the images and is suggested for improving
CEMRA’s diagnostic accuracy for such district [2]. For the study of the sub-
clavian arteries with exclusion of the neck vessels, the controlateral brachial
vein of the side having the suspected pathology is connected to the injector;
otherwise an alternative access may be attempted from the dorsal surface of
the foot.

In the case a functional stenosis of the subclavian is suspected, as in the
Thoracic Outlet Syndrome (TOS), the exam can be performed with the
patient in a supine position with the affected superior limb in abduction and
the head rotated contro-laterally to the affected limb, in order to induce a
paraesthesic symptomatology in the arm. Despite the uncomfortable posi-
tion, the rapidity of acquisition of the CEMRA allows to perform the diag-
nostic test. The addition of 2D PC sequences with phase reconstruction algo-
rithms, perpendicularly positioned to the inter-transverse tract of the verte-
brae, allows to establish whether there is a vertebral steal syndrome in occur-
rence of a functional stenosis. Conventional T1 and T2-weighted MR topo-
graphic scans, can be made to establish the spot of compression on the vas-
cular structures, which is usually located at the level of the scalene muscles.

6.4 Subclavian arteries

The pathologies that affect the epi-aortic vessels include the steno-occlusive
diseases of atherosclerotic or inflammatory origin, functional stenoses in
patients with TOS, aneurysmatic pathology and arterial-venous malforma-
tions. The stenosis of the subclavian a. is cause of claudicatio of the superior
limb, paraesthesias, weakness and pain. In the case of subclavian steal syn-
drome, vertebro-basilar failure can occur.

Atherosclerotic disease is the most frequent pathology in the arterial epi-
aortic vascular district. There has been great controversy concerning the
degree of stenosis that should be treated; therefore, with the growth of
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endovascular treatments, the correct grading of the stenosis has taken on an
important role from a clinical point of view. In order to determine the success
of a Percutaneous Transluminal Angioplasty (PTA) it is, in fact, important to
know the site, the length, and the morphology of the lesion [3].

Conventional angiography is the technique of reference for evaluating epi-
aortic vessels. The technique implies, however, the ensuing of complications
such as thrombo-embolic events and allergic reactions, in addition to
nephro-toxicity of the iodinated contrast agent.

The Echo-color Doppler technique offers important information on vas-
cular anatomy and on hemodynamic aspects, but is still operator-dependant
and does not allow a panoramic view of the vascular architecture, especially
for what concerns the epi-aortic vessels emerging from the arc, where the
visualization is hindered by the deep lodging of such structures in the chest.

MR represents a non-invasive alternative to conventional angiography,
even if classical MRA techniques (TOF and PC) based on blood-flow have
produced a non-optimal visualization of this district due to artifacts caused
by respiration, cardiac pulsatility, and by a saturation effect in the cases of
slow or turbulent flow.

The diffusion of CEMRA has improved the diagnostic accuracy of MRA in
this district, as the use of more powerful gradients allows a rapid acquisition
of data, making it possible to obtain an angiogram, also breath-held, during
the arterial phase of the passage of the bolus [4]. CEMRA has a high concor-
dance with DSA in both normal and diseased arteries, with a sensitivity and
specificity of respectively 92 and 96% in detecting any pathology within this
vascular district.

The method identifies correctly the presence of stenoses, with a slight ten-
dency to overestimation: the concordance with conventional angiography for
the steno-occlusive disease, on both atheromasic and functional basis is
excellent (k=0.85), with a sensitivity of 90%, specificity of 95% and diagnos-
tic accuracy of 93% [5]. The correct picture can be given for both the athero-
masic nature of the lesion and the arteritic one. In the case of dilatatative
aneurysmatic pathology of vascular malformations, or abnormalities of the
emergence of epi-aortic vessels, CEMRA has a perfect correlation with digi-
tal angiography. Greater problems arise when assessing an occlusive pathol-
ogy. In fact, reperfusion of the subclavian in the postvertebral tract brought
about by the inverted vertebral flow may cause diagnostic dilemmas in estab-
lishing whether there is an overestimation of a narrowed stenosis or an occlu-
sion.

The tendency toward overestimation has been demonstrated in the case of
atheromasic stenoses and functional stenoses. In the case of a functional
stenosis, overestimation is neither a diagnostic nor a clinical problem. The
compression ab extrinseco occurs downstream from the vertebral ostium,
therefore the opacification downstream cannot be caused by the inverted ver-
tebral reperfusion, but necessarily by an overestimation of functional
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Fig. 6.1 a, b. The location of the stenosis in the functional stenosis of the subclavian a. can be estab-
lished by the CEMRA technique, as for TOS. In (a) the patient in supine position, with both superior
limbs abducted, has a regular flow at the supraortic vessels. In (b) the controlateral rotation of the
head to the side, induces a functional stenosis caused by the Scalene syndrome. The functional steno-
sis is overestimated (as the residual lumen is not detected). In fact downstream vessel opacification
cannot derive from vertebral reperfusion since its ostium is upstream from the stenosis. (b) also evi-
dences the typical artifact by magnetic susceptibility (arrow) induced over the distal tract of the sub-
clavian a. from the high concentration of gadolinium flowing in the right subclavian vein that runs
beside the artery. To avoid artifact in the side clinically suspected of being affected by functional
stenosis (as resulted!!), a vein of the controlateral arm was utilized to inject the contrast agent

stenoses. Moreover, it is known that treatment of TOS, as other causes of com-
pression on the subclavian artery, does not indicate endovascular treatment
and, therefore, the degree of functional stensosis does not influence the ther-
apeutic decision (Fig. 6.1).

In the case of atherosclerotic pathology, due to the tendency of overesti-
mation, it is possible to misinterpret the occluded arteries that are reperfused
downstream because of the inverted flow in the vertebral artery. The main
limit of CEMRA, compared to DSA, is the scarce temporal resolution that
does not allow to appreciate of the progressive flowing of the contrast medi-
um into the arterial tree enough to see the reperfusion of the occluded sub-
clavian a. directly through the vertebral artery. Establishing the direction of
flow - and its eventual inversion — would be possible by adding PC sequences
with phase-difference reconstruction; however, it is also true that flow inver-
sion in the vertebral a. occurs both in occasion of an occlusion of the subcla-
vian a., and in the case of a narrowed stenosis. Hence, the demonstration of a
subclavian a. steal cannot be proof of occlusion. Probably the time-resolved
techniques will be able to solve the temporal hemodynamics of such situa-
tions on advancement, which would open the way to the use of radiological
semiotics currently utilized with DSA for diagnosing occlusion of the subcla-
vian a. At present, the sign of occlusion is considered to be the absolute lack
of opacity of the vessel in the occluded tract, in association to flow inversion
in the homolateral vertebral a. The diagnostic confidence remains in these
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Fig. 6.2 a-d. Occlusion of the left subclavian a. (a) CEMRA evidences the long strip of missing
opacification (arrow) in the prevertebral tract. (b) Downstream the vertebral ostium normal opaci-
fication of the vessel can be appreciated. The 2D PC sequence with phase difference reconstruction
demonstrates an inversion of vertebral flow on the left side. (c, d) Digital angiography confirms the
obstruction and the reperfusion of the postvertebral tract by the inverted left vertebral flow. In this
case, CEMRA could lead the operator to consider, in addition to an occlusion, an overestimation of
the narrowed stenosis, which would explain the limited diagnostic confidence that high-resolution
CEMRA has in the diagnosis of occlusion of the subclavian a.

C

cases limited, conversely to the diagnosis of occlusion in terminal vessels
such as the renal arteries, where the lack of opacification downstream surely
points to occlusion. Instead, in the occluded prevertebral subclavian a., if the
occlusion extends over a short lenght, downstream vessel reperfusion can
induce to an erroneous diagnosis of severe stenosis overestimated by CEMRA
(Fig. 6.2).

The correct diagnosis of occlusion of the subclavian a. is important inas-
much as such information changes the therapeutic choice. According to the
guidelines for PTA of the Society of Cardiovascular and Interventional
Radiology [3], occlusions of the subclavian a. are grouped into different cate-
gories in function of their length; in particular PTA is recommended when
the occlusion is less than 5 cm, as PTA yields scarce results with occlusions
over 5 cm. Therefore, the limits of CEMRA in regards to the evaluation of epi-
aortic vessels must be in these cases considered relevant.

In regards to vascular malformations, CEMRA is able to easily locate and
visualize the main arterial feeders. The afferent vessels of smaller size are not
clearly distinguishable due to the technique’s limits of spatial resolution. Its
use is therefore linked to the panoramic visualization of the pathology, with
the end purpose of obtaining a preliminary evaluation for digital angiogra-
phy, which maintains its principle diagnostic and therapeutic role.
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Among the main problems in the execution of the CEMRA exams in this
vascular district, noteworthy are the patient’s compliance - especially for
breath-holding - and the correct injection time of the bolus contrast, which
remains the pivotal factor for the good outcome of all exams with contrast
bolus. In reference to this, we shall recall that whenever an automatic or an
interactive detection method is not available, a bolus test must be performed.
This test is necessary in order to overcome the variations in circulation time,
particularly relevant in patients with cardiac pump failure, in those with
aneurysmatic disease of the aorta, and in subjects in whom venous access is
practised in the veins of the foot dorsum rather than in the antecubital veins
of the arm. Access from the foot is sometimes required for overcoming a typ-
ical artifact that occurs in the study of the subclavian arteries: the high con-
centration of contrast agent in the veins of the arm during the injection of the
contrast agent induces an effect of magnetic susceptibility in the surrounding
tissues. In relation to the particular anatomic location of the subclavian artery
and vein, such distortion of the magnetic field induced by the paramagnetic
contrast medium determines a loss of signal in the subclavian artery, which
becomes more enhanced the more the aorta and vein overlap. One way of
reducing the artifact caused by magnetic susceptibility, although not feasible
in routine diagnosing, is to diminish the concentration of the contrast in the
vein and to shorten the TE. Another method is to use a venous access contro-
lateral to the side suspected of being affected (see Fig. 6.1). When there is a
suspicion of a pathology of the bilateral subclavian aa., the artifact can be
completely eliminated by using a venous access in the inferior limbs such as a
dorsal vein of the foot which is afferent to the inferior caval system and avoids
accumulation of the contrast in the subclavian vein. Although it is known that
the atherosclerotic stenoses of the subclavian a. preferentially affects the pre-
vertebral tract, and the overlapping of the vein and artery occurs in the distal
tract of the subclavian a., the presence of the susceptibility artifact can create
diagnostic difficulties by hindering the visualization of the distal tract of the
subclavian a. Therefore, it is advised to search an access to the vein, in con-
sideration of the diagnostic query and, if possible, an afferent access through
the inferior caval system, which does not cause a reduced opacification of the
arterial tree by dilution.

6.5 Carotid and vertebral arteries

6.5.1 Atherosclerotic steno-occlusive disease

To date, acute cerebral ischemic disease is one of the largest issues in health-
care, not only in clinical terms but also in terms of the financial burden of the
high cost of treatment for patients who survive this disease. Atherosclerosis
is the most frequent arterial pathology, often with a thrombo-embolic mech-
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anism, and represents the most common cause of cerebral ischemia among
the older population.

The risk of cerebral ischemia can be significantly reduced by
Thromboendoarterectomy (TEA) in both symptomatic and asymptomatic
patients with severe carotid stenosis over 70% of the vessel lumen [6].
Recently, the NASCET study (North American Symptomatic Carotid
Endoarterectomy Trial Collaborators) has demonstrated the benefit of surgi-
cal treatment also in selected patients with a carotid stenosis above 50% [7].
The accurate grading of the stenosis is thus an important objective, achiev-
able by preoperation imaging techniques, and which should be pursued for a
proper planning of the thromboendoarterectomy.

The assessment of a carotid stenosis is mainly performed by digital
angiography (DSA) because of its high diagnostic accuracys; it is also accept-
ed as a preoperating technique for establishing the presence of a severe
carotid stenosis requiring surgical treatment through thromboendoarterec-
tomy. In reality, DSA is an invasive technique not free from procedural risks;
moreover, it has been established that the angiographic exam may lead to a
risk of cerebral ischemia in 0.7-1% of cases.

An accurate non-invasive imaging protocol void of severe complications
could thus increase the benefit of surgical treatment and is greatly auspicat-
ed by physicians and surgeons. Because of the consequences of procedural
risks involved in DSA, many vascular surgeons have performed endoartec-
tomies on the basis of results from non-invasive imaging techniques.
Therefore, non-invasive evaluation techniques such as spiral CT, MRA and
Echo-Doppler have become widespread.

Angio-CT received a boost with the introduction of spiral tomographers
and later on with the multidetector tomographer. The axial images obtained
can be utilized in the measurement of the percentage reduction in the cross-
section area of the vessel or in the measurement of the densities forming the
atheromasic plaques, in the aim of establishing fatty, calcified, or fibrous com-
ponents of the plaque itself. Because of the necessity of segmenting the vari-
ous components of the structures being examined, two- and three-dimen-
sional reconstructions are extremely laborious, yet they allow an angio-
graphic-like visualization that has an excellent correlation with conventional
angiography and the best spatial resolution among all non-invasive tech-
niques [8]. The limits of CT with single-layer tomographers are a reduced
field of view, the exposure to ionizing radiation, and the iodinated contrast
agents — the latter also used in the new multiplayer tomographers.

Echo-Doppler allows the collection of information on the degree of the
carotid stenosis and on the characteristics of the stenosing plaques. The sim-
ilarity between results obtained by Echo-Doppler and DSA is about 70% [9],
and along with the high predictive value of this non-invasive exam, it makes
an ideal screening for patients who are at high risk of cerebral ischemia. The
limits of this technique remain the dependency on the operator and the
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incomplete visualization in the case of calcified plaques, especially in the
intracranial portions of the cerebro-afferent vessels. In the case of sub-occlu-
sion, the use of contrast agents (microbubbles) seems to increase the diag-
nostic accuracy of the technique.

Classical MRA methods based on the properties of blood flow are fre-
quently used in the non-invasive evaluation of carotid stenosis. 2D TOF
sequences are sensitive to slow flow, even if in situations of narrowed stenosis
the appearance of saturation artifacts can provoke the loss of the MR signal,
which consequently leads to an overestimation of the stenosis or even to a mis-
taken diagnosis of occlusion, especially in the preocclusive forms. The sensi-
tivity of MRA with conventional techniques in comparison to the gold stan-
dard of digital angiography varies in literature from 75% to 100%, while speci-
ficity varies from 59% to 99%. The major limit within these MRA techniques
remains, however, the phase dispersion inside the voxel in the case of turbu-
lent flow. Among the other limitations worthy of note are: the motion artifacts
caused by long acquisition times - especially when patients are not too coop-
erative; saturation artifacts on the plane that in the case of tortuous cerebro-
afferent vessels can lead to a mistaken diagnosis of stenosis; the limited field
of view that eliminates the possibility of evaluating satellite stenoses.

The advent of CEMRA has drastically improved MRA’s diagnostic accura-
cy in many vascular districts. Although the exact role of MRA in the diag-
nostic protocol of patients with carotid stenosis has not been completely
established, the Echo-Doppler screening added to CEMRA appears to form a
relevant alternative to DSA [10]. Several authors have reported interesting
results in the evaluation of epi-aortic vessels, especially those in the carotid
district, even if using low field magnets. The diffuse acceptance of this MRA
technique by surgeons is due to the high sensitivity and specificity, the high
diagnostic accuracy and, especially, the better representation of the morphol-
ogy of the stenosis as compared to the angiographic flow-based methods, and
on the panoramic potential of the evaluation (Fig. 6.3).

For what concerns the evaluation of the vertebro-basilar district, CEMRA
has taken the place of TOF techniques, which are notoriously poorly reliable
in the study of the vertebral ostium because of breath-motion artifacts, and
in the study of the superior cervical tract, where the tortuous coursing of the
vertebral a. is burdened by on-plane saturation artifacts that eventually can-
cels flow signal. CEMRA can reveal a vertebral stenosis over 50% with an
accuracy of 98-100% and reveal occlusions with an accuracy of 100%. A
greater number of studies have been undertaken on the carotid circle. In our
experience on 9y patients, the comparison between CEMRA and DSA has
revealed a high concordance between the two angiographic methods for the
evaluation of the internal carotid (K=0.87). Sensitivity and sensibility were
respectively 97 and 82% with a positive predictive value of 93% and a nega-
tive predictive value of 92%. The diagnostic accuracy was 92.5%. The intraob-
server and interobserver concordance were respectively 0.94 and 0.90 [11].
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Fig. 6.3 a-e. The panoramic
nature of CEMRA is useful in
grading atherosclerotic disease
of the cerebro-afferent vessels.
Example of stenosis of the
eccentric plaque of the internal
carotid a. Here the excellent cor-
relation of the degree of stenosis
between CEMRA (a) and con-
ventional angiography (b) can
be approciated. Also the basilar
vertebral circle, which is diffi-
cult to explore with non-inva-
sive techniques can be excellent-
ly visualized by CEMRA.In (c) a
narrowed stenosis of the com-
mon carotid a. and the presence
of a double stenosis of the verte-
bral artery. The angiography
obtained with selective catheter-
ism of the common carotid (d)
and of the left subclavian a. (e)
confirm the carotid stenosis
before the bifurcation and the
stenosis of the ostium and the
intra-transversal vertebral tract

The high diagnostic accuracy of CEMRA in evaluating carotid stenoses
over 70% is documented in literature by comparative studies, with DSA
being variable ranging from 67 to 94%. Yet, despite these data, some authors
have documented the tendency of CEMRA to overestimate stenosis [12] (Fig.
6.4). The main cause of overestimation is the mistaken timing between peak-
contrast concentration within the vessel and the filling of the center of K-
space, which is considered an intrinsic limit of CEMRA. It is known that the
variation in infusion time influences arterial opacification. The center of K-
space, and hence the area with low spatial frequencies, contributes to the
contrast of the image, while the borders of K-space, hence the high spatial
frequencies, contribute, to spatial resolution. The maximum signal intensity
with the least artifacts is achieved when the synchronization of time of infu-
sion allows to match the sampling of the center of K-space with peak-con-
trast concentration in the artery. In practice, if the center of the K-space is
not acquired during peak-contrast concentration, the presence of artifacts
such as ringing or blurring can cause a marked reduction of the vessel’s
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Fig. 6.4 a, b. The tendency of CEMRA to overestimate the stenosis is an important issue to consid-
er each time there is an attempt to quantify a carotid stenosis. Although CEMRA has a low fre-
quency for erroneous stenosis grading, an overestimation can expose the patient to a needless sur-
gical risk. In this example CEMRA (a) overestimates the carotid stenosis as compared to conven-
tional angiography (b), yielding an erroneous radiological indication for thromboendoarterectomy.
Hence, it is suggested the surgeon obtain a concordance between Echo-color Doppler and CEMRA
techniques in order to avoid conventional preoperatory angiography

lumen [13]. Another factor contributing to overestimation is given by the
spin intravoxel dephasing in CEMRA. As extensively reported in literature,
CEMRA is based on the shortening of blood’s T1 after the infusion of a con-
trast bolus. This initially was considered to be a technique that was not influ-
enced by in-flow phenomena. Recently, however, intravoxel dephasing
induced by blood velocity has also been shown in CEMRA. Moreover,
dephasing causes a loss in signal (which has been calculated) that depends
on the medium velocity of flow when the vessel is located in a voxel [14]. In
clinical practice however, this kind of artifact has a limited role with voxels
currently utilized in CEMRA. In addition, the reduction of voxel-size, which
should reduce the dephasing effect, translates into a better demarcation of
vessel margins. Nevertheless, it does not imply a diagnostic tradeoff in the
grading of the carotid stenosis according to the NASCET criteria [15]. The
reduction in voxel size is hence desirable, and probably an additional size
reduction would reduce intravoxel dephasing, although this potential benefit
is limited by a much too weak Signal-to-Noise Ratio (SNR). Another factor
towards the overestimation by CEMRA may derive from the phenomenon of
magnetic susceptibility. In high-graded stenoses of the internal carotid, high
contrast medium concentrations might contribute to signal loss in frail
residual patent lumens.
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Fig. 6.5 a, b. CEMRA’s tendency to overestimation is amplified by the comparison between a 3D
technique and the conventional angiographic technique of reference in 2D. In this example it is clear
how the narrowed stenosis visible at CEMRA (a) can be underestimated by conventional angiogra-
phy (b), where the limited number of projections does not allow to obtain a correct prospective for
visualizing the stenosis

The grading of a carotid stenosis is correlated to the gold standard of digi-
tal angiography, a two-dimensional technique that is at the base of the NASCET
studies. Probably the introduction of rotational digital angiography will change
the approach to the grading of carotid stenoses; the overestimation of stenosis
by MRA discussed above is affected by the comparison between a technique
based on 3D acquisitions and the 2D digital angiographic reference. It is
demonstrated that the tendency of CEMRA to overestimation decreases when
MRA is compared to angiograms obtained through rotational angiography of
the same patients, rather than with conventional digital angiography. Likewise,
the high number of projections obtainable with CEMRA is more comparable to
the projections of rotational angiography than to the classic projections of con-
ventional 2D angiography. Hence, some authors hypothesize that 2D angiogra-
phy is cause for underestimation of stenosis rather than CEMRA being the
cause for overestimation [16], questioning the role of conventional digital
angiography as a method of reference (Fig. 6.5). Furthemore, because the sur-
gical indications to endoarterectomy are based on conventional angiographic
criteria, physicians must follow these indications in clinical practice, yet con-
sidering the possibility that CEMRA may overestimate the carotid stenosis.

Despite the fact that data report a high diagnostic accuracy for CEMRA,
we must establish CEMRA’s diagnostic capacity within the decision on surgi-
cal revascularization. In other words, the technique must demonstrate its
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capability of yielding a correct surgical indication through a correct grading
of stensosis for each patient. It has recently been evaluated whether DSA
modifies the decision of surgical revascularization over Echo-color Doppler
and MRA in clinical practice [17]. The frequency of erroneous Echo-Doppler
indications was 28%, and of that percentage 18% were for MRA alone. In the
cases where the two non-invasive methods utilized were in agreement, the
rate of erroneous indications toward revascularization treatment decreased
to 7.9%. The authors conclude that the surgical decision of revascularization
based on non-invasive methods must be taken cautiously. It is important to
notice that only 1% of MRAs were performed with the ultrafast bolus contrast
technique and that the vast majority of patients were evaluated by flow-based
MRA.

The indication to thromboendoartectomy is based on clinical and radio-
logical criteria as recommended by the Guidelines for carotid arterectomy
[18]. A stenosis of the carotid of over 70% is considered as a surgical indica-
tion for revascularization in symptomatic and asymptomatic patients. The
presence of an occlusion of the internal carotid a., or of a severe satellite
stenosis of the internal or common carotid aa. is considered a radiological
contraindication to revascularization.

According to our experience, the frequency of erroneous classification of
the stenoses leading to a misjudged radiological indication for revasculariza-
tion is 3.1% [11]. This is the lowest value for what concerns non-invasive tech-
niques. Other studies [19] have found a much higher percentage of cases in
which CEMRA has lead to erroneous indications for surgical revasculariza-
tion (24%), and therefore suggest to associate CEMRA to Echo-Doppler
results: if the two results agree, the erroneous indications of the combined two
non-invasive methods decrease significantly. The performance of an
endoarterectomy on the bases of false positive exams exposes the patient to a
needless surgical risk; conversely, non-invasive exams that provide a false
negative exclude the patient from the potential benefits of revascularization
treatment. It is likely that non-invasive false exams, which increase the risk for
cerebral infarction in patients who are deprived of the potential benefit of a
surgical intervention, balance the procedural risk involved in conventional
angiography: this means that a non-invasive procedure is necessarily safer
than an invasive technique [20]. As we have not found surgical stenoses that
have been underestimated as non-surgical, we suppose that CEMRA does not
constitute a font of false negatives that deprive patients of surgical benefits.
Conversely, CEMRA tends to overestimate moderate stenoses grading them as
more severe than 70%, which leads to an unnecessary and useless exposure of
the patient to surgical risk. The real matter that needs to be approached in
detail is, hence, whether the surgical risk induced by noninvasive false posi-
tive exams balances the procedural risks of conventional angiography.

For surgeons, the presence of satellite stenoses associated with stenoses of
the internal carotid a. of the neck significantly influences the decision on
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intervention. A severe stenosis distal to the internal carotid a. or a stenosis
proximal to the common carotid a. is considered a radiological contraindica-
tion to surgery. Although the presence of satellite stenoses rarely influences
in clinical practice the surgeon’s decision to revascularize the patient, the
additional information may have important implications for long-term treat-
ment in symptomatic patients. Since, unfortunately, the rate of erroneous
detections of such lesions is relevant, the pursuit of this information should
be the main aim of non-invasive techniques. It is therefore noteworthy to
underline how the stenoses of the petrousus tract of the internal carotid a.
(that can be satellites to the stenoses of the neck) are revealed by CEMRA.
The classical MRA techniques based on blood flow that do not use contrast
media reveal only 56% of the satellite lesions [17]; this means that the intro-
duction of CEMRA has greatly increased the possibility of the non-invasive
techniques to detect satellite stenoses.

Another important observation is that the benefit from endoarterectomy
does not depend on the degree of the stenosis alone, but also on the surface
morphology of the stenosing plaque. While the classical MRA techniques do
not provide any information on plaque configuration, CEMRA has a high
sensitivity in detecting a plaque ulcer up to 100%.

One of the most important presurgical notions of the evaluation of
patients with carotid stenosis is the identification of preocclusive stenosis,
since endoaterectomy is suggested in preocclusive stenoses presenting a
“mouse tail” at conventional angiography. It is in fact demonstrated that peri-
operatory complications do not increase in respect to severe stenoses show-
ing no “mouse tail”. In the past, the diagnosis of carotid occlusion collected
with non-invasive techniques needed to be confirmed by digital angiography
in order to exclude pseudo-occlusion, although the combination of DSA pro-
cedural risks and the surgical risk of TEA in the pseudo-occlusion would sig-
nificantly increase the risk of cerebral failure.

CEMRA, conversely to other classic MRA techniques based on properties
of flow, is considered accurate in distinguishing an occlusion from a pseudo-
occlusion [21]. Its accuracy in diagnosing occlusions is 100%, and 77-100% for
pseudo-occlusions. (Fig. 6.6). The improvement of the diagnostic accuracy in
the evaluation of cerebral ascending vessels obtained by CEMRA in compar-
ison to 2D and 3D TOF has been demonstrated as CEMRA does not have sat-
uration effects and dephasing is limited.

For the reasons above CEMRA can be considered an accurate non-inva-
sive technique for evaluating carotid arteries; in addition, the non-exposure
to ionizing radiation and the safety in the use of paramagnetic contrasts let
us to predict an ever-growing utilization of MRA. The overcoming of the long
acquisition times of classic MRA advises the use of CEMRA also with less col-
laborative patients, as in the case of acute or sub-acute cerebral infarction.
Despite the high negative predictive value of the technique, CEMRA cannot
be considered a screening technique like Echo-Doppler, because of its high
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Fig. 6.6 a,b. CEMRA has surpassed the flow-based MRA techniques, particularly in the evaluation
of preocclusive stenosis, which is an important watershed for the patient’s eligibility for operation.
With CEMRA the absence of saturation effects and the shortening of T1 by the paramagnetic con-
trast agent allow the opacification, also of a frail residual lumen (a), allowing the radiologist to use
the same semiologic criteria used for conventional angiography (b) in the diagnosis of preocclusion

costs and the scarce diffusion of the equipment. The main limit of CEMRA,
especially in respect to digital angiography, remains the limited time-resolu-
tion, which conditions the correct evaluation of compensations at the level of
the circle of Willis, and the retrograde opacification of the vessels, as may
happen for example in the steal of the subclavian a.

The combination of the data obtained by Echo-Doppler and CEMRA can be
exploited in a much more efficient manner by surgeons in the presurgical eval-
uation of the carotid stenosis. CEMRA is in fact able to satisfy the main surgi-
cal questions: whether the stenosis is detectable; its size; how far it has extend-
ed; whether it is a preocclusion or occlusion; and the presence of satellite
stenoses. The unresolved surgical issues are the location of the stenosis as to
the cervical metamers and the hemodynamic functional information on the
intracranial circulatory compensation, that remain a prerogative of digital
angiography. Probably the association of CEMRA with MRA of the intracranial
vasculature and MRA perfusion studies of the encephalic parenchyma will
play a determinant role in the coming years for revealing the functional aspects
of the cerebral vasculature, which is indispensable information for a correct
presurgical approach to the patient with carotid stenosis.

MR also allows an integrated approach of MRA and MRI. The exam can be
implemented with PC sequences with phase-difference reconstruction in order
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to have hemodynamic information on the flow downstream the carotid steno-
sis (Fig. 6.7); otherwise it can be implemented with TOF MRA sequences for the
evaluation of intracranial vessels. Recently, the use of specific coils allowed a
good enough spatial resolution to perform a study of the atheromasic plaque
with conventional sequences (T1, T2, DP) or angio, both by black blood and
white blood techniques, which allow not only to measure vessel wall thickness,
but also to cheracterize the components of the atherosclerotic plaque including
the lipidic core, the fibrous hood, the calcified and thrombotic components [22]
(Fig. 6.8). Many techniques for evaluating the plaque have the disadvantage of
being invasive, as is the case for conventional angiography, intravascular Echo-
Doppler and angioscopy. Non-invasive techniques such as ultrasonography and
CT allow an evaluation of the size of the plaque but have a limited role in eval-
uating the single components of the atherosclerotic plaque. MRI allows both
the evaluation of the components of the plaque and the monitoring of its
changes in size in a non-invasive fashion, given the close correlation between in
vitro and in vivo measurements. Moreover, attempts have been made to evalu-
ate plaque vulnerability by measuring the thickness of the fibrous cap and eval-
uating an eventual rupture. Further information on plaque vulnerability can
derive from the use of paramagnetic contrast agents, since the fibrous cap,
which has inflammatory components shows a much higher uptake of the con-
trast agent than the stable fibrous cap. Studies on animal models are investigat-
ing the role of superparamagnetic contrast agents that are phagocyted by the
macrophages of the atherosclerotic plaque.

6.5.2 Non-atherosclerotic pathology

The non-atherosclerotic pathology of the carotid-vertebral vessels is much
less frequent than the atherosclerotic one, but is however an important cause
for cerebrovascular disease especially among younger patients.

The dissection of the cerebro-afferent arteries is the main cause for cere-
bral infarction among younger individuals [23], causing 10% of the cerebral
infarctions among individuals under 20 years of age, 20% of those under 30
years, and 2% of overall cerebral infarctions (Fig. 6.9). The first cause of artery
dissection is trauma, while all remaining cases of dissection occur sponta-
neously. The pathogenesis of dissection still remains unknown but it has been
hypothesized that a generic arteriopathy may be responsible for the intrinsic
weakness of the vessel wall. The hypothesis is based on the association
between dissection and predisposing pathologies, such as fibro muscular
fibrosis (a hereditary disease of the connective tissue), Ehlers-Danlos type IV,
Marfan syndrome, Osteogenesis Imperfecta, and Pseudoxantoma Elasticum.
It has recently been reported that cutaneous biopsies from patients with no
clinical signs of connective tissue disease show an association of ultra struc-
tural abnormalities of the connective tissue associated with dissection of the



6 * Vessels of the neck 137

%

[mifs] Flow volume

QO = N W & O O N @

-
800 10D 1200
[em/s]

Fig. 6.7 a-d. (a) MRA, morphological evaluation of severe stenosis of the internal carotid a. (b)
Same case, DSA control. (c) Same patient, MRA morphological evaluation of ulcerated plaque in the
controlateral internal carotid a. (d) Same case, DSA control. The cine-PC or Fast PC sequences allow
to map velocity (graphic at lower right) and flow (graphic at upper left) during the cardiac cycle in
each of the vessels afferent to the brain. The example shows the marked reduction of the haematic
flow downstream a severe carotid stenosis (curve 3) compared to the controlateral carotid a. where,
despite an ulcerated plaque, the stensosis is not hemodynamically significant (curve 1). The flow on
the stenotic side is reduced to values below those measurable in the basilar trunk (curve 2)

Fig. 6.8 a,b. MRA can be integrated by conventional MR images. The introduction of coils dedicat-
ed to the evaluation of the plaque allows the direct visualization of the stensoing plaque and its
components also in vivo. (a) shows an axial high-resolution T1-weighted image that allows to eval-
uate, in addition to the grade of the stenosis on the transversal plane, also the components of the
atheromasic plaque (arrow). (b) shows the corresponding digital angiography for stenosis of the
right internal carotid a.
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ascending cerebral arteries. Such abnormalities, found in 55% of patients with
dissection and 100% of patients with recurring dissection, suggest that dis-
section represents a manifestation of genetic predisposition toward an intrin-
sically weak vascular phenotype.

Carotid dissection can occur at the level of the sub-intima, characterized
by a consequent dissected angiographic pattern, or may occur at the level of
sub-adventitious with a consequent aneurysmatic angiographic pattern. The
aneurysmatic form of dissection makes up for 43% of the spontaneous dis-
sections and seems to be supported by a more severe underlying arteriopa-
thy with respect to forms with dissection. Within the dissection, the intramu-
ral hematoma determines a reduction of the internal lumen and an increase
of the total diameter of the dissected vessel, a finding which translates at MRI
into a reduction of the centroluminal flow and in an increase of vessel caliber.
These are the only findings that lead to the diagnosis of dissection when the
intramural hematoma in the acute phase (1-4 days) has a low signal both in
T1- and T2-weighted images. Successively, during the sub-acute phase, when
the intramural hematoma is characterized by the presence of metahemoglo-
bin, conventional MRI allows a direct visualization of the hematoma as a
hyperintense structure, often with a helicoidal coursing in contiguous scan-
nings [24].

Flow-dependent MRA techniques are considered a useful non-invasive
method for detecting the carotid dissection and posttreatment follow-up,
especially when they are integrated with Ti-dependant axial tomographic
scannings. Yet, the main limit to this technique remains the evaluation of the
vessel wall morphology (as in cases of muscular fibrodysplasia), and the eval-
uation of the aneurismal dissection pattern.

Fig. 6.9 a-c. A case of the carotid dissection. CEMRA (a) evidences, as in conventional angiography,
a progressive narrowing of the caliber of the right internal carotid a. in its extra-cranial segment
(arrow). The axial T1-weighted scannings with spectral saturation of fat (b, ¢) evidence an intra-
parietal hyperintense ring of met-hemoglobin with helicoidal disposition indicative of dissection
of the sub-intima
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Reports on data concerning dissecting disease of the ascending cerebral
vessels obtained by CEMRA are few even if literature reports some encour-
aging experiences of the combined use of CEMRA and conventional imaging
[25]. In theory, CEMRA should improve the evaluation of the vessel wall in
cases of muscular fibro-dysplasia and of aneurysmatic patterns of the dissec-
tion. Recently, CEMRA has proven to be a powerful technique in the dissec-
tion of arterial vessels of the neck also with pseudo-aneurysmatic patterns
[26]. Because digital angiography is an invasive method, it is unsuitable for
repeated investigations as for monitoring recurring asymptomatic dissec-
tions, where CEMRA would instead be more indicated.

Fibro muscular dysplasia, which is a predisposing factor for dissection, is
a disease with unknown etiology characterized by the proliferation of the
media and intima, affecting the internal carotid a. and vertebral aa. It is cause
of vascular disease among young individuals, especially in women. Although
rare compared to the localization of the renal aa., it may occur that a carotid
localization affects the middle third of extra-cranial internal carotid, saving
the bifurcation, with the typical aspect given by the alternation of narrowings
and sacciform dilatations (Fig. 6.10). It may be mono- or bi-lateral (60-75% of

Fig. 6.10 a-c. CEMRA images
are interpreted as a luminogra-
phy, similar to conventional
angiography. This property of
CEMRA is exemplified by this
case of carotid a. fibrodysplasia.
In (a) CEMRA allows the appre-
ciation of fine wall irregularities
with a bead thread aspect of the
carotid tract at the neck with
preservation of the carotid
bifurcations. In (b) the TOF
technique does not allow a cor-
rect diagnosis. In (c) the digital
angiography confirmation cor-
responds perfectly to the pic-
ture by CEMRA
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Fig. 6.11 a-c. The role of CEMRA in the aneurysmatic pathology or in carotid pseudoaneurysm is
important as the limited intravoxel dephasing effect and the opacification due to the contrast agent,
especially in the dilatations of greater sizes, allow a complete visualization of the aneurysmatic sac
and of its neck, where present (a). In the single partitions of the volume acquired with CEMRA, it
is also possible to visualize the endoluminal thrombotic component (b) increasing the information
obtainable by digital angiography (c)

cases) and contemporarily involve the vertebral arteries (15-25% of cases).
Further, it is associated with a higher incidence of intracranial aneurysms.

Other forms of obliterating arteriopathies of non-atherosclerotic nature
that involve the vessels of the neck are some autoimmune and cell-mediated
forms of arteritis, such as the arteritis of Takayasu or the radiation-induced
arteritis. This is brought by late sequels of radiation therapy for neck tumors
and appears as long stenotic tracts of the internal carotids. Although these
pathologies have no typical angiographic characteristics, they could be thor-
oughly evaluated by a non-invasive technique such as CEMRA in virtue of its
capacity of evaluating the morphology of the vessel wall in an indirect way.

Mention should also be given to carotid aneurysmatic formations of pos-
sible posttraumatic or postmycotic genesis. In such pathologies CEMRA
could cover an important role in the presurgical evaluation or in view of an
endovascular treatment since the filling of the aneurysmatic sac with para-
magnetic fluid allows to overcome the typical problems of classic MRA tech-
niques caused by turbulent and slow flow inside the vascular ectasia.
Moreover, the analysis of the single partitions acquired by CEMRA allows to
evaluate also the real dimensions of the aneurysmatic sac independently
from the amount of stratified thrombotic material inside the aneurysm. In
this context CEMRA provides more complete information than conventional
angiography (Fig. 6.11).

A role that still must be defined is the one concerning vascular malforma-
tions. Time resolved CEMRA has shown to be a useful complement to con-
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Fig. 6.12 a-e. In this example
the abnormal and early opacifi-
cation of the epidural venous
plexa is visible during the arte-
rial phase of the angiogram (a),
indicative of an extradural
spinal malformation (vertebral-
epidural fistula). The small fis-
tula (arrow) visible in conven-
tional angiography (b, ¢) cannot
be appreciated with CEMRA
because of the technique’s limit-
ed spatial resolution. Compared
to the initial exam (d), after
endovascular treatment of the
fistula, CEMRA allows to estab-
lish the success of the treatment
confirmed by the disappearance
of the abnormal epidural
enhancement (e)

ventional MRA techniques in the study of spinal vascular malformations [27]
and could have a role in that of extradural spinal malformations involving the
cerebral ascending vessels (Fig. 6.12).
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7.1 Heart morphology
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7.1.1 Introduction

Echocardiography is the most commonly employed technique for the study of
heart morphology. This technique satisfies most clinical necessities but may
present some problems with the acoustic window and produce poor quality
images. In such cases, aid may be provided by an additional Magnetic
Resonance Imaging (MRI) study. Indeed, MRI has no window limitations, has a
large Field of View (FOV), allows to obtain images on any spatial plane and to
acquire both static and dynamic images, and provides three-dimensional (3D)
images. Furthermore, this technique allows accurate non-invasive assessment of
the Right Ventricular (RV) mass and function (quantitative measurements of
volumes); their evaluation is limited when using two-dimensional Echocardio-
graphy or radionuclide ventriculography because of the required geometric
assumptions regarding RV anatomy or overlapping of other cardiac chambers.
MRI offers some special advantages over other diagnostic imaging methods
(transthoracic and transesophageal Echocardiography, Computed Tomography
(CT), Electron Beam Tomography (EBT), catheterization and chest X-ray) since
it does not use ionizing radiation and, furthermore, the radio frequency radia-
tion penetrates bone structures and air without attenuation.

Importantly, MRI offers additional diagnostic information on characteris-
tics of tissue and gives images with a high contrast between stationary tissues
and circulating blood, in addition to good spatial resolution. In certain cir-
cumstances, due to its particular features, MRI allows to characterize and dif-
ferentiate the tissues with great accuracy and a wealth of histopathological
information that would otherwise be obtained only in an invasive manner.

7.1.2 Study of heart morphology

The best morphological images are those obtained with fast techniques,
requiring acquisitions in breath-hold, and particularly those in which the
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patient stops to breath in the middle of expiration in order for the operator to
have the best reproducibility. One of the prerequisites for an accurate mor-
phological study of the heart by MRI is an efficient synchronization with ECG
and the presence of sinus rhythm or, at least, the absence of uncontrolled
arrhythmias. In fact, in presence of a ventricular bigeminism or of an atrial
fibrillation with great variability of ventricular response, image quality is
inevitably poor and the best solution is to postpone the exam or pretreat the
patient with anti-arrhythmic drugs. In cases of arrhytmia breath-holding
sequences are unfeasible: when R-R variability exceeds the preset limits (in the
“arrhythmia rejection” windows of the scanner software menu), the machines
automatically set in standby, lengthening the acquisition time, which eventu-
ally reduces patient compliance. Today, the study of the morphology, as well as
of other cardiological aspects, is done preferably using specific surface coils
that exploit phases-array technology (4-8 channels), which remarkably
improve the Signal-to-Noise Ratio (SNR).

7.1.3 Scanning and segment planes of the heart

In general, the images obtained with a rigorous orientation along the body
axes (axial plane for example) are indispensable for the topographic images
of the cardiac and pericardiac masses, for the evaluation of the pericardium,
of the aorta, of the anterior wall of the right ventricle, of the pulmonary veins,
of the superior and inferior cava veins and for the study of the mediastinal
space (Fig. 7.1a-f). Yet, the axial approach is not suitable for measuring wall
thickness and the diameters of the cardiac chambers, since these structures
lay on planes oblique to the three spatial planes; therefore, the correct meas-
urements must be taken on planes oriented according to the cardiac axes.
Likewise, the sizes of the aorta and of the large vessels must be taken keeping
into account their spatial position, and thus on planes orthogonal to the ves-
sel’s major local axis.

As recommended by the American Heart Association (AHA), a correct eval-
uation of heart morphology requires that the images be obtained according to
oblique planes along the main axes of the heart [1]. This involves the use of
planes passing through the short axis of the left ventricle, and the long vertical
and horizontal axes (Fig. 7.2), and oriented in space 90° one to the other. In
Echocardiography, these planes correspond respectively to the short paraster-
nal axis, to the apical projection in 2 chambers and 4 chambers.

The cardiac muscle visualized in this manner can be divided into a vari-
able number of segments; in particular MRI can employ from 9 (for clinical
use) to 400 segments (for research purposes). However, it is general accepted
practice to use 17 segments (Fig. 7.3), 6 of which are basal, 6 mid-cavity, 4 api-
cal, plus 1 that is the so-called true apex (consisting of the apical cap); the
third basal segment is located between the mitral annulus and the apex of the
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Fig.7.1 a-f. Spin Echo Images obtained in breath-hold on axial planes parallel one to the other (slice
thickness 8mm) in caudal-cranial direction. Abbreviations: RA=Right Atrium, LA=Left Atrium,
RV=Right Ventricle, LV=Left Ventricle, PA=Pulmonary Artery, AO=Aorta, SC=Superior Vena Cava

papillary muscles in end-diastole; the third mid-cavity covers the entire
length of the papillary; the third apical covers the area that goes beyond pap-
illary muscles to just before the cavity end. The true apex is the area of
myocardium located after the end of the left ventricular cavity (along an
imaginary line going from the base to the apex).

The true apex can be evaluated from the vertical and horizontal long axis.
The division into 17 segments is the most truthworthy, reflecting both the ter-
ritories supplied by the main coronary arteries and the distribution of the
heart mass, which from autoptic studies results to be 42% for the base, 36%
for all the medium tract, and 21% for the distal tract + apex: using this tech-
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Fig.7.2 a-e. Images obtained in cine with FIES-
TA sequence. Panels show only the end-diastolic
frames (a) long horizontal axis, (b) long vertical
axis, (c-e) short axes at proximal, middle and
distal level

nique a distribution of 35% is assigned to the base and the mid-cavity tract,
30% to the distal region plus the apex. Hence, for assessing of the myocardi-
um and the left ventricular cavity it is recommended to divide the heart into
17 segments.



7 * Heart 149

Fig.7.3 a,b. Diagram of left ventricle segmentation. Left panel: horizontal (left) and vertical (right)
long axis. Right panel: short axis of the left ventricle, proximal (basal), middle and distal (apical)
planes (from left to right).

A total of 17 segments are defined:

1= proximal anterior 7 = middle anterior 13 = apical anterior
2 = proximal antero-septal 8 = middle antero-septtal 14 = apical septal

3 = proximal infero-septal 9 = middle infero-septal 15 = apical inferior
4 = proximal inferior 10 = middle inferior 16 = apical lateral
5= proximal infero-lateral 11 = middle infero-lateral 17 = true apex

6 = proximal antero-lateral 12 = middle antero-lateral

The slice thickness used for evaluating myocardial segments (for example,
for locating ischemic areas) is generally between 6-8mm, or at least less than
1 centimeter: slices less than 3 mm do not present particular advantages.

In addition to the images along the cardiac axes, we may use sagittal
images to visualize the RV outflow tract (as in the study of Arrhythmogenic
Right Ventricular Cardiomyopathy (ARVC), congenital heart diseases, etc)
and axial images to evaluate pulmonary veins and large vessels.

7.1.4 Strategy of image acquisition

The first unevitable approach for locating the approximate position of the
heart and of the large vessels within the chest is to obtain scout images, tak-
ing the three main planes of the body (axial, coronal, and sagittal) as refer-
ence. Scout images are obtained in Gradient Echo, which have the advantage
of being acquired in a few seconds (10-30 depending on the number of images
and on heart rate).

In certain circumstances (as in complex congenital cardiopathies), that
require more specifically oriented images in terms of spatial location, we can
utilize images obtained in real time (these, too, in Gradient Echo) without
electrocardiographic synchronization. Although the images lose somewhat in
quality, this technique enables to obtain images in fractions of seconds on a
single plane and to vary the scanning plane in an interactive manner, allow-
ing to “chase” the anatomical detail required.

Classically, the study of the morphology is based on “black blood”
sequences (Spin Echo, SE) that generate static images with an excellent spa-
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tial resolution (1-1.5 mm on the plane) (Fig. 7.1a-f), while the “white blood”
techniques (Gradient Echo, Fast Cine Gradient Echo, cine Spoiled Gradient
Echo, and the most up to date ultrafast sequences, such as Steady-State Free
Precession (SSFP) pulse sequences) are used for obtaining reconstructions of
the cardiac cycle (20-30 phases) and are thereby suitable for evaluating car-
diac function. Conversely, this distinction remains true only in part when
referring to modern equipment since some sequences, such as SSFP, provide
anatomical information of great detail (Fig. 7.2) and present a high contrast
between the circulating blood and the myocardial wall.

According to the complexity of performances demanded to the MRI
exam, the operator can conduct the study in the most appropriate manner by
choosing among several options and sequences offered by the hardware of
the equipment available: the traditional Spin Echo sequences (TR 400-1000
ms, TE > 20 ms and such to allow the de-phasing of spins and consequent
erasing of blood flow) can be obtained in free breathing while the Fast Spin
Echo “black blood” sequences (with flow suppression by double inversion
pulse) and the Triple Inversion Recovery Fast Spin Echo can be obtained in
breath-hold (18-22 seconds per each breath-hold). Nowadays, the SE in free
breathing are only used occasionally owing to their mediocre quality, the
inevitable interferences of breathing, and a long acquisition time (3-5 min-
utes); yet they are appreciated for their greater weight in T1 due to the short-
er TR (350-600 msec) that may be important whenever we wish to charac-
terize the composition of an abnormal tissue or the presence of fatty infil-
trations of the myocardial tissue. T2-weighted sequences (TE is typically 50
to 9o ms) have an increased image contrast, which may be helpful for tissue
characterization. Moreover, the signal dynamics of these sequences are well
known to those performing imaging with MR, and therefore the sequences
are extremely precious in cases of uncertainty. These sequences are also the
only feasible solution in case of arrhythmias that make breath-held
sequences unsuitable.

The most suitable sequences for the study of organs in continuous motion
are the Fast SE images (breath held), even if they are extremely sensitive to
breathing artifacts and require more collaboration on behalf of the patient.
The Fast SE “black blood” can either have a long TR (more than 1 sec) which
would allow to acquire the signal every other beat, or have a shorter TR (less
than 1 sec) which would allow to acquire the signal at every R-R interval. The
latter has a stronger weight in T1,a better SNR ratio and is less prone to breath
motion or flow artefacts (Fig. 7.1a-f). All Fast SE T1 sequences can be used with
the fat suppression option, which is very helpful whenever there is suspicion
of ARVC or of cardiac lipoma.

Triple Inversion Recovery sequences are more suitable when we need to
characterize abnormal tissue (see Chapter on cardiac masses). In fact, differ-
ently from what happens for the study of other organs, the use of images in
T2 (with TR>2000) both in breath-hold and synchronized with breathing
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Fig.7.4 a-c. Images in T2 in a patient with puru-
lent pleural-pericardial-mediastinitis after tho-
racic surgical intervention. In evidence corpus-
| cular matter at the level of the pleura (prevalent-
ly on the right), the pericardium (prevalently
posterior), and the superior-anterior medi-
astinum (prevalently anterior to the ascending
aorta)

and with ECG, produces very mediocre results because of the extreme sensi-
tivity of the images caused by motion and haematic flow (Fig. 7.4a).
Conversely, triple IR images are generally of excellent quality (Fig. 7.5 and Fig.
7.6a,b).

Generally speaking, T2 images are useful in the characterization of pericar-
dial effusions or collections of fluid, while the triple IR images can be utilized
for suppressing fatty tissue and are thereby the natural evolution and comple-
ment of sequences in the classical SE with FAT suppression, because of their

Fig. 7.5. Image in IR obtained along an axial
plane. The same patient as in Figure 7.4 with
pleural-pericardial-medistinitis. In this case the
corpuscular matter appears hypointense, while
the more fluid component appears hyperintense
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Fig. 7.6 a, b. Images in IR performed in the intent of saturating the signal from the adipose tissue,
which appears homogeneously hypointense. Image on the long vertical axis (a), and on the short
axis (b)

higher acquisition speed (12-16 vs 18-22 sec) and excellent spatial resolution.
The worst defect in triple IR sequences is the presence of a high signal from
blood flowing at lower circulation velocity (as that close to the ventricular wall).

Thus a standard morphological study should foresee images in Fast SE
“black blood” (8 mm thick, interslice gap 0 or 1 mm) in axial or para-axial
planes (15-20 slices); images in para-axial view in Fast SE “black blood” with
fat saturation and/or in triple IR of the left and right ventricle (12-20 slices)
whenever there is a suspicion of fatty infiltrations, or a tissue characterization
is required. Furthermore, a morphological study of the heart calls for cine-
GRE, SPGR, or ultrafast sequences (SSFP) that provide images on the vertical
and horizontal long axis for the study of the diameters and thickness of the
cardiac chambers (Fig. 7.7a-d). Once the images are obtained, the operator
decides to perform other planes to visualize a morphological detail or an
anatomical relation. With the modern equipment available today it is rare
that a cardiac study be restricted to the morphological aspect alone, while it
is practically the rule to perform a deeper cognitive investigation also includ-
ing the evaluation of function.

7.1.5 Techniques for measuring wall thickness and cardiac
diameters

Similarly to Echocardiography, the measurement of thickness and cardiac
diameters is performed in end-diastole and therefore in the end-diastolic
frame obtained in the cine images. For this purpose, images on the horizon-
tal axis of the heart (Fig. 7.2a) or on the short axis are generally utilized [3].

To date, there are no systematic polycentric studies that indicate the meas-
uring technique in detail, which instead can only be inferred by similar meas-
urements made during Echocardiography. In the case of the atria, end-sys-
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Fig. 7.7 a-d. Images from a patient with a diverticulum at the inter-ventricular septum. (a) Image
in SE T1, (b) and (c) images in triple IR, (d) diastolic image obtained with the dynamic sequence
(FIESTA)

tolic frames obtained on the horizontal long axis and eventually on the ver-
tical long axis are used (Fig. 7.2b). It must, however, be underlined that since
MRI is capable of highly accurate volumetric measurements, it is preferable
to evaluate the volumes of the cavities and the weight of ventricular mass
(see Chapter on cardiac function). Images in static “black blood” are not suit-
able for dimensional evaluations as they do not meet the photographic
requirement of the end-diastolic or end-systolic phase.

7.1.6 Advantages and limitations

With no doubt the possibility of obtaining images on any plane, with a wide
field of view and great contrast between different chest structures, greatly
facilitates the diagnostic process in defining the picture of the disease.
Moreover, the patient must be somewhat compliant and in stable clinical



154 MRI of the Heart and Vessels

Fig. 7.8 a, b. Images from a patient with postinfarction heart rupture. Images in SE (a) and in cine
SPGR (b).In evidence the large pseudo-aneurysmatic formation that occupies the left hemi-thorax.
There is clear evidence of the passage between the true ventricular cavity and the pseudo-aneurysm

condition. For these reasons, MRI remains a third level test for morphologi-
cal studies, but its use is gaining ground within the scenery of cardiac imag-
ing, and is assuming the dignity of a technique of reference to turn to when a
definition of the diagnostic problems is required at the highest level possible
(Fig. 7.8).
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7.2 Study of heart function

ANNA MARIA SIRONI, MASSIMO LOMBARDI, ALESSIA PEPE, DANIELE DE MARCHI
7.2.1 Main issues

One of the fundamental targets of cardiac imaging is to evaluate cardiac func-
tion in an accurate and reproducible manner, in order to provide the proper
tools for the diagnostic-prognostic management of a vast array of heart-spe-
cific and multi-systemic disorders characterized by an altered cardiac func-
tion.
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The study of cardiac function concerns practically all cardiological
patients; in order to have an idea - even if partial - on the magnitude of the
phenomenon, one need only consider the epidemiological data according to
which 2% of the population under 65 years of age and 10% of the population
over 65 is affected by heart failure [1].

The complex follow-up of a patient with heart failure or with the proba-
bility of developing heart failure not only requires that a methodology be
accurate, but also highly reproducible. Accuracy and reproducibility are also
indispensable requirements in the study of populations in the setting of phar-
macological trials.

7.2.2 MRI: a complementary response to Echocardiography

An emblematic example of the effects of the technological evolution on car-
diovascular MRI is the study of ventricular function. In the eighties, obtaining
motion images of the heart was an uncertain objective and of little diagnostic
significance, whereas today quick dynamic images with high spatial and tem-
poral resolution have become a reality, making MRI, over the past 5 years, the
method of reference for clinical and research purposes.

From the practical point of view Echocardiography fulfills the clinician’s
expectations in the vast majority of cases. Diffusion, availability, exam cost
and the image quality of modern echocardiographic equipments is such that
this technique remains the key examination in assessing cardiac function.

However, MRI is nowadays a sophisticated alternative when Echocardiogra-
phy, which is still largely dependent on the operator and on the patient’s
acoustic window, gives suboptimal results. The quantification of cardiac func-
tion by MRI is not limited by geometrical assumptions, which are progressive-
ly weakened by the degree of cardiac remodeling [2]. The procedures quantify-
ing ventricular volumes must match an excellent definition of the subendocar-
dial borders, which often cannot be obtained through Echocardiography. Such
limits are amplified when functional quantification is evaluated for the right
ventricular chamber, the functionality of which is also an important diagnostic
determinant in coronary heart disease [3], in congenital heart disease and in
pulmonary disease. All the issues connected to a functional quantification of
the ventricles in Echocardiography are stigmatized by the fact that in clinical
practice the qualitative evaluation of cardiac function performed by expert
operators, the quality still dominates over any effort of quantification [4].

The advantages of a functional evaluation by MRI, compared to other
techniques, are represented by its non-invasiveness, the use of non-ionizing
radiation, the independence from anatomical windows, and the non-admin-
istration of contrast mediums. In addition, MRI acquisition techniques can
produce 3D reconstructions of the heart with ab initio digital images, orient-
ed on any plane of space, and with high contrast between muscular structures
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and blood, hence providing, from these follow-ups, accurate and reproducible
quantitative evaluations, independent from geometrical assumptions. MRI
represents the complementary survey to Echocardiography, especially when
one wants to pass from a qualitative to a quantitative evaluation.

7.2.3 Imaging strategies

The consolidated protocol for obtaining quantitative data on the cardiac ven-
tricular chambers [5] starts with the acquisition of a coronal scout (Fig. 7.9a).
Then, positioning the plane of the following acquisition at half of the cardiac
profile, a sequence of dynamic images is obtained on the axial plane (Fig.
7.9b). On the end diastolic frame of this sequence of images the operator
identifies the plane connecting the ventricular apex and the middle of the
mitral valve in order to acquire the vertical long axis (2 chambers) (Fig. 7.9¢).
On the end diastolic frame of this sequence of images on the long axis the
operator locates the plane connecting the heart apex and the middle of the
mitral valve ring to obtain the long horizontal axis (4 chambers) (Fig. 7.9d).
Following the long vertical view of planes parallel to the septum could erro-
neously lead to the acquisition of images on the long horizontal axis that do
not necessarily pass through the center of the basal ring of the left ventricle
or that could cut the tip of the apex, introducing problems of inaccuracy and
reproducibility in quantitative evaluations. To obtain images on the short
axis view of the left ventricle, the long horizontal plane is the preferred ref-
erence. The operator can identify the axis that connects the ventricular apex
to the middle of the mitral valve on the end diastolic frame and position the
planes to obtain the short axes with orthogonal orientation to this axis inde-
pendent from the direction of the interventricular septum (Fig. 7.9.d).
Alternatively, the short axis planes can be obtained starting from the long
vertical axis, keeping the axis that connects the ventricular apex to the mid-
dle of the mitral valve as a reference (Fig. 7.9e). When acquiring the planes on
the short axis we generally proceed from the atrio-ventricular groove to the
apex to span the entire left and right ventricles.

It is also noteworthy to mention the technical variant for obtaining images
on the long horizontal axis that utilizes a projection on the short axis at the
medium ventricular level as a scout. In this case in order to obtain images on
the long horizontal axis the operator positions the scanning plane on the vir-

Fig. 7.9 a-f. (a) Coronal scout; (b) end-diastolic image in axial projection; (c) end-diastolic image
on long vertical axis; (d) end-diastolic image on long horizontal axis; (e) end-diastolic image on
long vertical axis that is used in alternative for obtaining images on the short axis; (f) end-diastolic
image on short axis at medium ventricular level that is used in alternative for obtaining images on
the long horizontal axis

—
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Fig. 7.10. Series of images on the short axis of the heart in end-diastole used for the calculation of
the ventricular volumes (from left to right, from the apex to the base)

tual line that connects the anterior angle of the free wall of the right ventri-
cle and the center of the left ventricular cavity (Fig. 7.9f).

If possible, the operator should obtain the dynamic sequences on the long
vertical axis, on the long horizontal, and on the short axis in breath-hold
(preferably in mild expiratory apnea).

To optimize the accuracy of measurements, a slice thickness of 8-10 mm and
a distance of 0-2 mm between planes is generally used in a scanner of 1.5 Tesla.
This way, the two ventricles are covered over their entire extension with 10-12
planes on the short axis (Fig. 7.10).

With collaborative patients, an expert operator can perform a study of
ventricular function in about 10-15 minutes.
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7.2.4 Sequences used for evaluation of cardiac function

The sequences in Spoiled Gradient Echo (SPGR) in free breathing (typical
parameters being: TE 8.5 msec, TR 30 msec, FA 20°), with ECG gating has
opened the way to the study of cardiac function, yet the time required to
obtain such sequences makes them obsolete and limits their use exclusively
to non-collaborative or arrhythmic patients. Modern scanners are equipped
with fast sequences such as the SPGR itself — but with a different setting of
acquisition parameters (TE 4.3 msec, TR 7.9 msec, FA 15° 8-12 lines per seg-
ment) (Fig. 7.11a, b), and ultrafast sequences (steady-state free precessing,
SSEP) (TE 2.1 msec, TR 4.9 msec, FA 45°,12-16 lines per segment) (Fig. 7.11c, d)
to be performed in breath-held acquisition.

Both the fast SPGRE and the ultrafast sequences (SSFP) allow to achieve
30 or more cardiac phases per heart beat (going under 11 phases leads to inad-
equate information on cardiac dynamics!).

The SPGR generates images of the muscular structures and blood with an
adequate contrast, but optimal contrast is obtained with SSFP, which has the
advantage of further reducing the acquisition time (8-20 seconds for the
SPGR, 8-12 seconds for the SSFP). In addition to these sequences, there are
even faster ones of echo planar derivation that are able to generate a cardiac
cycle in 4-8 seconds per slice (24-30 lines per segment). As all SSFP images,
they are very sensitive to flow artifacts and result noisy along the long axes of
the heart (Fig. 7.9b), however the images on the short axis are almost always
of excellent quality.

In order to obtain good quality images, it is extremely important to opti-
mize in all breath-held sequences the lines per segment (Fig. 7.11g, h), i.e. the
quantity of K-space to fill for each cardiac cycle: with a long R-R the number
of lines per segment can be increased to reduce acquisition time; conversely
with a short R-R, the number of lines per segment should be reduced. For
what concerns the tolerance threshold of R-R variability, the tighter this
parameter is (compatibly with the patient’s conditions), the better the quali-
ty of the images.

7.2.5 Evaluation of the cardiac function with MR
and postprocessing

The images obtainable in MRI are generally of high quality, and considerably
facilitate the experienced eye when evaluating regional myocardial contrac-
tility and the global functional level of the ventricles. However, utilizing MRI
as a “superecho” is a temptation that clashes with the reality of an expensive,
lengthy exam that in these terms, hardly competes with Echocardiography.
Except for cases of patients with a bad acoustic window, the qualitative evalu-
ation alone depreciates the added value of obtaining functional quantitative
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Fig. 7.11 a-h. (a, b) Images in SPGR (end-diastole and end-systole); (c, d) images obtained with
FIESTA (end-diastole and end-systole) that produce a better contrast between structures than the
images above; (e, f) images obtained by FIESTA Echo Train (end-diastole and end-systole) with a
shorter acquisition time at the expense of a worse SNR and the presence of flow artifacts; (g, h)
images obtained by FIESTA Echo Train (end-diastole and end-systole), after optimization of the
sequence with a reduction of the amount of signal sampled per heartbeat (lines per segment) and
reducing the R-R variability tolerance (arrhythmia rejection)

parameters in an operator independent manner, offered by such a refined
technique. For this purpose transferring the images to a work-station with an
adequate postprocessing program is unavoidable. The analysis of the images
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Fig. 7.12. Semi-automatic eval-
uation of ventricular function
in a patient with dilatative car-
diac disease. The bull’s eye view
gives an immediate picture of
regional function

is based on the manual or semiautomatic recognition of the endocardial and
epicardial edges of each ventricle, at least in end-diastolic and end-systolic
phases in each slice. The papillary muscles and the endocardial trabeculae
should be included in the calculation of the mass, except for when one wish-
es to evaluate regional function. It is important to exclude the atria that
emerge from the basal images during systole. The mass is given by the volume
of the myocardium multiplied by its specific weight of 1.05 g/cm3. The end-
diastolic and end-systolic ventricular volumes are equal to the sum of the
endocardial surfaces multiplied by the distance between the center of each
slice (Fig. 7.12): their evaluation is independent from geometrical assump-
tions [6]. The stroke volume is given by the difference of end-diastolic and
end-systolic volumes. The ejection fraction is given by the ratio between the
stroke volume and the end-diastolic volume. The cardiac output is given by
the product of the stroke volume multiplied by the heart rate. In presence of
valvular disease however, the cardiac output determined as above is obvious-
ly higher than the real anterograde flow. In such situations it is advised to add
to the measurements of the volumes performed as indicated above, the meas-
urements of flow in the ascending aorta measured with PC contrast images
[7] (see Chapter 2). The aortic flow measured on a complete cardiac cycle re-
presents the stroke volume of the left ventricle. Likewise, the flow in the pul-
monary artery measured over a complete cardiac cycle represents the stroke
volume of the right ventricle. It is thereby possible to easily quantify the real
anterograde flow and the regurgitation volume precisely, and compare such
data with those obtained by the ventricular planimetry. The manual or semi-
automatic identification of the sub-endocardial and sub-epicardial edges
allows the regional functional evaluation in a very precise manner. The meas-
urement of the diastolic and systolic segmental thickness, of wall thickening,
and derivable parameters (Fig. 7.12) reduces the intrinsic bias of qualitative
evaluations.
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Fig. 7.13. 3D reconstruction of
the left ventricle from short-
axis images (same patient of
previous figure, affected by
dilatative cardiac disease)

For an experienced operator, postprocessing time is on average 20 minutes,
depending on the quality of the images. The postprocessing systems available
today allow an efficient and elegant representation of the regional function,
facilitating the clinical work (Figs. 7.12, 7.13).

7.2.6 MRI quantification of left and right ventricular
dimensions: accuracy and reproducibility

Cardiac Magnetic Resonance Imaging has shown to be an accurate and repro-
ducible tool for the estimation of both Left Ventricular (LV) and Right
Ventricular (RV) measurements, and is being increasingly recognized as the
gold standard for non-invasive evaluation of cardiac function. MRI is com-
pletely non-invasive and its availability is widely increasing. It allows the acqui-
sition of sequential 2D slices or 3D volumes in any desired plane with high spa-
tial and temporal resolution. One major advantage is the high accuracy and
reproducibility for volumetric assessment of both the left and right ventricle
[8]. Previous studies found substantial differences for the determination of
global LV function by comparing early MRI techniques with Echocardiography,
Left Ventriculography and Radionuclide Ventriculography [9]. More recently, a
better correlation with MRI has been found when adopting the most advanced
echocardiographic techniques [10]. However, Cardiovascular Magnetic
Resonance (CMR) has shown a better inter-study reproducibility in the assess-
ment of Left Ventricular (LV) parameters. The inter- and intra-observer vari-
ability of the evaluation of the cardiac function, LV mass and ventricular vol-
umes is very low compared to the other imaging techniques, since it is around
5% in normal subjects as in patients with altered cardiac function [11-14].
Therefore, breath-held CMR is a fast comprehensive technique for the assess-
ment of cardiac volumes, function, and mass in cardiac patients because of its
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accuracy but also its high reproducibility. This allows to reduce considerably the
number of patients required to prove the hypothesis in research studies, which
suggests a potential for important research cost savings [15].

Lorenz et al. [11] published the first normal range of values for cardiac
MRI LV mass and volumes, utilizing a conventional cine Gradient Echo
sequence performed with free breathing. A different normal range for turbo
Gradient Echo (turbo GRE) in breath holding was developed by Marcus et al.
[12]. But the most frequently used technique now, and likely in the future, is
the Steady-State Free Precession pulse sequence (SSFP), because of improved
delineation of the endocardial borders and faster acquisition time. The com-
parisons between the two techniques (turbo GRE and SSFP) showed system-
atic differences: SSFP yields larger end-diastolic volumes (EDVs) and end-
systolic volumes (ESVs) and smaller LV mass measurements than turbo GRE.
The difference between these two pulse sequences may be due to the differ-
ence in endocardial border definition. Slow flow of blood at the endocardial
border results in a poor signal, reduced contrast between blood and
myocardium, and therefore potential overestimation of wall thickness in the
turbo GRE pulse sequences. Hence the normal ranges for the different pulse
sequences are not interchangeable. Furthermore, differences related to the
age of the patient must also be considered [13] (Tables 7.1, 7.2).

Table 7.1. Mean values + SD of left and right ventricle dimensions based on acquisition
with cine GRE and SSFP*

GRE SSFP

Male Female Male Female
LV-EDV (ml) 152.6%34.3 123.0%19.7 168.5%33.4 134.9%19.3
LV-ESV (ml) 52.7113.8 40.619.2 60.8%16.0 48.9*10.7
LV-SV (ml) 99.9123.0 82.5+13.5 107.7%20.7 86.0%12.3
LV-EF % 65.514.1 67.114.6 64.214.6 64.0% 4.9
LV-Mass (g) 159.7+25.7 106.7%12.6 133.2%23.9 90.2%12.0
LV EDV/BSA (ml/m?2) 74.4%14.6 70.9%11.7 82.3t14.7 77.7%10.8
LV Mass/BSA (g/m?) 77.8%9.1 61.5%7.5 64.7%9.3 52.0% 7.4
RV-EDV (ml) 160.4%32.6 117.4%23.2 176.5%33.0 130.6%23.7
RV-ESV (ml) 67.8+14.8 44.519.3 79.3%16.2 52.3+9.9
RV-SV (ml) 92.7122.1 72.9116.9 97.8+18.7 78.3%16.9
RV-EF % 57.6%5.4 61.815.3 55.1%3.7 59.8%5.0
RV EDV/BSA (ml/m?) 78.4%14.0 67.5%12.7 86.2%+14.1 75.2%+13.8

* LV-EDV, RV-EDV and LV mass have been indexed to BSA.
EDV = End Diastolic Volume, ESV = End Systolic Volume, SV = Stroke Volume, EF = Ejection Fraction,
BSA = Body Surface Area (modified by Alfakih et al. [12])
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Table 7.2. Mean values * SD for left ventricular dimensions based on by acquisition cine
GRE and SSFP.

GRE SSFP

Male Female Male Female
Age ranging between 20 and 39 years
EDV (ml) 161.8%27.7 126.0+22.2 178.6%30.1 137.0120.7
EDV/BSA (ml/m?) 79.3%113.7 76.1£13.2 87.6+15.3 82.6%11.5
ESV (ml) 57.2 *11.2 42.7%10.0 64.5+16.0 50.2+11.2
SV (ml) 104.6+18.8 83.4%15.1 114.21+16.4 86.7t11.7
EF % 64.713.6 66.214.9 64.314.2 63.6%4.5
Mass (g) 166.9123.4 110.9+10.3 138.9%24.5 92.9+12.2
Mass/BSA (g/m?) 81.418.5 67.0%5.9 67.8+10.7 56.217.7
Age ranging between 40 and 65 years
EDV (ml) 145.5%37.8 120.6%17.9 160.8+34.6 133.3+18.7
EDV/BSA (ml/m?2) 70.6 £14.6 66.918.9 78.3%13.2 73.9%8.9
ESV (ml) 49.3+14.8 39.018.5 57.9%15.9 47.8%10.5
SV (ml) 96.21+25.6 81.8+12.5 102.8+22.8 85.5%13.0
EF % 66.214.4 67.814.3 64.115.0 64.315.3
Mass (g) 154.2%26.7 103.4%13.5 128.8 £23.2 88.1t11.7
Mass/BSA (g/m?) 75.1%+ 8.8 57.3%5.6 62.4%7.6 48.8%5.4

EDV = End Diastolic Volume, ESV = End Systolic Volume, SV = Stroke Volume, EF = Ejection Fraction,
BSA = Body Surface Area (modified by Alfakih et al [12])

7.2.7 Evaluation of diastolic function

The evaluation of diastolic function represents a relevant clinical and
methodological problem. About one third of patients with heart failure have
exclusively, or prevalently, a compromised diastolic function in presence of a
conserved - or at least severely impaired - systolic function. The conse-
quences in terms of morbidity and healthcare costs are comparable to those
brought by systolic compromising. Risk factors are hypertension, age, dia-
betes, myocardial hypertrophy, and ischemic heart disease [16, 17]. Some
myocardial diseases appear exclusively as a diastolic compromission (as
endomyocardial fibrosis).

Catheterism (pressure-volume curves) is considered the technique of ref-
erence, but obviously cannot be used on a large scale or repeatedly on a sin-
gle patient. At present, the most used imaging technique remains, with good
results, Echocardiography and in particular the study of the transmitral flow
by the Doppler technique.



7 * Heart 165

MRI is emerging as the alternative choice, also in consideration of the fact
that it is a very accurate and reproducible three-dimensional technique [17].
Several different approaches have been proposed to evaluate diastolic func-
tion: indexes derived from the time-volume curves, indexes derived from the
transmitral flow as measured by the PC technique [19, 20], and 31P-MR spec-
troscopy measurements of the myocardial energy for the active energy-
dependent process of myocardial relaxation [21].

Time-volume curves generating from GRE images provide accurate
assessment of global left ventricular function without the need for geometri-
cal assumptions; GRE and SSFP imaging yield highly reproducible measure-
ments of ventricular volumes throughout the cardiac cycle. From the con-
tours describing the endocardial and epicardial border of the myocardium
we can measure ventricular volumes, from which the volume-versus-time
curves of both ventricles can be plotted. The same principles derived from
Echocardiography can be applied to these curves, although no systematic
study on their accuracy has been published yet.

The maximal change of milliliters per second calculated during the rapid
filling phase, gives the Peak Filling Rate (PFR). The time between end systole
and the time point at which PFR occurs (Fig. 7.14) is identified as the time to
PFR. PFR can be expressed relative to the end-diastolic volume (PFR/EDV)
and to the stroke volume (PFR/SV).

The measurement of flow by PC sequence leads to findings similar to
those commonly used in Echo-Doppler for trasmitral and pulmonary vein
flows. In such cases it is mandatory to position the scan plan perpendicular
to the local flow direction.

The most commonly used parameters are: early peak filling rate of E wave
(defined as the max velocity detectable between the end of systole and the
middle of diastole); the acceleration time (time to peak filling rate, defined as
the time between the beginning of the diastole and the max velocity of filling
in the middle of diastole); the peak of the A-wave (peak late filling rate, cor-
responding to the maximum velocity of flow measured between the middle
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and the end of diastole); the E/A ratio. In the case of pulmonary vein flow, the
systolic, diastolic, and reversal components [18] have been measured accu-
rately by use of cine magnetic resonance with velocity encoding, showing
close agreement with Doppler data [19, 20].

Furthermore, a good correlation has been demonstrated between veloci-
ty-based indexes and volumetric data [21]. Additionally, flow measurement by
PC images is not restricted by poor acoustic windows and allows repro-
ducible alignment with jets of any orientation, avoiding operator-dependent
uncertainties in obtaining correct flow velocity profiles.

However, it must be underlined that ventricular filling patterns and flows
reflect only indirectly diastolic myocardial function, as compared with pat-
terns of myocardial wall motion. During diastole, the left ventricle rotates
(untwisting), translates, and extends radially. Segmental contribution to this
complex motion is different: untwisting is opposite in basal (counter-clock-
wise rotation when viewed from the apex) compared with apical segments
(clockwise rotation), and radial displacement is highest in the endocardial
layer compared with the epicardial layer.

Finally, 31P-MR spectroscopy has the ability of analyzing P-MR spectra and
measuring the ratio of myocardial phosphocreatine and adenosine triphos-
phate levels (PCr/ATP) reflecting the energy status of tissue of the human heart
in vivo. Myocardial relaxation is an active, energy-dependent process. Changes
in 31P-MR spectra have been associated with disturbed diastolic function [21].

7.2.8 Evaluation of cardiac function by tagging images

Tagging consists in marking the myocardium with demagnetization axes (par-
allel lines or a grid of lines orthogonal to each another) that remain visible
during the cardiac cycle (Fig. 7.15). It is one of the most fascinating innovations
on the scenery of cardiac imaging in the last years. With tagging methods the
magnetization of the heart (and surrounding structures) is locally perturbed
in order to create MRI-visible markers (tags) within the heart wall that will
move with the underlying myocardium. This, however, is only a minimal
aspect compared to the computerized analysis of the behavior of such lines
during the cardiac cycle. The mathematical analysis — which is still being opti-
mized in its methodology, considering deformation, acceleration, deceleration

Fig. 7.16 a-f. Analysis of the images obtained by tagging, with the HARP technique. The Fourier
analysis of the single image allows to avoid the recognition of the demagnetization lines, making
the procedure operator independent: (a, b) the original images obtained with demagnetization lines
with a different orientation (perpendicular to each other). (¢, d) The results of the Fourier analysis
on the original images; the spectral peaks are expressed as bright pixels. Only the sequences con-
taining information on movement are retained, while all others are canceled. (e, f) The results of the
aforementioned filter. The procedure is repeated for all images of the cardiac cycle and the tracing
of the single pixel is performed over time

_»
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Fig.7.15 a, b. End-diastolic (a) and end-systolic (b) images by means of tagging
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of such lines - can provide absolute quantitative information on regional
myocardial contractility intended as systolic function, diastolic function, and
wall strain [22]. It is noteworthy to underline that tagging represents the only
possible non-invasive alternative for performing a sophisticated study of dias-
tolic function, which at present can only be performed with intraventricular
catheterism techniques available in few clinical research centers.

Before tagging becomes a routine technique with important clinical
results, there are some open issues that must be solved in regards to the auto-
matic locating systems for desaturation lines and to the standardization of
the postprocessing approach.

One method of image analysis, recently put on the market, is HARP
(Harmonic Analysis of Phase) [22], which actually eliminates the need for rec-
ognizing saturation lines and thereby greatly simplifies postprocessing (Fig.
7.16). Whatever the approach used, it is, however, fundamental to obtain images
in which the desaturation lines remain clear during the entire cardiac cycle.

If the data provided by research centers so far is confirmed on a clinical
scale, tagging could soon become a vital standard in the evaluation of systolic
and diastolic functions - a technique without which we would not be able to
perform advanced studies of cardiac function finalized for clinical purposes.

References

1. Ho KK, Pinsky JL, Kannel WB, Levy D (1993) The epidemiology of heart failure: The
Framingham Study. ] Am Coll Cardiol 22:6A-13A

2. Teichholz LE, Kreulen T, Herman MYV, Gorlin R (1976) Problems in echocardiographic vol-
ume determination: Echocardiographic-angiographic correlation in presence or absence
of asynergy. Am J Cardiol 37:7-11

3. Zehender M, Kasper W, Kauder E, Schonthaler M, Geibel A, Olschewski M, Just H (1993)
Right ventricular infarction as an independent predictor of prognosis after acute inferior
myocardial infarction. N Engl ] Med 328:981-988

4. Amico AF, Lichtenberg GS, Reisner SA et al (1989) Superiority of visual versus computer-
ized echocardiography estimation of radionuclide left ventricular ejection fraction. Am
Heart ] 118:1259-1265

5. Bellenger NG, Francis JM, Davies CL et al (2000) Establishment and performance of a mag-
netic resonance of cardiac function clinic. ] Cardiovasc Magn Reson 2:15-22

6. Chuang ML, Hibberd MG, Salton CJ et al (2000) Importance of imaging method over imag-
ing modality in non invasive determination of left ventricular volumes and ejection frac-
tion: assessment by two- and three-dimensional echocardiography and magnetic reso-
nance imaging. ] Am Coll Cardiol 35:477-484

7. Mohiaddin RH, Longmore DB (1993) Functional aspects of cardiovascular nuclear mag-
netic resonance imaging: techniques and application. Circulation 88:264-281

8. Mogelvang ], Lindvig K, Sondergaard L, Saunamaki K, Henriksen O (1993) Reproducibility
of cardiac volume measurements including left ventricular mass determined by MRI. Clin
Physiol 13:587-597

9. Bellenger NG, Burgess MI, Ray SG, Lahiri A, Coats AJS, Cleland JGE, Pennel DJ (2000)
Comparison of left ventricular ejection fraction and volumes in heart failure by echocar-



7 * Heart 169

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

diography, radionuclide ventriculography and cardiovascular magnetic resonance: are
they interchangeable? Eur Heart ] 21:1387-1396

Morales MA, Positano V, Lombardi M, Rodriguez O, Passera M, Rovai D (2004) Semiautomatic
detection of left ventricular contours in contrast-enhanced echocardiographic images: com-
parison with magnetic resonance imaging. ] Am Soc Echocardiogr 17:876-882

Lorenz CH, Walker ES, Morgan VL, Graham TP, Klein SS (1999) Normal human right and
left ventricular mass, systolic function and gender differences by cine magnetic resonance
imaging. ] Cardiovasc Magn Reson 1:7-21

Marcus JT, DeWaal LK, Gotte MJ, van der Geest R], Heethaar RM, Van Rossum AC (1999)
MRI-derived left ventricular function parameters and mass in healthy young adults: rela-
tion with gender and body size. Int ] Card Imaging 15:411-419

Alfakih K, Plein S, Thiele H, Jones T, Ridgway JP, Sivananthan MU (2003) Normal human
left and right ventricular dimensions for MRI as assessed by turbo gradient echo and
steady-state free precession imaging sequences. ] Magn Reson Imaging 17:323-329

Pennel DJ (2002) Ventricular volume and mass by CMR. ] Cardiovasc Magn Reson 4:4
Bellenger NG, Davies LC, Francis JM, Coats AJS, Pennel D] (2000) Reduction in sample size
for studies of remodelling in heart failure by the use of cardiovascular magnetic resonance.
J Cardiovasc Magn Reson 2:271

Zile MR, Brutsaert DL (2002) New concepts in diastolic dysfunction and diastolic heart
failure: Part I: diagnosis, prognosis, and measurements of diastolic function. Circulation
105:1387-1393.

Zile MR, Brutsaert DL (2002) New concepts in diastolic dysfunction and diastolic heart
failure: Part II: causal mechanisms and treatment. Circulation 105:1503-1508

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

Mohiaddin RH, Gatehouse PD, Henien M et al (1997) Cine MR Fourier velocimetry of
blood flow through cardiac valves: comparison with Doppler echocardiography. ] Magn
Reson Imaging 7:657-663

Hartiala JJ, Mostbeck GH, Foster E et al (1993) Velocity-encoded cine MRI in the evaluation
of left ventricular diastolic function. Measurement of mitral valve and pulmonary vein
flow velocities and flow across the mitral valve. Am Heart J 125:1054-1066

Lamb HJ, Beyerbacht HP, van der Laarse A, Stoel BC, Doornbos J, van der Wall EE, de Roos
A (1999) Diastolic dysfunction in hypertensive heart disease is associated with altered
myocardial metabolism. Circulation 99:2261-2267

Osman NE, Kerwin WS, McVeigh E and Prince L] (1999) Cardiac motion tracking using
CINE harmonic phase (HARP), magnetic resonance imaging. Magnetic Resonance in
Medicine 42:1048-1060

7.3 Study of myocardium

7.3.1 Stress MIRI

ALESSANDRO PINGITORE, BRUNELLA FAVILLI, PETRA KEILBERG, GIOVANNI AQUARO, ELISABETTA STRATA

7.3.1.1 Introduction

The coronary artery system is anatomically divided into two districts: large
conductive epicardial arteries and resistance arterioles. Excluding, for sim-
plicity, the resistances dependant on cardiac mechanics and those linked to the
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rheological properties of the blood, we can state that great part of the coronary
flow resistance is given by the muscular tone of the arterioles. The systems of
conductance and resistance are in series, therefore the total resistance is given
by the sum of the two. In normal conditions, the resistance determined by the
large epicardial vessels is so modest that it can be neglected, but in the pres-
ence of a coronary stenosis, the narrowing provokes a substantial change in
the relative distribution of the resistances and may condition regional
myocardial flow [1]. As the other dynamic fluid conditions (perfusion pres-
sure, rheology, etc.) remain unmodified; velocity of flow through the stenosis
increases keeping flow constant, according to the Bernoulli’s continuity law.
The resistance to flow at level of the stenosis causes a drop in pressure and the
formation of a trans-stenotic pressure gradient that increases proportionally
with the severity of the stenosis - the severity depending on the fourth power
of the radius of the residual lumen. The loss of pressure at level of the stenosis
depends on the friction that blood meets passing through the stenosis (vis-
cous losses) — a preponderant factor in conditions of low flow - and also
depends on the turbulence, which is the main factor in high flow conditions.
The relationship between trans-stenotic pressure gradient and flow is illus-
trated in Figure 7.17 [2]. It is evident that the pressure gradient rises exponen-
tially with the increase in flow and that the more severe the stenosis is, the
steeper is the curve for small flow variations. Arterial vasodilation is a mech-
anism that compensates, within certain limits, the increase of resistances
occurring at the level of the epicardial coronaries. In the absence of stenosis,
arterial vasodilation or coronary vasodilatatory reserve increase the coronary
flow (up to fourfold the basal value) in response to the increased metabolic
needs of the myocardium. In the presence of stenosis, the vasodilatatory
reserve is used to keep coronary flow constant at basal conditions. Obviously,
the ability of increasing flow in response to the myocardium’s higher metabol-
ic demand progressively reduces. When the stenosis is subocclusive (over
90%) the vasodilatatory reserve is unable to keep the flow constant any longer,
even at basal conditions. The relation between stenosis and flow in basal con-
ditions and of maximum vasodilation is illustrated in Figure 7.18 [3].
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Trans-stenotic pressure
gradient

Fig. 7.17. Relationship between
trans-stenotic pressure gradient
and coronary flow (modified
Flow from Klocke FJ [2])
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Secondary myocardial ischemia is the result of a transient unbalance
between oxygen demand and supply, which manifests either under stress
when the mechanisms compensating the presence of a coronary stenosis are
able to guarantee an adequate basal flow but cannot face demand increases
(reduction of coronary reserve), or at rest when the stenosis is so severe that
the basal coronary flow decreases despite the activation of all the compensa-
tion mechanisms (a quite rare event).

Myocardial ischemia determines a sequence of events, included in the so-
called ischemic cascade (Fig. 7.19); this sequence has a precise temporal order
[4]. Metabolic alterations are the first to ensue to the reduction in coronary flow.
Alterations of the diastolic function (altered relaxation) then set in, followed by
alterations of the systolic function (reduction of regional contractility).
Subsequently, electrocardiographic changes occur, which ultimately announce
the manifestation of precordial pain. These ischemic signs have been exploited
by the imaging techniques for diagnostic purposes. Each technique has its own

Ischemic markers

Fig. 7.19. Ischemic cascade.
Myocardial ischemia triggers a
series of chronologically ordered

alterations (modified from Pica-
Ischemia time no E [9])
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diagnostic accuracy, intended in terms of sensitivity and specificity. Generally,
perfusion and metabolic alterations can manifest in the presence of even mild
coronary stenoses, while contractile dysfunction requires more severe stenoses.
Hence, Positron Emission Tomography (PET) with 18-Fluorodeoxyglucose,
which studies the cardiac metabolism, and perfusion scintigraphy are very sen-
sitive but relatively less specific for the diagnosis of coronary disease as com-
pared to Echocardiography and stress MRI, which base their diagnostic accura-
cy on the appearance of alterations in regional contractile function.

7.3.1.2 Semiotics of cardiac stress imaging
7.3.1.2.1 Induction of ischemia

The induction of myocardial ischemia by physical or pharmacological stress
is a fundamental step in the diagnostic itinerary of a patient with suspected
or known coronary disease. According to the current guidelines for stable
angina [5], a physical or pharmachological diagnostic test associated to an
imaging technique is identified as class I in the diagnostic classification of a
patient with an intermediate risk of ischemia. The ischemic response to stress
with the employment of an imaging technique allows a direct visualization of
the area at risk and, therefore, the identification of the corresponding vascu-
lar territory. Furthermore, the characterization of the ischemic response
according to temporal and spatial coordinates that include extension, severi-
ty, induction time of ischemia, and reversibility of the induced ischemia (Fig.
7.20) allows to make an accurate risk stratification of the patient, which will
obviously determine the therapeutic strategy.

Severity
Dryskinesia
Akinesia
Hypokinesia
Number
A 1 .17 of asinergic
& number of asinergic segments ~ S€gMents . e e
s/ o1 0T ASINErgIe segments Fig. 7.20. Stratification of
& & ischemic response according to
S/ & spatial-temporal coordinates:
& ,-Qé' time of ischemia, extension of
Time asynergy, and severity of
induced asynergy
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7.3.1.2.2 Assessment of the ischemic area

Imaging techniques can directly visualize the ischemic area of the myocardi-
um. Conventionally, the left ventricle is divided longitudinally (from the base
to the apex) into four regions (proximal or basal, medium, distal, and real
apex). According to the recommendations of the Scientific Societies, each
region is then divided into segments. The proximal and the medium regions
are divided into 6 segments each: anterior and inferior septum, anterior,
antero-lateral, infero-lateral and inferior segments. The distal region is divid-
ed into 4 segments: interventricular septum, and the anterior, lateral and infe-
rior walls. These segments plus the apical segment, which is the part of the
myocardium beyond the cavity, add up to a total of 17 segments (Fig. 7.21) [6].
This subdivision reflects the distribution of the three large epicardial vessels:
the anterior wall and the anterior septum are supplied by the left anterior
descending coronary a., the inferior septum and the inferior segments are sup-
plied by the right coronary a., and the antero-lateral and infero-lateral seg-
ments by the circumflex a. (Fig. 7.22). There can be, however, bordering
myocardial segments that are supplied by different arteries according to the
vascular dominance. The visualization of the area at risk and the knowledge of
the corresponding vascular territory allows to identify indirectly the location
of the coronary stenosis, or stenoses, responsible for the induced ischemia in
patients with known or suspected coronary artery disease. Furthermore, this
potentiality can be extremely useful in patients with previous myocardial
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infarction, in whom despite the presence of regional contractile dysfunction at
rest, it is possible to discriminate between ischemia within the same vascular
territory (homozonal) and ischemia in a different territory (heterozonal) - the
latter being indicative of multivessel coronary disease.

7.3.1.2.3 Severity of contractile dysfunction

The severity of contractile dysfunction is directly correlated to the extent of
the myocardial ischemia. Forrester et al. experimentally demonstrated
increasing levels of contractile dysfunction in relation to the progressive
reduction of coronary flow [7]. Moreover, experimental studies have demon-
strated that the systolic thickening closely correlates to the subendocardial
thickening during ischemia, as well as to the subendocardial flow and trans-
mural perfusion, but has little to do with the systolic shortening and the flow
of the subepicardium [8]. In clinical practice, the changes of regional contrac-
tile function are estimated on three levels of increasing severity: hypokinesia
when there is a reduction of systolic thickening; akynesia when there is no sys-
tolic thickening, dyskinesia when systolic wall motion occurs outward towards
the ventricular cavity (systolic bulging) in addition to a thinning of the wall.
This condition can be described by a scoring system in which each degree of
dysinergy is assigned a numerical value: 2 to hypokinetic segments, 3 to aki-
netic segments, and 4 to dyskinetic segments; 1 is assigned as reference value
to normal segments. The score index of contractile function is obtained by
summing these values and dividing them by the number of segments analyzed
(Wall Motion Score Index). The higher the value of this index, the more severe
the dysfunction and /or the extension of the contractile dysfunction [9].

7.3.1.2.4 Extension of the ischemic area

The extension of the area at risk can be quantified calculating the WMSI that
represents an integrated index of extension and severity of the induced asyn-
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ergy. The variation of the WMSI between basal and stress conditions corre-
lates with the severity of the coronary disease and identifies those patients at
higher cardiac risk.

7.3.1.2.5 Time to ischemia

The time to ischemia corresponds to the period between the beginning of the
test (start of exercise or infusion of drug) and the onset of ischemia. The less
the time to ischemia, the greater the severity of heart disease and the risk for
cardiac ischemic events.

7.3.1.2.6 Reversibility of ischemia

Once ischemia has been induced and the images needed for diagnostic aims
have been obtained, the physical stress is interrupted or, in the case of phar-
macological stress, the patient is administered a specific antidote. A slow or
incomplete recovery is a sign of the severity of the coronary disease.

7.3.1.3 Semiotics of cardiac stress with MRI

The possibility of stratifying the ischemic response according to time-space
coordinates depends on the kind of technique utilized. Techniques such as
Echocardiography that allow a continuous monitoring of the contractile
function can accurately evaluate “time to” and “reversibility of” ischemia.

To date, these two parameters have not been evaluated by MRI, where the
acquisition of the images suitable for evaluating the cardiac function usually
occurs only at stress peak or in the presence of angina. The definition of the
extension of the risk area and the severity of the contractile dysfunction are
parameters that can be accurately evaluated by MRI, since it is a technique
that permits a high spatial resolution and gives a good definition of endo-
cardial contours of all the cardiac segments.

7.3.1.4 Pharmacological protocols

Because stress MRI with the use of physical effort is still limited to the few
research centers, generally pharmacological protocols are applied. The most
frequently used are those with dipyridamole and dobutamine. Table 7.3
reports evaluation studies for the accuracy in the diagnosis of myocardial
ischemia with stress MRI [10-17].
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Table 7.3. Stress MRI. Publications on the diagnostic accuracy of inducible
myocardial ischemia (Dobatro = Dobutamine + Atropine; Dob = Dobutamine;
Dipy = Dipyridamole)

Authors Protocol Patients Sensitivity  Specificity
Schalla S JACC 2001 Dobatro 22 97 97
Wahl A EH]J 2000 Dobatro 80 86 81
Hundley W Circulation 1999 Dobatro 153 83 83
Wahl A Circulation 2001 Dob 170 84 86
Nagel E Circulation 1999 Dob 208 86 85
Van Rugge F JACC 1993 Dob 45 81 100
Zhao S Magn Reson Imaging 1997 Dipy 60 80 75
Baer FM Int ] Card Imaging 1993 Dipy 33 84 89

7.3.1.4.1 Dobutamine

Dobutamine is a sympatho-mimetic drug with a brief action time (half life
2 min) that basically acts on -1 cardiac receptors and, to a lesser degree, on
a1 and B1 receptors. Its main actions are: positive inotropic effect — well vis-
ible immediately after the administration of low doses - and positive
chronotropic effect. The induction of ischemia mainly occurs due to the
increase of oxygen consumption mediated by an increase of both contrac-
tility and cardiac rate. Other potential mechanisms are the regional changes
of flow induced by f2-mediated coronary vasodilation and the a-mediated
coronary vasospasm mechanism.

The commonly used protocol is drafted in Figure 7.23. The maximum dose
is 40 microg/kg/min. The increase of the dose occurs every three minutes [18].
In the case the maximal expected heart rate is not reached, the protocol fore-
sees the administration of atropin at the maximum dose of 1 mg distributed in
4 doses of 0.25 mg/min [19]. The antidote used for dobutamine/atropine
belongs to the family of 3-blockers (propranolol, atenolol, esmolol), which is
not needed in all cases, if not strictly required, because of dobutamine’s short
time of action.

7.3.1.4.2 Dipyridamole

Dipyridamole provokes arteriolar vasodilation mediated by adenosynergic
receptors A2. The mechanism of action does not directly involve the receptors
but is mediated by endogenous adenosine, the metabolic degradation of
which is reduced by dipyridamole. The increase of coronary flow is up to
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eightfold the basal value. The mechanism of induction of myocardial
ischemia is the so-called ‘steal’ phenomenon. There are two kinds of ‘stealing’:
horizontal and vertical. In the vertical steal the mechanism is the loss of per-
fusion pressure downstream the stenosis, secondary to the increase of flow
through the stenosis itself and to the conversion of kinetic energy to poten-
tial energy. Because the range of the coronary flow self regulation curve is
located at pressure perfusion levels higher than those of the subepicardium,
the steal reduces the flow at the level of the subendocardium. This hypoper-
fusion, occurring despite the increase of flow in the subepicardium, provokes
a decrease in regional contractility.

The horizontal steal requires the presence of a collateral vascularization
between two vascular districts. The steal occurs in the district supplied by the
most stenotic vessel, where the vasodilatory reserve is lower than in the non-
stenotic vascular district. The steal mechanism therefore depends on the
reduction of vascular resistances of the so-called “donating-flow” district, fol-
lowing to the vasodilatation induced by dipyridamole. The standard protocol
is shown in Figure 7.24 and foresees the administration of two doses of
dipyridamole: the low dose (0.56 mg/kg in 4 minutes) followed by the high
dose (0.28 mg/kg in 2 minutes), with a 4-minute time lapse in between [20].
Atropine can be administered in the case of a negative test, following the
same procedure utilized for dobutamine [21]. The antidote is aminophillin,
that is routinely administered because of dipyridamole’s long action time
(several hours).
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7.3.1.4.3 Adenosine

Adenosine differs from dipyridamole as it acts directly on the adenosynergic
receptors and has a very short time of action (seconds). The induction mech-
anism is similar to that of dipyridamole. The administration of the antidote
(aminofillin) is not necessary if not clinically required. Adenosine is preva-
lently used in studies of myocardial perfusion. Because it has a very short
time of action, it is difficult to manage in the evaluation of contractile func-
tion or in combined studies of function and perfusion.

7.3.1.5 MRI and Echocardiography

Magnetic Resonance and Echocardiography are the two most accurate tech-
niques for evaluating regional contractile function of the left ventricle in
basal conditions and during stress. The main differences between the two
techniques can be summarized as in Table 7.4. Today, Echocardiography is the
most used method for evaluating contractile function during pharmacologi-
cal or physical stress because of its high diagnostic accuracy, feasibility, ver-
satility and low cost. The major limits of this technique are its non-optimal
image quality in 5-10% of patients, its dependence on experience of the oper-
ator, and the non-optimal visualization of some myocardial segments. The
introduction of a second harmonic has somewhat redimensioned these lim-
its, as it better defines the contours of the endocardium. Reports on compar-
isons between the diagnostic accuracy for myocardial ischemia of the two
techniques are few. The studies published so far demonstrate a higher accu-
racy for MRI compared to Echocardiography, independently from the drug
used. There is also reason to believe that MRI with high doses of dobutamine
is superior to Echocardiography in terms of sensitivity and specificity; the
superiority is found in the better image definition, especially of the inferior
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Table 7.4. Main differences between MRI and Echocardiography

Echo MRI
Feasibility +++ ++
Safety +++ ++
Diagnostic accuracy ++ +++
Costs + 4+
Temporal resolution +++ ++
Spatial resolution ++ 4

and infero-lateral walls of the left ventricle where Echocardiography often
fails [14]. Moreover, MRI allows a better analysis of regional contractility by
means of its capacity of visualizing the same myocardial segment from dif-
ferent regions, a task, which is not performed easily with Echocardiography.

The measurement of systolic thickening, as a quantitative index of con-
tractility, is more accurate by MRI than by Echocardiography because of its
better definition of the endocardium. On the other hand, the complex motion
of twisting and untwisting of the heart makes it difficult to measure the same
portion of myocardium in systole and diastole on the short axis, and thus rep-
resents a limit of this approach. Image acquisition by tagging allows to follow
the same portion of myocardium during the cardiac cycle and to facilitate the
measurements of systolic thickening. The use of this approach has produced
results similar to those obtained with the experimental method of reference
involving intramyocardial ultrasound crystals [22]. This refined technique is
purely quantitative, operator independent, and allows to evaluate the intra-
mural myocardial contractile function, clearly distinguishing the subendo-
cardial function from the subepicardial one. To underline the potentiality of
this approach, one may simply consider that the measurement of the seg-
mental circumferential shortening has permitted to document in basal con-
ditions the presence of an intramyocardial contraction gradient with values
of circumferential shortening of 25% for the subendocardium and of 18% for
the subepicardium. Moreover, this parameter has resulted higher at level of
the postero-lateral and infero-septal walls as compared to the antero-septal
and antero-lateral walls - a difference that sees an increase during dobuta-
mine [23]. Recently, the application of tagging to the dobutamine test has sig-
nificantly increased its sensitivity for the diagnosis of coronary artery disease
[24]. Tagging still remains, for the moment, a technique confined to few
research laboratories but the growing interest it is attracting and the evidence
of its effectiveness are such to predict it will become a clinical procedure in
short time. From what has been stated so far, we can understand MRI’s added
value as compared to Echocardiography, which still remains the technique of
reference and most used at a clinical level.
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7.3.1.6 Feasibility and safety

Also feasibility and safety are fundamental aspects in studies of cardiac stress.
If for Echocardiography the most important feasibility limit lies in the quality
of the acoustic window, for MRI these limits lie in the complexity of its execu-
tion, difficult access to the equipment, and the sometimes sub-optimal elec-
trocardiographic monitoring, especially during the phases of high heart rate.

Performing an exam in adherence to safety regulations recommends a
continuous electrocardiographic and pressure monitoring of cardiac func-
tion. However, while for arterial pressure there are systems compatible with
high magnetic fields, for ECG we must consider that the electrocardiograph-
ic signal can only allow to evaluate the heart rhythm, because of electromag-
netic interference affecting the repolarization phase.

Communication between physician and patient is not always immediate;
it is therefore good practice that nursing staff keep close contact with the
patient as much as possible. In general, images are acquired basally at each
increased dose of pharmacological stressor, at the end of the stress and
always in the case of patient symptoms.

These important differences also influence the safety profile of these two
techniques: although the safety profile has been well defined for the echocar-
diographical stress, it must still be defined for MRI - even if the two tech-
niques appear to be quite similar.

7.3.1.7 MRI stress protocol

Images in cine are acquired using fast sequences that must be performed with
breath holding. The most used sequences are the Spoiled Gradient Echo
(SPGR) or the ultrafast (SSFP) type. The heart walls are visualized according
to three longitudinal axes and three transversal ones; the latter traced at the
level of the basal, medium, and distal regions of the left ventricle. Acquisition
during stress is taken upon appearance of the typical symptomatology of the
patient, or once the estimated maximum pharmacological dose - or the max-
imum dose tolerated by the patient — has been reached.

In order to maintain patient collaboration and avoid excessive hazards, it
is advisable to keep image acquisition at peak stress, or in the case of pain,
within the time span of a minute.

It is also advisable that the test be performed by medical personnel expe-
rienced in exams using drug-induced myocardial ischemia, because of the
peculiarity of the environmental situation and the potential hazard to the
patient. The medical and paramedic staff should be preventively trained on
how to evacuate rapidly the patient from the magnet room if it were to
become necessary. Because the time available for acquiring the images is
stringent, the patient must be informed ahead of the test on the eventual clin-
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ical problems that might ensue (palpitations, precordial pain and other
symptoms) and must be reassured on the personnel’s ability for intervention.

In order to perform a comparative evaluation, the same sequence in cine
along the same short axis or on the long axis of the left ventricle has to be
repeated in basal conditions and during stress. Before administering the
pharmacological stress, the operator will have to optimize the sequence that
will be performed at the peak of stress or in presence of pain in order to be
ready for acquisition. Lastly, two venous tubes - one for the pharmacological
stressor, and the other for drugs to be administered in case of need - should
be positioned on the two superior limbs.

7.3.1.8 Analyzing the images obtained during stress MR

Generally there is a qualitative evaluation (Fig. 7.25) that assigns a score to
each segment, as previously seen. This implies that the reading of the images
in cine-loop be read by skilled personnel to avoid loosing diagnostic accura-
cy. The WMSI is calculated in basal conditions and at peak stress. Such index
integrates the information on the extension and severity of the induced con-
tractile dysfunction.

The studies on diagnostic accuracy, performed on limited and selected
groups of patients in ultraspecialized centers is not in our opinion sufficient to
justify yet the routine use of stress MRI in place of stress Echocardiography.
Rather, MRI is to be considered a third level technique to be restricted to those
cases in which Echocardiography cannot be performed [13].

Fig. 7.25 a, b. End-diastolic (a), and end-systolic (b) images obtained at peak stress with dobuta-
mine (40 pg/kg/min). As compared to the other walls, the intraventricular septum is hypokinetic
(with a reduced thickening with respect to the other segments)
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7.3.2 Myocardial perfusion

MaAssIMO LOMBARDI, PIERO GHEDIN
7.3.2.1 Introduction

The use of MRI in the study of myocardial perfusion has experienced a great
drive from the technological advancements seen in recent years and many
studies that have confirmed the remarkable clinical potentialities of this
methodological approach.

The most commonly used technique consists in injecting the contrast
bolus into a peripheral vein and monitoring its “first pass” through the
myocardium [1]. The equipment available today can acquire 3-5 images per
heartbeat (Fig. 7.26), so that perfusion throughout the entire myocardium can

Fig.7.26. Left Ventricle. Six sections on parallel planes on the short axis of the left ventricle. In this case
all images were obtained during the same heartbeat during the first pass of paramagnetic contrast
medium injected in a peripheral vein. The lack of homogeneity of signal from the myocardium, which
is unavoidable, derives partially from technical issues and partially from the physiological pattern of
myocardial perfusion
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be studied with a single injection of contrast. Studies of comparison between
MRI and SPECT or PET have evidenced a substantial competitiveness of
MRI, confirming some of its advantages [2-4]. At present, MRI is in the phase
of clinical validation by international multi-center studies. However, it is
widely believed that MRI could already be proposed as a robust method for
the study of perfusion in the diagnosis of inducible myocardial ischemia.

7.3.2.2 Pulse sequences

Virtually, all the different types of equipment for magnetic resonance differ
one from the other, and consequently so do the sequences used - even if some
of these share some common elements.

The requirements for studying myocardial perfusion with the first-pass
technique are:

a) a temporal resolution that permits the acquisition of a number of images
(at least three), synchronized with ECG, in less than a second, which
means within a single heartbeat

b) the possibility of repeating image acquisition during each consecutive
heartbeat, for about one minute in order to follow the first pass of a bolus
of contrast agent through the myocardium

c) the preparation (nulling) of the myocardium that amplifies as much as
possible the intramyocardial enhancement given by the arrival of the con-
trast bolus

d) an adequate spatial resolution.

At present the most utilized sequences are the fast and ultrafast Gradient
Echo, FLASH or turbo-FLASH, (Fast Low Angle Shot) and Echo-planar
derived sequences (EPI).

The fast Gradient Echo are T1-weighted sequences. When used in combina-
tion with a Gd-based contrast agent, they produce signal enhancement in the
myocardium. These sequences have a short time of echo (TE) (less than 4 msec)
and a very fast repetition time (TR) (less than 8 msec) that can cancel out the
effect of a local lack in homogeneity of the magnetic field, and thus cancel the
effect of T2*, allowing a rapid acquisition.

They typically present a preparatory 180° inversion pulse that inverts
magnetization and provides strongly T1-weighted images followed by a delay
(TT, time of inversion). TI determines signal intensity and is generally chosen
to eliminate the signal from the myocardium in the precontrast images. After
the delay, radio frequency pulses are emitted inducing a small change of angle
(flip angle usually 15°), which allows a fast image acquisition. The choice of a
small FA is due to the fact that a reduced TR allows a short time to the com-
plete recovery of longitudinal magnetization.
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The Echo Planar Imaging (EPI) technique collects all the data of the lines
composing the matrix of raw data (K-space) within a single RF pulse. Thanks
to a rapidly switching magnetic field gradient following a single RF pulse, EPI
sequences generate many Gradient Echoes (GRE), this allows to acquire the
entire set of data needed to create the image in a single shot.

EPI has the advantage of being an extremely fast acquisition method (50-
100 msec per acquisition) and intrinsically determines strongly T2*-weight-
ed images. It can be applied to Gradient Echo or Spin Echo techniques.

Compared to the other techniques, images obtained with EPI are charac-
terized by a lower SNR than conventional imaging because of the short acqui-
sition time. This problem can be overcome by increasing the number of exci-
tations, which however reduces the technique’s time resolution. A better SNR
is given by the most recent multi-shot techniques that allow to split the acqui-
sition of image data over several shots.

With these techniques the TE can be reduced (to less than 2 ms) and yield
T1-weighted images, so as to avoid some of the inconveniences of T2*-weight-
ed techniques. Generally, a 180° inversion pulse is associated to the procedure,
with the incorporation of dephasing gradients to eliminate the signal of the
blood pool and of the myocardium. The results obtained so far indicate that
such T1-weigted images have an excellent quality and contrast enhancement
during the first passage of the contrast medium. Moreover, multi-shot tech-
niques avoid the susceptibility artifact that often affects T2*-weighted images
and reduce distortions of the magnetic field caused by the presence of the
contrast medium in the ventricular cavity.

7.3.2.3 The technique of execution

The operator generally acquires cardiac images on the short axis of the left
ventricle (from 1-7 according to the performance of the equipment avail-
able) using as scout image the long horizontal axis or the long vertical axis
of the heart. The standard approach considers three slices on the short axis
of the ventricle. Considering the ideal line that connects the mitral valvular
plane to the true apex of the left ventricle, the scanning planes are posi-
tioned at 25,50, and 75% of such line starting from the apex down (Fig.7.27).
In this manner the three scanning planes allow to study the perfusion of 16
of the 17 myocardial segments, leaving out only the true apex. This
approach is simple and extremely accurate from a diagnostic point of view
[5]. Usually, images are not acquired on the long axis, as it is more difficult
to coordinate the acquisition of all the myocardial segments. In considera-
tion of respiratory motion, which can make the following analysis of
images difficult, it is preferable to acquire the images during the first pass
in mild apnea (at least 20 seconds). The ideal acquisition includes precon-
trast images (5-6 beats for each plane), and at least 15-20 images for each
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Fig.7.27. Diagram of a study of myocardial perfusion by means of the first pass technique. In this
case, there are three images per beat. The figure at the upper right corner shows the position of
three scanning planes on the scout image (long horizontal axis of the left ventricle). These planes
are used to obtain a sequence of images for consecutive beats during a preset number of cycles. The
bolus of contrast agent is injected after the acquisition of part of the images (3-5 cardiac cycles) in
order to have a reference value for precontrast signal intensity. Images during the first passage are
acquired in breath-hold

plane during the passage of the contrast medium; the injection is per-
formed with a speed of 3-5 ml per sec with an automatic injector, so that the
entire injection does not last over 3 seconds.

Figure 7.27 shows a simplified representation of one of the techniques used
in studies of myocardial perfusion. It is indispensable to have an optimal trig-
gering to avoid the risk of losing temporal resolution right at the moment of
the first passage. If the test foresees a basal injection of contrast medium and
another injection during pharmacological stress (for e.g. adenosine 140 p/kg
min X 6 minutes; dipyridamole 0.84 mg/kg in 10 minutes, etc.) it is better to
let at least 20 min time lapse between the two injections. When using phar-
macological stressors, a venous tube should be positioned for each arm in
order to have an immediate venous drug-free access in which the contrast
agent or an eventual antidote can be injected.
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The use of pharmacological stressors requires the use of a monitor for
vital signs and trained personnel who can perform rapid maneuvers of inter-
vention for evacuating the patient from the magnet room in case of need.

The contrast agent is used at the lowest dose foreseen by theory in order
to maintain a linear relation between the concentration and the signal detect-
ed, which is lost at higher concentrations.

The doses suggested are 0.05-0.075 mmol/kg. At these doses, it is unlikely
that saturation caused by prevalence of the T2* lead to a reduction in signal
intensity (Fig. 7.28). Finally, the dose to be injected will also have to be opti-
mized in consideration of whether there will be a qualitative or quantitative
postprocessing of the images. The latter seems to be facilitated by higher
dosages of contrast agent [6].

7.3.2.4 Image postprocessing

As a first approach, the study of the perfusion of an organ with the first pass
technique evaluates the qualitative changes of the signal within a single
region of tissue. The presence of signal change, or its absence, classifies the
tissue as perfused or hypoperfused. One of the prerequisites for such a clas-
sification is the relationship of linearity between the concentration of the
contrast agent and the extent of signal change, which implies a signal
enhancement for positive agents, and a reduction for negative contrast
agents. In reality the concept of an indirect contrast agent has much more
complicated implications. It must be considered, for example, that the atoms
of H in water, no matter what their compartment of origin (red blood cells,
plasma, interstitium, or tissue cell), change compartment between blood and
interstitium at a rate of about 40 times during their passage through a capil-
lary [7]. All acquisition techniques must deal with this issue, which becomes
relevant only when going from a qualitative to a semi-quantitative or quanti-
tative evaluation (see Chapter 4).
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Fig.7.29. Study of myocardial perfusion performed by means of three scanning planes on the short
axis of the left ventricle. The images obtained in the myographic phase (right) evidence a defect of
transmural perfusion at the level of the inferior wall in the distal segment of the left ventricle

Nowadays, in studies of myocardial perfusion, the preference goes toward
the use of agents that are more efficient on T1, for example the Gd-based con-
trast agents. This is due to the fact that susceptibility contrast agents present
disadvantages, such as higher sensitivity to distortions and artifacts, and a
lower degree of signal change as compared to that of agents acting on T1. This
latter statement is not, however, an absolute truth but only an indication,
because the action on the surrounding protons depends very much on how
the ions are “assembled” within the molecules forming the agent.

Once the image sequences have been acquired, they must then be evaluat-
ed so that the hypoperfused regions, if present, can be identified with cer-
tainty.

A very simple method of evaluation consists in having expert observers
visualize the images in cine-loop (Fig. 7.29). This method of inspection does
not require any particular postprocessing program, but implies an interpre-
tation on behalf of the operator with inevitable intra- and inter- observer
variability. This kind of analysis may be applied as a first approach and lack-
ing dedicated postprocessing software, provided the operators are specifical-
ly trained for this task. Otherwise, the analysis can be performed by a dedi-
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cated postprocessing software, made relatively easy by the fact that the
images are originally in digital form.

The basic concepts of the software that analyze perfusion images can be
summarized as follows: the myocardial regions of interest are identified in
each image (generally regions correspond to the segments of coronary dis-
tribution). The software is generally semi-automatic and allows identification
of cardiac contours and of some reference points such as the connection
between the free wall of the right ventricle and the left ventricle. Then the
myocardial profile is segmented in a number of regions of interest (ROIs).
Signal intensity inside each ROI is automatically measured. By repeating the
procedure for each image, the time/intensity curves can be plotted, describ-
ing the first passage of the contrast medium through each segment of the
myocardium (Fig.7.30). These curves are then processed according to the gen-
eral tracer theory in order to obtain semi-quantitative or quantitative meas-
urements.

The parameters that can be obtained from the time/intensity curves are
quite a few and have been utilized and compared by many authors. Such
parameters are the max amplitude of the curve (peak intensity of the signal),
time to reach peak intensity of the signal (time to peak), slope of the contrast-
agent wash-in curve in the myocardium, area under the curve, Mean Transit
Time (MTT); all have been demonstrated to be variously correlated to
myocardial flow [8-12].

On the basis of these parameters, we can obtain parametric images that
visually describe the phenomenon of perfusion, similarly to the way it hap-
pens in nuclear medicine (Fig. 7.31).

Which parameter is the most suitable for giving a better indication on the
difference of perfusion in the various regions is still to be established.

For example, the parameter relative to the area under the time/intensity
curve, that in other imaging techniques such as PET can allow an estimate of
perfusion, is unsuitable in MRI because of the presence and permanence of
the contrast agent in the interstitium for relatively long periods (even longer
in the postischemic interstitium), or because of the recycling of contrast
medium.
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Fig.7.31. On the left, a time-intensity curve obtained from a region of interest selected by the oper-
ator from the myocardial profile. Once the time-intensity curves have been obtained for each of the
regions of interest, the program analyses the parameter selected (relative wash-in slope corrected
by the wash-in slope from a region of interest inside the left ventricular cavity) on each curve and
lastly creates a parametric image (image on the right), in which the level of gray encodes the level
of the parameter

The slope of the curve evaluated in the period of signal enhancement (up-
slope) seems to be more reliable compared to other parameters that are more
influenced by local factors such as the multi-compartmental distribution of
the contrast agent, the presence of artifacts, recycling, and the dispersion of
the medium.

Generally, it is preferred to correct the up-slope of the segment being
examined for the up-slope of a curve obtained in a region of interest inside
the ventricular cavity [13]. This allows to compensate for the changes in com-
pactness and velocity of the contrast agent bolus from one patient to anoth-
er, and from one injection to another within the same patient (input func-
tion). A further improvement of the use of the corrected wash-in slope is the
so-called index of perfusion reserve. This robust and recommended parame-
ter is calculated dividing the value obtained during maximum vasodilatation
(adenosine) by the value obtained in basal conditions.

Some authors have attempted to find an effective quantification of
myocardial perfusion through MRI. Several approaches have been designed,
but are based on mathematical-physical models and present a number of lim-
itations. Among these, the fact of not including all variables involved, such as
the relative uncertainties concerning the true determination of the contrast
medium concentration in the haematic pool; the irregular relationship
between agent concentration, intensity of the signal and myocardial perfu-
sion level; and lastly, the role taken on by the amount of the contrast agent
that ends up in the interstitium.

Several models have been proposed, ranging from the simplest mono-
compartment (Kety’s model) to the more complex multi-compartment ones
[8-12,14].

In conclusion, while semi-quantitative evaluation is well available and
usable on a routine basis, the true quantification of regional myocardial per-
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fusion by MRI still remains a troublesome objective of uncertain application;
much hope is put on the use of contrast agents with monocompartimental
kinetics, on condition that they keep a linear correlation between concentra-
tion and signal intensity, with the absence of hemodynamic effects of the
contrast agent, etc. Figure 7.32 shows an example of myocardial perfusion
studied with a mono-compartment contrast agent.

7.3.2.5 Clinical applications

At present, all works published underline the efficacy of this approach in the
description of regional perfusion, both in basal conditions and during phar-
macological stress [3,5, 9, 15], using contrast mediums that had initially been
developed for other organs such as the brain.

Despite the good results univocally obtained, the ultra-structural charac-
teristics of the myocardium lead toward the use of a contrast agent with
mono-compartmental distribution [16, 17]; the main pharmaceutical compa-
nies are developing this class of agents (Fig. 7.32) and the first results appear
promising.

However, at present, contrast agents with extravascular distribution are the
only ones proposable in the study of myocardial perfusion in patients with sus-
pected myocardial ischemia, or in the evaluation of the state of perfusion after
revascularization procedures [11-18]. Pilot studies hypothesize the use of the
agents in the diagnosis of acute coronary syndrome to complement normal
diagnostic tools [19]. If on one hand the study of myocardial perfusion by MRI
appears a robust technique in an advanced stage of technological stabilization,
on the other it is still early to tell what role it will have in the clinical setting,
which already has many well-known and validated imaging procedures.

Fig.7.32 (a-c). Images from a patient affected by ischemic heart
disease during pharmacological stress with adenosine. The
molecules of the Gd-based contrast agent used in this case have
a structure that constrain them to the vascular district (blood
pool). The quality of the images allows to identify the hypoper-
fused region easily at the level of the lateral wall. (a) Contrast
medium in right ventricular cavity; (b) contrast medium in left
ventricular cavity; (c) myographic phase
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7.3.3 Myocardial viability

ALESSANDRO PINGITORE, BRUNELLA FAVILLI, VINCENZO POSITANO, MASSIMO LOMBARDI
7.3.3.1 Introduction

The damage caused by long-term reduced myocardial perfusion can manifest
in several ways through changes in metabolism and functional condition of the
myocardium. The most classic examples are the stunned myocardium and the
hibernating myocardium. The study of myocardial viability has several goals:
to identify the presence and extension of viable tissue, to give a topographic
description, and to characterize some physiopathological properties such as
the presence of contractile reserve by means of an “ad hoc” stimulation [1, 2].
The reason for such a diagnostic effort is due to the fact that such tissue can
recuperate a normal spontaneous contractility after coronary revascularization
[3, 4] and its presence has important prognostic implications [5, 6].

In a stunned myocardium, a metabolic change causes an unbalance
between the function and the energetic supply causing a contractile dysfunc-
tion, despite the presence of a normal myocardial blood flow (mismatch
function-flow). Functional recovery often appears spontaneously days or
months after the ischemic event. The stunned myocardium has been
described in different clinical conditions among which: reperfused acute
myocardial infarction; unstable angina; induced ischemia; after the use of
cardioplegic solutions in the procedures of heart surgery; and after revascu-
larization (surgical or percutaneous) [7-10].

In the hibernating myocardium, the contractile dysfunction is associated to
a chronic reduction of myocardial flow (match function/flow), which remains
in all cases higher than the critical threshold sufficient to guarantee cellular
survival. Functional recovery occurs only after the re-establishment of normal
conditions of myocardial flow. The hibernating myocardium has been named
“smart heart” for its capacity to adapt to conditions of non-favorable flows,
maintaining the anatomic and physiological integrity of the cells [11].

The two models of viable myocardium do not exclude each other and
repeated ischemic episodes that provoke the stunning of the myocardium in
the presence of reduced flow can lead to a hibernating myocardium.

Myocardial viability has an important prognostic impact and its identifica-
tion is fundamental in the decision-making process. The assessment of the
prognostic value has to take into account different parameters, such as the
presence of global or regional dysfunction of the left ventricle, the time of
evaluation compared to the acute event (acute or previous myocardial infarc-
tion), the extension of viable tissue, etc. [12-14]. At present, nuclear medicine
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and stress Echocardiography represent the most used methods for this pur-
pose [15].201-Thallium is a marker of cellular viability that penetrates into the
cells, replacing the potassium through the ATPase-dipendent sodium-potassi-
um pump at the level of the cellular membrane. The defect of reversible cap-
tation within few hours from the injection of the marker is the scintigraphical
sign of viability. Positron Emission Tomography (PET) can assess in quantita-
tive terms, both the myocardial flow and cellular metabolism, permitting to
obtain accurate information on the presence of metabolic viability and simul-
taneously to quantify the myocardial flow in the segments of hibernating and
stunned myocardium. Today this technique represents the diagnostic gold
standard for viability in virtue of the fact that the areas maintain a glucose
metabolism quantitatively similar to that of normal areas.

The marker for stress Echocardiography is the contractile reserve docu-
mented by positive inotropic stimuli (dobutamine).

In general, there is a certain grade of consequentiality between the
impairment of perfusion, of metabolism, and of function, but frequently
these alterations are associated in different ways within the same myocardial
segment [16, 17]. Particularly, the presence of the contractile reserve can indi-
cate relatively severe myocardial damage with a high probability of function-
al recovery, while the presence of reserve metabolism with the absence of
contractile reserve can indicate more severe cellular damage.

At present, myocardial viability, evaluated in terms of both perfusion and
function, is considered a dichotomous variable, i.e. absent or present. Hence,
a myocardial segment is viable if it has contractile reserve or a perfusion
above an established limit or if it recovers contractile function after revascu-
larization.

MRI has adopted the entire semiological background of myocardial via-
bility built with classical methods, and has enriched it with new elements that
have the potential of defining new diagnostic therapeutic and prognostic
algorithms.

7.3.3.2 Evaluation of myocardial viability with MRI techniques
7.3.3.2.1 End-diastolic wall thickness

Wall thinning is a morphological sign of transmural necrosis [18]. Indeed,
autoptic studies have demonstrated that transmural myocardial necrosis is
commonly associated to a wall thickness of less than 6 mm [19]. This
becomes evident after 4 months from an acute event as the conclusion of the
tibrous repairing of the necrotic area. In the extended anterior myocardial
infarction, thinning can ensue early and thus occur before the completion of
the scarring process as an expansion of the infarction area [20]. Several clin-
ical studies with Echocardiography have demonstrated that thinned myocar-
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dial segments with an increased backscattering have a low probability of
recovering their contractile function after revascularization and are to be
considered necrotic [21, 22]. Moreover, in patients with postischemic dilata-
tive cardiomyopathy, a diastolic thickness below 6 mm is associated to a low
probability of functional recovery after revascularization (negative predic-
tive value of 93%).

MRI techniques for the study of end-diastolic wall thickness.

The evaluation of myocardial thickness and regional and global wall kinetics
of the left ventricle requires the use of cine sequences (SPGR, SSFP, etc.). The
acquisition planes are those according to the axis of the heart (long horizon-
tal axis, long vertical axis and planes on the short axis), and the temporal res-
olution must take into account the heart rate. It is advisable to have at least 20
phases for a temporal resolution not over 50 msec. Obtaining a higher num-
ber of cycle reconstruction phases (for example 30) would facilitate the eval-
uation of the diastolic thickness. The clear and natural contrast between
blood and myocardial tissue, in particular that obtained with the most up to
date sequences, allows an accurate definition of the endocardium and of the
subepicardium, and hence a more accurate and reproducible quantitative
measurement of the diastolic and systolic thickness compared to
Echocardiography [23].In patients with previous myocardial infarction, a cri-
terion of myocardial necrosis has been identified in a diastolic thickness
below 5.5 mm [24]. Metabolism is taken as the gold standard of reference and
is evaluated as the uptake of 18-fluorodeoxyglucose (FDG) at PET scanning;
the segments with diastolic thickness below 5.5 mm have a metabolic activi-
ty significantly lower than that of the segments with preserved thickness. The
sensitivity and specificity of the end-diastolic thickness for the diagnosis of
myocardial viability resulted to be respectively 72 and 89%. The correlation
between metabolic activity and diastolic thickness in akinetic segments
resulted scattered but significant (r=.48), and 44% of the segments resulted
viable at PET [24]. The negative predictive value of diastolic thickness in rela-
tion to the recovery of function after revascularization resulted 90% [25]. The
wide variability between diastolic wall thickness and metabolic activity can
be explained by the fact that myocardial segments, even of reduced thickness
and asyngergic, can maintain viable the subepicardial layer, which is more
resistant to ischemia. This would explain the relative independence of the
uptake of FDG from wall thickness [26]. It is likely that in patients with
postischemic dilatative cardiomyopathy the relation between diastolic thick-
ness and myocardial viability can be influenced by geometrical alterations of
the non-functioning left ventricle, which are dependant on the ventricular
remodeling and by the tethering of the necrotic areas over the viable myocar-
dial areas, potentially capable of modifying the diastolic thickness independ-
ently from the transmural extension of the necrosis.
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7.3.3.2.2 Contractile reserve

Echocardiography has had the merit of developing and refining, in time, the
evaluation of regional contractile reserve during stress. At first, Echo-stress
(physical exercise, dipyridamole, dobutamine) was introduced for the evalu-
ation of myocardial ischemia, the diagnosis of which was based on the wors-
ening of contractile function. Later on it was employed for evaluating
myocardial viability, the diagnosis of which was based instead on the evi-
dence of contractile reserve, and thus on the improvement of contractile
function of a baseline asynergic segment that becomes normokinetic from
hypokinetic, or becomes hypo or normokinetic from akinetic.

The same stressors are used for inducing myocardial ischemia (physical
stress, dipyridamole and dobutamine) with the proper adaptations of the
case. Among these stressors, the most used is dobutamine, exploited for its
inotropic effect at the dose of 5-10 ng/kg/min. Many studies have document-
ed the diagnostic accuracy and the prognostic impact of viability as assessed
by dobutamine [12-15].

The same pharmacological protocols can be applied to MRI by cine
sequences to assess patients with recent [27] or chronic myocardial infarction
[24] or with postischemic left ventricular dysfunction [18]. The comparison
between MRI-dobutamine and scintigraphy both with 201-thallium and 9ggm-Tc
sestamibi has evidenced that the first technique is less sensitive but more spe-
cific than the two nuclear techniques with respect to the recovery of contractile
function after revascularization, the sensitivity and specificity being: 50 and 81%
for MRI, 76 and 44% for 201-thallium at rest, 68 and 51% for 201-thallium rest-
redistribution, and 66 and 49% for g9gm-Tc sestamibi at rest [18]. Considering
PET as the gold standard, sensitivity and specificity of dobutamine MRI for the
diagnosis of myocardial viability have resulted to be 81 and 95% respectively
with an 86% agreement [24].

It is presumed that the discrepancy between the presence of metabolic
activity and the absence of inotropic reserve depends on the transmural
extension of the necrosis which obstacles functional recovery, and by the
simultaneous presence of residual metabolically active tissue on the outer lay-
ers of the cardiac wall [28]. Hence, the same dysfunctioning myocardial seg-
ments can result viable or necrotic according to the evaluation criterion used:
necrotic if judged in relation to functional recovery, or viable if judged in rela-
tion to the presence of metabolic activity or to the status of regional perfusion.

The epicardial layer normally participates in a minor fashion to the thick-
ening of the transmural wall [29]. Some studies have, however, discovered the
importance of the subepicardium in the recovery of contractile function in
dysfunctioning segments in patients with recent acute myocardial infarction.
MRI could offer, as an additional advantage, the possibility of studying intra-
mural contractility that differentiates the function of the endocardium from
that of the epicardium.
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The analysis of images obtained by tagging in fact allows to make a quan-
titative evaluation of cardiac mechanics in both systole and diastole. The nor-
mal myocardium has a physiological gradient of transmural contraction that
is higher in the endocardium than in the epicardium [30], and persists also
during the infusion of dobutamine [31]. In subjects with acute myocardial
infarction, the increase in contractility (expressed in terms of percentage of
systolic thickening) of the subepicardium is predictive of recovery — whether
it be spontaneous or after reperfusions - of the segmental and global left ven-
tricle function [32, 33]. The clinical and prognostic significance of the resid-
ual metabolic activity of the epicardial layer is still under investigation.

MR techniques for the study of contractile reserve.

The techniques are the same as for stress MRI, introduced in Paragraph 7.3.1.
The typical approach is to use low dosages of dobutamine (5-10 pg/kg/min up
to 5 min) to induce the improvement of regional function in those segments
with baseline impaired contractility. To this purpose, dynamic images with
SPGR or preferably SSFP sequences are acquired either at baseline or during
infusion of dobutamine.

7.3.3.2.3 Evaluating viability with contrast agents

MRI has the intrinsic advantage of allowing the contrast between tissues
according to their different relaxivity (T1 and T2) characteristics and their
proton density. Since necrotic tissues present different histochemical differ-
ences from non-necrotic tissue, the two can easily be discriminated and a
necrotic region can be identified throughout its entire extension [34, 39].
Acute myocardial infarction can be viewed from its first stages by using SE
T1-weighed, T2-weighed, or SE IR sequences. Variations can be detected quite
early (60-240 min after a coronary occlusion) and can persist for weeks after
the event. The types of variation that can be detected depends on the tech-
nique employed, but all basically involve an increase in signal intensity, which
can be amplified by the administration of a contrast medium (Fig. 7.33) [40].
Although the interpretation of these variations is not univocal, the alteration
of the signal foresees the presence of oedema, compartmentalization of
aqueous content, concentration and nature of the lipid component, presence
of macromolecular structures, temperature, and presence of granulation tis-
sue [33-39]. A different approach to the study of necrotic tissue foresees the
sequential acquisition of images repeated over time, so that the operator can
follow the dynamics of the contrast agent over a several-minute period
and/or obtain images aimed at studying the first pass of a bolus of contrast
agent (see perfusion — Paragraph 7.3.2). Myocardial flow has variable phys-
iopathological characteristics according to the ischemic insult and to the
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Fig.7.33. SE T1image on the short axis of the left ventricle after administration of the contrast medi-
um (0.1 mmol/kg Gd-DTPA-BMA, gadodiamide) in a patient with recent myocardial infarction (1
week). The subendocardial infarcted region of the anterior wall appears hyperintense compared to the
normal myocardial tissue (from Trends in Contrast Media, H.S. Thomsen, R.N. Muller, R.F. Mattrey
Eds, Springer-Verlag Berlin-Heidelberg (1999), Heart, M. Lombardi and A. ' Abbate, pp. 223-231)

anatomic/functional status of epicardial vessels. Thus, this information goes
beyond the simple geographical location of the necrotic tissue.

In recent years there has been the diffusion of a new MRI acquisition tech-
nique that facilitates the characterization of the infarcted myocardium and
the diagnosis of myocardial viability. The late acquisition of images after the
administration of contrast medium (delayed contrast enhancement - DE)
allows to distinguish clearly the necrotic tissue from the surrounding viable
tissue. This technique yields a high Contrast-to-Noise Ratio (CNR), beyond
that of other sequences.

The sequence used for delayed enhancement is an Inversion Recovery
Gradient Echo (IR-GRE), in which the initial 180° inversion pulse greatly
increases the T1 weight of images. The acquisition is performed in diastole,
whereby it is necessary to define carefully the inversion delay time (TI)-
defined as the time elapsing between the application of the 180° prepulse and
the center of K-space [41]. In this phase the magnetization of the normal
myocardium is close to zero. Hence the viable myocardium is hypointense
while the necrotic myocardium appears strongly hyperintense. If the acquisi-
tion sequence is properly optimized (especially for what concerns the TI that
ranges between 150 and 600 msec at 1.5 T), the increase in signal intensity of
the necrotic area is so marked (>500% compared to baseline) that it produces
a clear distinction between necrotic and viable tissue (Fig. 7.34) [42].

Histological studies have documented that the tissue in which the contrast
medium collects closely corresponds to the necrotic tissue. However, it has to
be underlined that the planimetric measurement of hyperintense areas changes
in relation to the delay between injection of contrast agent and acquisition of
the signal, and after 20 minutes such measure matchs that of the infarcted area



7 * Heart 199

Fig.7.34. Image on the short axis of the left ven-
tricle obtained by IR-GRE - delayed enhance-
ment - after administration of the contrast
medium (0.2 mmol/kg Gd-DTPA-BMA, gadodi-
amide) in a patient with a recent extended ante-
rior infarction. Anterior, anterior-septal and
inferior-septal segments appear hyperintense
and thinned compared to normal segments. The
image evidences the presence of a highly
hypointense structure inside the left ventricular
cavity and adherent to the inter-ventricular sep-
tum, corresponding to thrombotic material

[43]. The mechanism of accumulation of the contrast medium in the necrotic
region is not completely understood. Several mechanisms have been proposed:
accumulation of contrast in the interstitial space, which becomes extremely
large in the necrotic tissue; slow wash-out of the contrast medium from the
necrotic tissue; binding with proteins from the necrotic tissue; etc. It is best to
acquire the images both on the short and long axis so that all the cardiac seg-
ments can be visualized, including the true apex that cannot be detected in the
images on the short axis; moreover, there should be two different observation
points of the same myocardial segment. The parameters of the sequence are
optimized for each single patient, in particular for what concerns TI. Typical
values of acquisition parameters are TI 150-300 msc, matrix 256X160, slice
thickness 8 mm, no slice gap, FA 20° TR 9.1, TE 4.1, bandwidth 20.8, 2 NEX.
Acquisition is performed 15-20 minutes after administration of the contrast
medium at the dose of 0.2-0.3 mmol/kg.

7.3.3.3 Acute myocardial infarction

The extent of the necrotic tissue can be overestimated when using traditional
static sequences (SE T1, SE T2) because of the presence of variable degrees of
interstitial oedema. Obviously, the correlation between hyperintense areas and
infarcted areas increases with the progressive absorbing of the interstitial oede-
ma [44]. The use of a contrast medium surely improves the CNR, however one
must consider all the pharmacokinetic changes induced by the structural alter-
ations that have occurred in the necrotic tissue (see Chapter 4).

There are two contrast-medium enhancement patterns for viability in
acute myocardial infarction [45]. The first pattern is characterized by an early
phase of increase in signal intensity in the infarcted area; this increase is sim-
ilar to that obtained in the non-infarcted area. In the minutes following, the
signal intensity becomes more marked in the infarcted territory, while it pro-
gressively decreases in the non-infarcted area (Fig. 7.33). The second pattern
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Fig.7.35. Image on the short axis of the left ven-
tricle obtained by SE T1 after administration of
the contrast medium (0.2 mmol/kg Gd-DTPA-
BMA, gadodiamide) in a patient with recent
acute myocardial infarction (96 hrs). At the level
of the inferior-lateral wall the image evidences a
thin hyperintense external area surrounding a
hypointense area corresponding to the necrotic-
hemorrhagic tissue with no enhancement of the
signal corresponding to the gross micro vascular
damage. With coronary angiography a large
marginal branch resulted to be occluded

is characterized in the early phase by the absence of an increase in signal in
the layers at the center of the infarcted area. This hypointense area is sur-
rounded by a hyperintense halo, in which there is a further increase of signal
in the later phase (Figs. 7.35, 7.36).

These two patterns describe different degrees of alteration of coronary
flow, and thus of myocardial damage. In particular the second pattern is more
frequently associated to conditions of severe flow reduction (TIMI o or 1) and
a severe impairment of regional contractile function. In addition, this pattern
is associated to the absence of contractile reserve to dobutamine [27], and to
a negative prognosis [46] as to functional recovery. The in-homogeneity of
flow, as described in the second pattern, has been demonstrated experimen-
tally and is associated to a greater reduction of subendocardial flow, which
can be referred to as the no-reflow phenomenon characterized by a severe
myocardial ischemic damage including cellular necrosis, microvascular
lesions and hemorrhage [47, 48]. An interesting complement can be achieved
by combining the information gathered from the perfusion study as with the
first pass technique (see myocardial perfusion Paragraph 7.3.2) (Fig. 7.37)
with those that can be derived from delayed images.

Fig. 7.36. Image on the short axis of the left ven-
tricle obtained by IR-GRE after administration of
contrast medium (0.2 mmol/kg Gd-DTPA-BMA,
gadodiamide) in a patient with acute myocardial
infarction. The image evidences a hyperintense
area surrounding a hypointense area correspon-
ding to the necrotic hemorrhagic tissue and a
pericardial hemorrhagic effusion (cardiac rup-
ture!)
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Fig. 7.37. The image of perfusion, during the
first pass of the contrast bolus injected i.v,
shows a vast hypointense area corresponding to
transmural hypoperfusion at the level of the
inferior wall in a patient with previous myocar-
dial infarction in the same region

This combined approach allows to define three patterns of enhanced sig-
nal hyperintensity in patients with acute myocardial infarction, who have
been efficiently reperfused: 1) signal hypointensity at the first pass (early)
without late hyperintensity (hypo), 2) early and late hyperintensity (hyper); 3)
early hypointensity and late hyperintensity (comb). The hypersegments evi-
dence a better recovery of contractile function after a week, while the hypo do
not improve, and the comb have an intermediate improvement [49].

This means that the late hyperintensity, as in the hyper, is indicative of the
presence of viable tissue mixed to necrotic tissue in patients with acute myocar-
dial infarction. Therefore, the time elapsed after the ischemic event is funda-
mental as the same pattern of late hyperintensity identifies a partially viable tis-
sue in patients with acute myocardial infarction, and necrotic tissue in patients
with previous myocardial infarction. The area of late hyperintensity can dimin-
ish within a few days from heart attack [50], probably due to the reabsorption
of the interstitial oedema and to the scarring reaction of the necrotic tissue. The
myocardial segments that present reduction of the hyperintense area have a
greater chance of recuperating contractile function [51].

Lastly, it should be considered that the chance of function recovery is, how-
ever, function of the transmural extension of the hyperintense area in IR-GRE
images, resulting highly probable in the segments that show an extension
below 25%, intermediate in segments with extension between 25 and 75%, and
practically null where segments exceed 75% [51]. These experimental data are
confirmed also in human beings, in which the segments with hyperintensity
located in the subendocardial area have a higher contractile reserve at dobu-
tamine test than the akinetic segments with transmural necrosis [27].
However, it has been shown that in terms of functional recovery the presence
of contractile reserve, as shown by dobutamine MRI, seems to have an higher
predictive value than the measurement of transmural extension of the hyper-
intense area in IR-GRE images [52].
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7.3.3.4 Chronic myocardial infarction

As for acute myocardial infarction, morphological and functional information
on the infarcted tissue can also be obtained for patients with chronic myocardial
infarction. The relaxation properties of the necrotic tissue are distinguishable
from those of normal tissue, and in theory could be characterized with SE or
GRE, T1- and T2-weighted images [53, 54]. In reality, an imaging approach that
distinguishes necrotic from viable tissue exclusively on the basis of magnetic
characteristics is less feasible than the technologies available today allow, which
foresee the administration of a contrast agent and the use of “ad hoc” sequences.
The cardiology packages today have optimized IR-GRE sequences for amplify-
ing the signal from necrotic areas after the administration of the contrast medi-
um. The hyperintensity detected with this technique is a direct signal of myocar-
dial necrosis in patients with chronic myocardial infarction and closely corre-
lates with the area of histologically determined necrosis [50]. The presence,loca-
tion, and transmural extension are accurately determined with this method in
patients with Q and non-Q myocardial infarction [55]. It has been demonstrat-
ed that segments that appear non viable at 201-thallium scintigraphy have a
much higher signal intensity than the viable segments. By correlating regional
kinetics to the presence of hyperintensity detectable by IR-GRE, it has been
demonstrated that 58% of hypokinetic segments that show hyperintensity at DE
are viable with 201-thallium, compared to 91% of the hypokinetic segments
without hyperintensity. Conversely, in akinetic or dyskinetic myocardial seg-
ments, 83% of segments without hyperintensity and only 17% of those with
hyperintensity were viable with 201-thallium [56]. The relation between trans-
mural extension of the hyperintensity and the severity of the asynergy is not
strictly linear. Indeed, it has been demonstrated that there is a marked reduction
of systolic thickening in the presence of a transmural myocardial necrosis
involving over 20% of the wall thickness, while there is no appreciable difference
of systolic thickening for transmural necroses between 20 and 100% [57]. Hence,
in conclusion, the severity of the defect of contraction is not a predictor of trans-
mural extension of the necrosis.

In ischemic necrosis, the progression of a hyperintense area proceeds
from the subendocardium to the subepicardium, thus mimicking the pro-
gression of the wave of necrotic injury. This particular location and progres-
sion of late hyperintensity is specific for postischemic myocardial fibrosis
and differs from the other forms of myocardial fibrosis, such as marked
hypertrophy, myocarditis, and non-ischemic dilatative cardiomyopathy in
which late hyperintensity, if present, is distributed in a disorganized fashion
inside the myocardium.

Although PET is considered today the most sensitive technique for assess-
ing myocardial viability, when it comes to locating very small regions of
myocardial infarction confined within the subendocardial layer, MRI shows
better performance [58, 59]. Compared with this technique, sensitivity and
specificity of late hyperintensity for MRI result to be respectively 0.86 and
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0.94. Similar results can be obtained comparing the results with gom-Tc ses-
tamibi with SPECT (Figs. 7.38-7.40) [60].

Transmural extension of hyperenhancement and the recovery of contrac-
tile function after coronary revascularization closely relate [61]. The chance of
recovery decreases progressively with the transmural extension of late hyper-
intensity, since the average value is 10+7% in the segments that recover and

Fusion G-SPECT

Fig. 7.39. Images in three planes on the short axis of the left ventricle (top to bottom: proximal to
distal plane) of a patient with extended previous anterior myocardial infarction. The column on the
left shows MRI DE images. In the central column, the fusion of the MRI DE images with the corre-
sponding G-SPECT images. In the right column the corresponding G-SPECT images. In the DE
images, hyperintensity signal is located at the level of the anterior, anterior-septal, and inferior-sep-
tal walls. The transmural extension of the hyperintensity at the level of the proximal inferior-septal
segment (top) is 27% with a corresponding uptake value for 99m-Tc sestamibi of 62% (G-SPECT).
The transmural extension of hyperintensity at the level of the middle anterior-septal wall (central
panels) is 97% with a corresponding 99m-Tc sestamibi uptake value of 21% (G-SPECT)
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Fig. 7.40. Images on the vertical
long axis (left) and on the hori-
zontal long axis (right) of the
left ventricle in a patient with
extended previous anterior
myocardial infarction. The
hyperintensity signal in MRI
DE images involves in all the
apical segments with a 99m-Tc
sestamibi uptake of 14%. the
transmural extension

47%14% in the segments that do not recover contractile function. These data
are in agreement with the histological evidence on intraoperator bioptic spec-
imens obtained from dysfunctioning myocardial segments. The myocardial
areas with preserved viability have a loss of myocardial tissue significantly
lower than the necrotic areas [62]. The myocardial segments with no contrac-
tile reserve should, therefore, be considered necrotic in relation to the evalua-
tion criteria of myocardial viability based on the contractile recovery after
revascularization [63]. This non-visible viability, and hence non-identified in
terms of contractile reserve, could contribute to preserving the shape and size
of the left ventricle, and thus preventing the postinfarction remodeling of the
ventricle and the development of heart failure [64]. The functional recovery
represents only one scenario of myocardial viability - the visible one.
Conversely, there are intermediate forms of myocardial viability in which the
isles of viable myocardium, stunned and hibernating, are mixed with isles of
necrotic and normal tissue. For these intermediate forms of myocardial via-
bility that do not appear as functional recovery, the potential scenario is still
unknown. The severity of cell impairment and transmural extension of
myocardial necrosis are two fundamental elements of myocardial viability
and its potential. Transmural extension of myocardial necrosis can be quanti-
fied through MRI and could be important asset in understanding other phys-
iopathological, clinical, and prognostic scenarios of myocardial viability that
go beyond the current one based on the capability of functional recovery.

7.3.3.5 Conclusions

The characterization of myocardial viability with MRI can be done following
a multi-parametric approach that integrates information on morphology,
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Fig.7.41. Combined protocol for the study of myocardial viability. Cine MRI with low-dose dobut-
amine (5-10 microgr/kg in 5+5 min) for the assessment of the functional reserve, study of basal
myocardial perfusion with the first pass technique and finally images in IR-GRE for the evaluation
of viability

function and perfusion. A protocol for the study of myocardial viability is
proposed in Figure 7.41. The operator starts off by assessing baseline contrac-
tile function. This is followed by a study on perfusion in baseline condition.
The contractile reserve is then evaluated during infusion of dobutamine.
Finally, the operator acquires late images after the administration of the con-
trast agent. By following such a procedure, the evaluation of viability, defined
in terms of contractile reserve, can be integrated with the information on
perfusion and cellular viability.
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7.3.4 Cardiomyopathies

MAsSIMO LOMBARDI, CLAUDIA RAINERI, ALESSIA PEPE

7.3.4.1 Introduction

Cardiac MRI has found fertile ground in the field of cardiomyopathies thanks
to its intrinsic possibilities of morphological, functional and, above all, tissue
characterization. If Arrhythmogenic Right Ventricular Cardiomyopathy
(ARVC) was one of the first pathologies to benefit from the potential of MRI,
now other forms of cardiomyopathy dominate the cardiovascular MRI labs,
with an ever-growing production of scientific works and clinical applications.

7.3.4.2 Arrhythmogenic right ventricular cardiomyopathy (ARVC)
7.3.4.2.1 Overview

Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC) represents one
of the most frequent diagnostic suspicions motivating the referral of young
patients to cardiological MRI exams.

This disease discovered in the seventies, was described as a disease of the
cardiac muscle with unknown etiology, characterized by structural and func-
tional alterations of the right ventricle consequent to progressive myocardial
atrophy with a fatty or fibrous replacement of the right ventricle myocardi-
um [1]. Further macroscopic and histological alterations have been found
throughout the last decade through a careful revision of clinical and instru-
mental data. In particular, a relatively frequent involvement of the left ven-
tricle has been documented [2].

In consideration of such findings, its definition has been changed in the
recent classification of cardiac diseases, which was recently reviewed by the
World Health Organization task force. Indeed, ARVC has been defined as a
true form of cardiomyopathy, characterized by a progressive fibro-fatty
replacement of the myocardium of the right ventricle, which likely involves
the intraventricular septum [3].

7.3.4.2.2 Epidemiology

The prevalence and incidence of the disease are not known but surely ARVC
is among the most frequent causes of sudden death among children and
young adults, mainly males; the age at which the diagnosis is made is gener-
ally between 20 and 50 years.

In 30-50% of cases ARVC has a familiar incidence [4]. The inheritance is
autosomic dominant with incomplete penetration, also if there is a descrip-
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tion of a recessive variant associated to non-epidermolytic palmoplantar
keratoderma and wooly hair on the island of Naxos [4, 5]. Genetic linkage
studies performed so far on many families have allowed to identify several
chromosomal loci: 14q12-q22; 14q23-q24; 2q32; 3p23; 1q42-q43; 10p12-p14;
10q22.3 and 17q21, the last of which is the recessive variant [5-13]. The hetero-
geneity of the genetic findings could explain, at least in part, the heterogene-
ity of this disease. However, which genes included in these regions are actual-
ly involved and which are the real consequences from a biochemical and cel-
lular point of view are still unknown. At present, only hypotheses can be
made. For what concerns the 3p23 region, three genes are suspected; these
encode for a raf serine-threonine protein kinase, for a DNA-binding protein,
and for a protein thyroxine-phosphatase [6]. As for the region 1q42-q43, a
possible gene responsible for arrythmogenic ARVC could be the one encod-
ing for the cardiac ryanodine receptor gene [7], since a mutation of this gene
has been found in some cases of familiar incidence.

7.3.4.2.3 Etiopathogenisis

The etiopathogenisis of the disease is still unknown. Three mechanisms have
been proposed as an explanation of the fibro-adipose substitution of the
myocardium: a) genetically determined myocardial dystrophy, b) inflamma-
tion associated with myocardial necrosis (myocarditis), c) programmed cell
death (apoptosis).

According to the theory of dystrophy, the progressive loss of myocardium
would be secondary to some genetically determined metabolic or ultra struc-
tural defect.

The inflammatory hypothesis is linked to the frequent histological find-
ings of inflammatory infiltrations [1,14]. Many infective and toxic agents have
been investigated, along with several immunological mechanisms. In this
context, fibro-adipose replacement would be the expression of a healing
process in a picture of myocarditis. This theory does not conflict with the
familiarity of the disease, as experimental studies have documented a genet-
ic predisposition to viral infections that can trigger an immune response [15];
moreover, there are many reports of experimental myocarditis caused by the
Coxsackie virus, with a selective involvement of the right ventricle; these
cases in terminal stages seem to lead to the development of ventricular
aneurysms similar to those observed in ARVC [16]. Finally, bioptic studies
have demonstrated the presence of entero-viral RNA homologous to that of
type B Coxsackievirus in 37% of patients with ARVC [17].

Recently, it has been proposed that cell death in ARVC may correspond to
a mechanism of programmed cell death (apoptosis) [18]. According to this
hypothesis, the progressive loss of myocardium would be the result of
poussées of apotosis. Because myocardial cells are permanent, the empty
spaces would be filled with adipocytes and collagen-synthesizing fibroblasts.
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The presence of apoptotic cells, easily distinguishable from the necrotic cells,
has been documented in autoptic studies [19] and on endomyocardial biop-
sies [20]. Recently, it has also been demonstrated that apoptosis can be set off
not only by a programmed cellular mechanism but also by viral infections,
which suggests a possible interaction between flogosis and apoptosis in the
pathogenesis of progressive myocardial damage typical of ARVC [21].

7.3.4.2.4 Histopathological findings

The characteristic histological finding of the disease is myocardial atrophy of
the free wall of the right ventricle, regional or diffuse, with fibro-adipose
replacement that mainly involves the external two-thirds of the myocardial
wall (Fig. 7.42) [22]. Residual myocytes, in various stages of degeneration, are
located mostly at the level of the subendocardial trabecula, with only few
sparse myocytes in the fibro-adipose tissue.

The dispersion of healthy myocytes, in the context of fibro-adipose
replacement, accounts for the delay in transmission of the intraventricular
pulse and the persistence of diastolic depolarization (late potentials), and
even of the establishment of re-entry circuits that trigger ventricular arrhyth-
mias [23].

If it is true that fibro-adipose tissue in the myocardium is one of the
important histopathological characteristics of the disease, it must be howev-
er remembered that finding fatty tissue in the right ventricular myocardium
does not necessarily mean ARVC; indeed, significant degrees of intramyocar-
dial fatty infiltration are common normal findings, especially if the subject is
of older age and the area involved is the antero-apical portion of the right
ventricle (Fig. 7.43). Also a subendocardial fibrosis of variable degree is a
common finding, just as the presence of fibro-muscular bundles penetrating
epicardial fat [25].

Fig. 7.42. Image on axial plane
in FSE “black blood” of a patient
with adipose infiltration of the
free wall of the left ventricle at
the level of the right ventricle
outflow tract. The presence of
fatty tissue determines a hyper-
intensity signal, which involves
the entire thickness of the ven-
tricular wall
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Fig. 7.43. Image on the long
horizontal axis of the heart in
FSE “black blood” of a patient
with non-specific fatty infiltra-
tion of the free wall of the right
ventricle. Occasional finding

7.3.4.2.5 Morphological findings

There are two variants of ARVC: a fatty form, exclusively involving the right
ventricle without thinning of the free wall, and a fibro-adipose form charac-
terized by the thinning of the free wall of the right ventricle and by the pres-
ence of aneurysms, often with involvement of the left ventricle [26].

The right ventricle can present several degrees of segmental or global
dilatation with alterations of free wall kinetics. The most typical cases pres-
ent thinning of the free wall of the right ventricle, and even aneurysmatic
areas, which are more frequent in systole but that can also persist in diastole,
and are most frequently located at the level of the infundibulus, of the apex,
and of the basal part of the inferior wall (the triangle of dysplasia!) (Fig.7.44).

In the cases involving the left ventricle, there usually is a dilatation of the
ventricular chamber and asynergic areas, mainly at the apex and at the level
of the postero-inferior wall.

7.3.4.2.6 Clinical manifestations

The clinical picture of patients with ARVC is extremely heterogeneous and
ranges from completely asymptomatic forms to clinical heart failure [27].
Clinical manifestations are generally correlated to the onset of ventricular
arrhythmias that can vary from isolated extrasystolic beat to sustained or non-
sustained ventricular tachycardia, ventricular fibrillation; rarely, atrial fibrilla-
tion and atrial flutter might occur. Ventricular arrhythmias are always left bun-
dle branch block-like and usually ensue to physical effort. The most frequent
symptoms are palpitation and syncope; sometimes also dyspnea and angina-
like chest pain occur. In some cases the first sign of the disease is sudden death.
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Fig. 7.44 a, b. Images on the long axis of the heart in cine FIESTA of a patient with ARVC. (a) The
image in end-diastole evidences a segmental bulging of the free wall of the right ventricle at the mid-
dle-distal level; (b) the image of the same segment in systole shows a clear aneurysmatic behavior

7.3.4.2.7 Diagnosis

Given the extreme morphological and functional heterogeneity of the dis-
ease, the diagnostic path is very complex and generally leads to a diagnosis
of probability, and only rarely to a diagnosis of certainty. In the anamnesis,
the elements to search for are family history for ARVC or sudden death, a
personal history of palpitation, lipothymia, and syncope. The first diagnostic
step is obviously the electrocardiographic characterization. Often a pro-
longed QRS is found at ECG (>110 msec) with complete or incomplete
right/left bundle branch block; there may also be a negative T-wave in the
right precordial leads and sometimes an epsilon wave in V1. In most pro-
claimed cases, high resolution ECG shows the presence of late potentials.
Ventricular arrhythmias are common (premature ventricular beats, sus-
tained and non sustained tachycardia with left bundle branch block mor-
phology) at dynamic Holter ECG and during the physical stress test. Lastly,
Echocardiography and MRI, allow to identify morphological and functional
alterations of the heart.

7.3.4.2.8 Differential diagnosis

Differential diagnosis of ARVC foresees multiple pathological situations
often with common denominators from an electrophysiological and clinical
point of view, even if in reality some of these are not accompanied by evident
morphological or histological alterations.
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Fig. 7.45 a, b. Patient affected by Uhl’s disease and atrial fibrillation. (a) Image of the heart in cine
SPGR on the long horizontal axis showing a large dilatation of the right ventricle; (b) same case in
an image of the heart obtained on the short axis by SE “black blood”. The quality of the images is
reduced by the concomitant atrial fibrillation and the numerous artifacts inside the cavity caused
by the slow blood flow

The wide array of pathologies includes:

a) ventricular tachycardia originating from the outflow tract of the right ven-
tricle, characterized by non-specific structural alterations at the level of
the outflow tract and variable electrophysiological properties

b) benign ventricular extra-systolic activity with left bundle block morphol-
ogy. The morphology of QRS suggests an infundibular origin of the
arrhythmia; morphologic findings and function of right ventricle are nor-
mal

c) Brugada’s syndrome: genetic disease characterized by ST elevation in V1-
V3 and complete or incomplete right bundle branch block. The clinical
picture is characterized by malignant ventricular arrhythmias; often sud-
den death is the first sign of the disease. Differently from ARVC, the syn-
drome is not accompanied by any histological, morphological, or func-
tional alterations of the myocardium

d) Uhl’s anomaly: the disease is characterized by a partial or complete sub-
stitution of right ventricular myocardium by fibrous tissue, which trans-
lates into a clinical picture of right ventricular failure. It may remain
asymptomatic for many years and lead to sudden death (Fig. 7.45).

7.3.4.2.9 Diagnosis of ARVC with MRI

In recent years MRI has regularly been used for the morpho-functional study
of the right ventricle whenever there was a suspicion of ARVC. In reality, if on
one hand the potentiality of the method in that direction has always been
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clear, on the other the inadequacy of the equipment available has often
appeared as the most limiting factor for a correct diagnosis. Obtaining good
quality images of the heart requires an extremely efficient synchronization
with the ECG; but sometimes not even this is enough, due to the presence of
arrhythmias (typically ventricular extra-systolic activity, BBS type); there-
fore, pretreatment of the patient (e.g. propafenon 150 mg ter i.d. in the 7-10
preceding days) is often recommended.

The objectives of MRI in subjects with suspected ARVC can be synthe-
sized in three points:

a) morphological information, with particular concern for the volumetric
dimensions of the right ventricle

b) evaluation of the global and, especially, regional function of the free wall
of the right ventricle and segmental function of left ventricle

c) presence of fatty infiltration in the myocardium.

Morphological findings.

The sizing of the right ventricle covers a fundamental role in the diagnostic
procedure for ARVC. Because the right ventricle has a decisively irregular
morphology, it is unsuitable for linear measurements. Moreover, there are no
systematic data available to provide clear references as to the different seg-
ments of the right ventricle. There are, however, reference values for right
ventricular volumes (see Paragraph 7.2.6). MRI is the only technique that
allows volumetric measurements of the right ventricle without the aid of geo-
metrical assumptions.

MRI also gives the possibility of measuring the thickness of the free wall of
the right ventricle. Because this wall is very thin, it is necessary to rely on the
highest acquisition matrix possible, the most closely compatible to the acqui-
sition time. For this measurement it is suggested to use end-diastolic images
obtained with cine-MRI techniques. In detail, the measure of the free-wall
thickness is taken at its different segments (normal value 4-6 mm) [28]. When
drawing up the final evaluation, the operator should consider that there are
different physiological or para-physiological conditions, such as considerable
physical activity, that can lead to significant variations of this parameter.

Assessment of function.
MRI offers the possibility of evaluating both the global function, expressed as
right ventricle Ejection Fraction (EF), and the regional function of the free
wall with the demonstration of asynergic areas.

The typical finding in ARVC is systo-diastolic bulging, frequently located
in correspondence to the so-called triangle of dysplasia. Usually the localiza-
tion of the asynergic areas correspond to the localization of the areas with the



216 MRI of the Heart and Vessels

most extended fatty infiltration, and thus with reduced mechanical resist-
ance. The presence of asynergic regions does not imply diagnosis of ARVC, as
it can also be appreciated in other pathologies such as congenital or inflam-
matory diseases. Conversely, its absence does not allow to exclude the diag-
nosis, since the diastolic bulging requires a significantly extended fibro-adi-
pose infiltration in order to develop.

Analysis of MRI signal.

MRI can provide characteristics on the wall signal since the hydrogen atoms
of the different tissues show slight differences in frequency of precession
(chemical shift) in virtue of different molecular bonds. The method is used
for differentiating the signal coming from hydrogen atoms in the fatty tissue
from the signal of the other tissues, and sometimes for cancelling it out (fat
suppression) or saturating it.

The images generally used are those in Ti-weighted Spin Echo in free
breathing or preferably the FSE “black blood” in breath-hold. In both images,
the fatty tissue shows a high signal intensity that contrasts with the
hypointense myocardial tissue. The proof of adipose infiltration can also come
from images with signal suppression from the adipose tissue. This procedure
is perhaps more efficient in free-breathing images, which indeed allow a short-
er T1 than those in breath-hold but requires long acquisition times and espe-
cially have a lower image quality. Other extremely useful images are those
obtained by fat suppression or by Inversion Recovery (Short Time Inversion
Recovery - STIR). This sequence, which foresees the use of an extremely short
inversion time, efficiently cancels-out fatty tissue. Its main limitation lays in
the fact that with very short inversion times, there are more artifacts linked to
the slowed flow in proximity of the left ventricle free wall that can compromise
the quality of images. If the suppression/saturation of the fatty tissue can
result very efficient in some patients (hyperintense areas that become largely
hypointense), in other patients it is impossible to separate the signal emitted
by fat from that emitted by the surrounding myocardium, as the differences of
precession frequencies within the single subject can be very limited.

Moreover, finding fatty infiltrations areas in the context of the free wall of
the right ventricle or at the apex is not pathognomonic of ARVC. In fact, it is
known that a certain degree of fat infiltration in the right ventricle myocardi-
um can represent, for a number of subjects, a finding with no pathological
value, especially for those subjects in older age or patients with a marked
increase in subepicardial fat (obese) [22, 24].

MRI strategy.
Given the prevalence of alterations in the dysplasia triangle (which has the
inferior margin of the heart as its base and the right ventricular outflow tract
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as its apex), we can rely either on para-axial images aligned with the anatom-
ical axis of the heart, or on the images on the short axis of the heart. The lat-
ter enables to also visualize the diaphragmatic wall of the right ventricle,
often a site of dysplasia, but does not allow an optimal visualization of the
right out-flow tract of the right ventricle. A complete exam should include:
images in T1, images in T1 with fat suppression and/or STIR images both on
the long horizontal axis and on the short axis, and dynamic images on both
long and short axes.

ARVC integrated diagnosis.

Although MRI represents the most refined and efficient diagnostic tool for the
correct evaluation of ARVC, diagnosis of ARVC is quite a cumbersome task. In
fact, it is very rare to find patient symptomatology and instrumental findings
compatible with clear MRI disease findings. It often occurs that patients are
referred to MRI with a quite undefined diagnostic suspicion, and the linked
clinical and legal implications require a clear diagnosis that is complicated by
a missing pathognomonic sign of disease. As it is a probabilistic diagnosis, cli-
nicians have consolidated a scoring procedure that differentiates the diagnos-
tic criteria in minor and major (see Table 7.5) [29]. These criteria derive from
the overall evaluation of the patient (familiarity, electrophysiological charac-
teristics, imaging characteristics, etc.); in order to express a diagnosis of ARVC,
either two or more major criteria must be present simultaneously, or one major
criterion and two minor ones, or four minor ones together.

ARVC in sports medicine.
This nosographic entity has recently assumed great importance in sports
medicine due to its evident responsibility of sudden death in young, appar-
ently healthy athletes [30, 31]. In consideration of the potential risk for sud-
den death that cannot be stratified with the instrumental data alone, the cer-
tain diagnosis of ARVC prohibits the participation of the patient to agonistic
sporting activity. The most important issue for the physician remains an early
and certain diagnosis of the affection, without errors of underestimation -
and especially of overestimation. Some electrocardiographic features of
ARVC (negative T-waves of the precordial derivations, activation delays, etc.)
can be present in completely healthy/normal athletes. Furthermore, athletes
with high resistance to effort may present echocardiographic features (dilata-
tion and round shape of the right ventricle, hypertrophy of the moderating
band, evidence of trabeculae, hypertrophy or papillary muscles, etc.) that can
easily be confused with those of ARVC.

As in other specialties, in sports medicine the diagnostic path proceeds by
steps, starting from the family and physiological anamnesis to the ECG, stress
ECG, Holter ECG, and echocardiogram.
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Table 7.5. Diagnostic criteria (major and minor) for Diagnosis of ARVD (from McKenna et
al [29])

I. Functional and morphological abnormalities. Global/regional
MAJOR

Severe right ventricular dilatation. Decrease in RV EF with normal/nearly normal LV EF
RV localized aneurysm (Akinetic/diskinetic areas with systolic bulging)

Severe RV segmental dilatation

MINOR

Mild global RV dilatation and/or decrease in RV EF with normal LV
Mild RV segmental dilatation

Regional RV Hypokinesia

II. Tissue characterization of the RV myocardium
MINOR

Fatty infiltration of the RV myocardium

III. Repolarization abnormalities
MINOR

Inverted T waves in V2-V3 (if age >12 yrs, in the absence of right bundle branch block)

IV. Depolarization/conduction abnormalities

MAJOR

Epsilon waves, widening of the QRS complex (>110 ms) in V1-3
MINOR

Late potentials

V. Arrhythmias
MINOR

Sustained/non-sustained ventricular tachycardia with left bundle branch block morphology

Frequent ventricular ectopies (>1000/24 hours)

VI. Family history

MAJOR

Family history with anatomic confirmation (Autopsy, Surgery)
MINOR

Sudden death in < 35 years, with suspicion of ARVC.

Family history of ARVC (clinical diagnosis)
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Whenever diagnostic doubts arise, it is an established praxis to have the
patients undergo an MRI survey and eventually an electrophysiological
transesophageal study. Only in a very limited number of cases does an intra-
cavitary electrophysiological study follow, and in very selected cases
endomyocardial biopsy.

As far as MRI is concerned, only few of the many patients referred to the
MRI lab are in reality positive at the exam for ARVC; but in the vast majority
of cases the exam is inconclusive, unless criteria that allow higher sensitivity
are adopted - with the inevitable reduction in diagnostic accuracy. This lat-
ter case leads to the risk of generating [32] a great number of false positives
among patients who, given the seriousness of the disease, see their social lives
tragically compromised. In reference to this issue, there has also been the
concern for an ARVC prevalence with a regional tendency linked to centers of
high diagnostic sensitivity. All considered, the high patient acceptance for
MRI, the widespread distribution of MRI, and the high diagnostic potential,
indicate that MRI is the obliged step on the diagnostic path for ARVC [33].
The application of the diagnostic criteria by Mckenna et al., in which MRI
plays a pivotal role, seems to be a clinically satisfying approach.

7.3.4.3 Hypertrophic cardiomyopathy (HCM)

Hypertrophic cardiomyopathy is a primitive pathology of the myocardium
characterized by a great morphological, functional, and clinical heterogene-
ity [34-36]. The disease, which is generally familial, is caused by genetic muta-
tions that encode proteins of the sarcomere [37].

The diagnostic marker for this disease is primary left ventricle hypertro-
phy, which is probably also responsible for the functional alterations associ-
ated to the disease. In the general population of patients with hypertrophic
cardiomyopathy, the thickness of the left ventricular wall is on average 20-22
mm [38, 39]. However, the entity of hypertrophy in the single patient can vary
greatly from a few millimeters above normal values, up to 5-6 fold the usual
values (50-60 mm) in extreme cases [38].

Hypertrophy usually has an asymmetric distribution, more marked at the
level of the intra-ventricular septum (Fig. 7.46), and may at times also involve
the free wall of the right ventricle’s (Fig. 7.47).

The increase of wall thickness of the left ventricle is caused by an increase
in size and, perhaps, also in the number of cardiac muscular cells, in addition
to an increase of fibrous interstitial tissue. A characteristic histological aspect
is the presence of regions of cellular disarray where myocytes have an irreg-
ular shape and are distributed in a non-parallel fashion, at oblique angles or
perpendicularly to one another [34, 35, 39-43]. Generally, these areas are quite
extended and in-homogeneously spread throughout in the myocardium. In
most patients with HCM the autoptic exam shows a marked wall thickening
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Fig. 7.46 a-d. Images obtained by cine FIESTA in two patients with hypertophic cardiomyopathy.
Case 1: (a) image on the short axis of the heart in end-diastole shows the location of the hypertro-
phy involving the anterior, anterior-septal, and inferior-septal walls. (b) The image in end-systole
shows the obliteration of the ventricular cavity.

Case 2: (c) image on the long horizontal axis of the heart in end-diastole, shows a large hypertrophy
of the proximal setpal wall that becomes even more evident in end-systole (d)

of the intramural coronary arterioles (caused by the proliferation of collagen
and by hyperplasia of the smooth muscle cells at the level of the intima and
of the tunica media) and a reduction of the lumen [44, 45]; alterations of the
mitral valvular system are frequent.

The clinical history of patients with HCM is extremely various. Some
patients remain asymptomatic all their lives, a minor part develops severe
symptoms of heart failure or dies suddenly, with no other previous symptom
[35, 36, 46]. Recent studies on non-selected patient populations have docu-
mented a mortality of 1% per year among HCM patients [47-51]. Despite the
substantially benign history of the pathology, there are small groups of patients
with a high risk of sudden death. To date, 5 risk factors for sudden death have
been identified: positive family anamnesis for HCM or for sudden cardiac
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Fig. 7.47 a, b. Patient with hypertrophic cardiac disease involving the interventricular septum and
the free wall of the right ventricle. (a) Image on the short axis of the heart in Fast SE “black blood”.
(b) Image on the short axis of the heart in cine FIESTA

death, recurrent syncope events, the presence of non-sustained ventricular
tachycardia with Holter-ECG, the altered pressure response during the ergono-
metric test, and marked wall hypertrophy (thickness >30 mm) [52]. In patients
with HCM, sudden death is linked to the onset of ventricular tachycardia or
ventricular fibrillation [53]. The anatomic substrate for such arrhythmias is
likely to be represented by structural alterations of the myocardium, which is
characteristic of the disease, and seems to be associated to the presence of areas
of disorganized myofibril distribution and marked fibrosis [44, 45].

Many autoptic studies have demonstrated that in patients with HCM,
fibrous areas are frequently found also in absence of significant coronary
lesions [43, 44, 54, 55

The diagnosis of HCM is based on the echocardiographic finding of a
hypertrophic left ventricle (wall thickness >2SD in the normality range
adjusted to age and weight) in absence of other cardiac or systematic
pathologies that can justify a hypertophy of such magnitude [3, 56].

The echocardiographic exam documents the presence and regional distri-
bution of wall hypertrophy in patients with HCM, in addition to the presence,
in a lesser number of patients, of a dynamic gradient in the outflow tract of
the left ventricle accompanied by an anomalous systolic shift of the anterior
mitral limb against the intraventricular septum.

7.3.4.3.1 MRl in HCM

Many studies on MR have demonstrated great accuracy of the method in the
morphological and functional assessment of patients with HCM and in the
screening of family members.
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Cine images (SPGR, SSFP, etc.), allow to give a precise measure of wall tick-
ening, end-diastolic and end-systolic volumes of the left ventricle and thus of
the ejection fraction. Thickness and ventricular diameters are generally
measured in the end-diastole images in the horizontal, vertical long-axis and
short axis projections of the left ventricle.

Compared to Echocardiography, MRI has been demonstrated to be supe-
rior in the evaluation of cardiac mass and in identifying hypertrophy at the
level of the apex and of the right ventricle [57-59] and represents the tech-
nique of choice for monitoring and quantifying the postsurgical changes
after surgical myectomy or through catheter selective alcohol-mediated
necrosis of the interventricular septum [60, 61] (Fig. 7.48).

The use of cine sequences allows to verify if there is an obstructive pattern
in correspondence to the outflow tract of the left ventricle [62] as with Echo-
Doppler. In the regions of turbulent blood flow, blood is hypointense. A new
approach to the dynamic gradient has recently been proposed for measuring
the actual area of the outflow tract of the left ventricle using regional map-
pings of turbulent flow during systole in images on short axis of the left ven-
tricle [61]. This method, if proved to be valid, would allow to overcome the
problem of pressure recovery that usually leads to an overestimation of the
gradient and of inter-observer variability, which represent two important
limits to Echocardiography in the evaluation of the obstructive forms in
HCM.

Tagging has been proposed for evaluating diastolic dysfunction in
patients with HCM [63]. In fact the technique allows to analyze the rotation-
al movement of the heart, characteristic of the iso-volumetric relaxation and
radial distension of the walls during the filling phase. Preliminary studies on
patients with left ventricular hypertrophy by pressure overload have docu-

Fig. 7.48 a, b. Patient with hypertrophic obstructive cardiomyopathy treated with selective septal
alcoholization. The images obtained in 3D IR-FGR DE show a hyperintense area at the level of the
interventricular septum. (a) Image on the short axis of the heart; (b) image on the long horizontal
axis of the heart
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mented an increase of systolic torque motion, in addition to a prolonging of
the rotational movement of the apical structures and a reduction in radial
distension of the myocardium at the level of the basal septum [64, 65]. This
technique is however still in an experimental stage that must be verified for
its feasibility in a clinical setting.

Compared to other imaging techniques, MRI offers a further advantage in
the study of HCM as to the possibility of providing a tissue characterization
of the myocardium with great prognostic relevance.

In recent years the development of MRI sequences (IR-Fast Gradient Echo
- delayed enhancement) with the use of extra cellular contrast agents has
allowed to identify fibro-necrotic areas in patients with pregressed myocar-
dial infarction [66, 67]. In these MR images the necrotic areas appear hyper-
intense (see Paragraph 7.3.3) [67-69]. The mechanism of accumulation of the
contrast agent in the site of pregressed necrosis is still unclear. Among the
different hypotheses, the most probable implies an alteration of the pharma-
co-dynamics of the contrast agent in the diseased interstitium.

Recently, it has been reported that images in delayed enhancement can be
used to identify the eventual presence of fibrous areas also in patients with
HCM [70]. Previous papers indicate that the hyperenhanced areas are found
in most patients (>80%) and typically only in correspondence to the hyper-
trophic regions, most often at the level of the third medium of the ventricu-
lar wall with multi-focal distribution (Fig. 7.49). There are no correlations
between the fibrous areas and the territory of distribution of the epicardial
coronary arteries. The fibrous process typically involves the conjunction area
between the intraventricular septum and the free wall of the right ventricle.

The extension of the areas of fibrosis correlates to the degree of wall
hypertrophy and inversely to systolic thickening

The presence of fibrous areas alone is not indicative of an unfavorable
prognosis, but an extended fibrous area is [70].

Fig.7.49 a, b. Patient with hypertrophic cardiomyopathy: Images obtained with 2D IR-FGR DE: (a)
image on the long vertical axis of the heart showing hyperintense area at the level of the inferior
wall; (b) image on the short axis shows hyperintensity area at the level of the anterior-septal wall
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In a recent study the data on delayed enhancement and the clinical risk
factors for sudden death seem to correlate [71]. The areas of delayed enhance-
ment would result significantly more extended in patients who develop heart
failure (28.5% vs 8.7%) and in patients presenting one or two risk factors of
sudden death (15,7% vs 8.6%).

There are two patterns of enhancement: diffused and regional. Patients
with diffused hyperenhancement seem to present two or more risk factors for
sudden death (87% vs 33%) more often than patients with regional patterns
of hyperenhancement. These results are in agreement with autoptic studies
that show the correlation between a higher degree of myocardial fibrosis and
sudden death [54, 72-73]. It must be underlined that, to date, there are no sys-
tematic histological correlations between the areas of delayed enhancement
and autopsy findings in patients with HCM.

The interpretation according to which the areas of delayed enhancement
corresponds to areas of fibrous replacement is at present purely speculative.
Other kinds of fibrosis that increase the distribution volume of the contrast
agent, such as interstitial fibrosis, could be at the base of increased signal
intensity. Surely, the fibrous areas that are evidenced in patients with HCM
present different characteristics from those found in patients with pregressed
necrosis. Probably, in patients with HCM, such regions are the results of a
series of pathological processes that determine the formation of different
fibrous types (fibrous replacement or absence of myocytes) may be attributed
to myofibril disarray and the consequent spreading of the interstitial space.

Despite the limitations, MRI studies performed so far seem to suggest a close
correlation between fibrous areas and an unfavorable remodeling of the left ven-
tricle, in addition to the presence of several risk factors for sudden death [71].

The use of MRI in the study of HCM, in addition to providing precise mor-
phological and functional indications, allows an accurate tissue characteriza-
tion of the myocardium, which might provide additional information for the
prognostic stratification of patients and in particular for the identification of
that smaller group of patients with HCM who are at high risk of sudden
death.

7.3.4.4 Non-compaction of the myocardium

Non-compaction of the myocardium is a rare congenital disease caused by an
interruption or by an uncompleted compacting process of the myocardial
trabeculas during embriogenesis. It can be isolated to the left ventricle, or
involve both ventricles [73], and sometimes has a familial tendency [74, 75].

According to a recent classification by WHO, the non-compacted
myocardium falls into the group of non-classified cardiomyopathies [4].

The diagnosis, which is often unknown, is based on precise echocardio-
graphic criteria [78]:
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a) absence of coexisting congenital defects

b) increased myocardial wall thickness formed by a thin compacted epicar-
dial layer and a more extended non-compacted endocardial layer. The
endocardial layer is basically formed by trabeculas and blind-end recess-
es connected with the ventricle cavity. The two layers can be better differ-
entiated by measuring the thickness of the epicardium and the endo-
cardium on the parasternal short axis projection at the end of systole. The
ratio of non-compacted area to compacted area must >2

c) the segments most frequently involved are the apex (>80%) and the
medium portion of the inferior and lateral wall

d) the spaces between trabeculas of the myocardium are in direct continuity
with the ventricular cavity and, differently do not communicate with the
coronary circulation.

The description of the location of the segments involved requires that the
left ventricle be divided into nine segments [75, 77]: an apical segment, 4 medi-
um segments, and 4 basal segments (inferior, lateral, anterior, and septal).

At present there are no established echocardiographic criteria for the
diagnosis of non-compacted right ventricle due to the natural wealth of tra-
becula of the right apex and to the difficulty of differentiating normal vari-
ants from diseased patterns.

The morbidity and mortality of patients affected by non-compacted
myocardium is high among both young and adult subjects. The clinical picture
includes heart failure, thromboembolic events, and sudden cardiac death [76].

The physiopathological substrate of arrhythmias and heart failure in these
patients is still source of discussion. According to some authors myocardial
ischemia could play a crucial role [79]. In patients with non-compaction of
the ventricle, the flow of the great epicardial coronary vessels is normal [75,
80]. However, in correspondence to the non-compact regions there is clear
evidence of subendocardial fibrosis. Therefore, the most probable hypothesis
would seem to be that the fibrous areas in these segments are the conse-
quence of a process of subendocardial ischemia [81-84].

In a small group of patients, PET has evidenced a reduction of myocardial
perfusion both at basal conditions and after pharmacological stress with
dipyridamole limited to the non-compacted areas [85], perhaps correlated to
a reduced development of the microvasculature, eventually linked to wall
hypertrophy [85].

According to other authors, myocardial perfusion in patients with a non-
compaction of the ventricle [78] would result normal at baseline conditions
and reduced during pharmacological stress; moreover, it would not involve
the areas of the myocardium alone but also segments of morphologically
normal myocardium. Hence, findings would be pointing to a hypothesis of
alteration of microvasculature.
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7.3.4.4.1 MRI in the study of non-compaction of the myocardium

In virtue of the high spatial resolution and the possibility of tissue character-
ization, MRI is spreading as a technique of great diagnostic relevance in
patients with ventricular non-compaction [86]. Spin Echo sequences allow an
accurate morphological definition of the myocardial wall and of the ventric-
ular cavities. In cine sequences (SPGR, SSFP, etc.) compaction and non-com-
paction appear more clearly distinguishable (Fig. 7.50). Moreover, delayed
images acquired after the administration of contrast agent allow to identify

Fig.7.50 a-d. Patient with non-compaction of the
left ventricle. Images obtained by cine FIESTA. (a)
Long vertical axis of the heart. The image evi-
dences many blind-end recesses in continuity
with the ventricular cavity and the presence of a
thin subepicardial region. The same findings can
be appreciated in images on the short axis
obtained at several levels of the left ventricle (b-d)
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the presence of fibrous areas in correspondence to the subendocardium. The
study of myocardial perfusion with the first pass technique (see Chapter 7)
has evidenced in a recent case reported in literature a reduction of perfusion
in correspondence to non-compacted regions [87].

7.3.4.5 Hemochromatosis

Hemochromatosis is a relatively frequent pathology, characterized by intra-
cellular deposit of hemosiderin and ferritin. The organs most often involved
are liver, heart, and the central nervous system. The disease is distinguished
into its two forms, primitive and secondary. Primitive hemochromatosis is a
genetic disease with recessive autosomic transmission, among the most fre-
quent worldwide as to prevalence [87]. Secondary hemochromatosis in most
cases develops after an exaggerated iron uptake due to a chronic transfusion-
al therapy or due to chronic hyperhemolysis. In view of higher life expectan-
cy among these patients, iron overload caused by this condition is becoming
a growing concern.

Independently from the underlying pathology, iron overload yields rela-
tively uniform signs, with cardiac dysfunction being the first cause of death
among patients with hemochromatosis [89].

The difficulty of picturing hemosiderotic cardiomyopathy properly
under a physiopathological profile lies in the variety of concomitant mech-
anisms. There is no doubt that iron overload at the level of cardiac myocytes
determines a diastolic and systolic dysfunction, in either an alternating, pro-
gressive, or simultaneous manner, following a restrictive, and dilatative pat-
tern. This makes the diagnostic pathway and follow-up of hemochromatosic
cardiomyopathy difficult, imposing the use of a technique that allows an
accurate morpho-functional evaluation and a reliable tissue characteriza-
tion.

Echocardiography is able to evaluate, to a satisfying degree, the preserved
wall thicknesses, changes of volume and left ventricular function; however
the limits of the technique are amplified when trying to quantify functional-
ity of the right ventricle chamber, which is another important prognostic
determinant of hemochromatosic cardiomyopathy [90, 91].

7.3.4.5.1 MRl in the study of hemochromatosis

The quantitative data on either right or left cardiac function obtained by MRI
represent the gold standard of modern non-invasive cardiology with signifi-
cantly low values of intra-and inter- operator variability [28, 92].

A frequent finding among patients with hemochromatosis is a variable
degree of mitral insufficiency, as this appears to have a somewhat prognostic
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value. The standard approach requires its quantitative evaluation, which can
easily be achieved with MRI using cine Gradient Echo or phase velocity
encoding sequences [93].

MRI has the peculiarity of allowing the myocardial tissue characteriza-
tion of such patients, identifying iron deposits as specific markers for dis-
ease. It has to be considered that values of serum ferritin [94] and the iron
deposits at the hepatic level are not reliable predictors of iron upload in the
myocardium. This accumulation does not lead to significant alterations of
echogenicity and, therefore, cannot be detected. The deposit is prevalently
subepicardial, patchy, and affecting the left ventricle, which is the reason why
endomyocardial biopsy has a low diagnostic sensitivity [88]. Conversely, iron
is a strongly paramagnetic substance that introduces some local inhomo-
geneities into the magnetic field, and its deposits cause a shortening in T1-,
T2- and T2* [94]. To date, the GRE T2* technique seems to provide a quick
and reproducible evaluation of iron accumulation at the level of the
myocardium (Fig. 7.51).

In patients with Thalassemia major f3, the indices of left ventricular dys-
function seem to correlate with the evaluation of intra cardiac iron deposit
measured by assessing the values of T2* [95]. Normal T2* reference values
at the level of the myocardium have been measured at 52+16 ms (single
echo technique) [96] and at 33.3t£7.8 ms (multi-echo technique) [97]. T2*
values <20 ms would always associate to a reduced left ventricular func-
tion. However, a validation of T2* through pathological findings still has
not been made, while further studies are needed to provide some data on
how to evaluate the effects of fibrosis and desaturation in the evaluation of
T2* [96-98].

Recent studies have documented the possibility of identifying through
MRI areas of fibrosis in patients with pregressed myocardial infarction and
patients with hypertrophic cardiomyopathy. This method, however, has not
been validated for hemochromatosis [98].

Remaining within the field of tissue characterization, Ti-weighted
sequences, after the administration of Gd-based contrast agents [99], or T2-
weighted, have shown to be valid in identifying the accumulation of liquid
deposits such as oedemas or deposits from myocardial-pericardial inflam-
matory processes that often concur in determining hemosiderotic cardiomy-
opathy.

MRI can hence be considered a valid non-invasive tool for managing
hemosiderotic cardiomyopathy in terms of diagnosis and prognosis.
Moreover, considering the potential reversibility of cardiac morbidity in
hemochromatosis [100-102] by, for example, chelating therapy or bone mar-
row transplant, therapeutic monitoring is an objective of great respect in
which MRI can be qualified as the ideal tool.
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Fig. 7.51 a-c. (a) T2*-weighted images with single echo technique. Short axis of the heart obtained
with increasing values of TE. Top: images obtained from a healthy volunteer. Bottom: images
obtained with the same technique in a patient with thalassemia major. There is an evident signal
hypointensity at level of the liver caused by a deposit of Fe++. (b) The graph illustrates the relation-
ship between signal intensity, measured at the level of a region of interest positioned in the liver,and
the increasing values of TE. These values provide data used to calculate T2* of the tissue. The T2* of
this patient with thalassemia major is reduced (normal range 377 msec), the graph (c) illustrates the
relationship between the intensity of the signal measured at the level of a region positioned in the
mid-ventricular septum of the patient with thalassemia major and increasing TE values. The derived
value of the myocardium's T2* results normal (normal ranges 52+16 msec)

7.3.4.6 Endomyocardial fibrosis

Endomyocardial fibrosis is a rare form of secondary cardiomyopathy. At pres-
ent, two forms have been found: Loeffler’s disease, typical of temperate cli-
mates, and another occurring in tropical and subtropical areas. Loeffler’s
endocarditis is a rapidly progressive disease that arises in about 75% of
patients with hypereosinofilia [103]. It can either be idiopathic or secondary
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Fig. 7.52. Patient with endomyocardiofibrosis. The image on the long vertical axis of the heart
obtained by IR-GRE delayed enhancement after contrast agent administration evidences an oblitera-
tion of the distal part of the left ventricular cavity on behalf of highly hypointense thrombotic mate-
rial. The endocardium appears diffusely hyperintense due to the uptake of contrast medium, which
confirms important fibrous phenomena at this level

to one of several pathologies (autoimmune, infectious, parasitic, allergic syn-
dromes, or neoplastic). The tropical form, compared to the former, has a
slower clinical evolution and is not associated with hypereosinofilia.

Although, the two have separate pathogenetic processes, both are charac-
terized by a rigid thickening of the subendocardium, which is more often
thicker at the level the apex of one or both ventricles, of the papillary muscles
and of the valvular systems; often there are voluminous thrombotic endo-
cavitary masses [104-106] (Fig. 7.52).

The clinical picture is that of a restrictive cardiomyopathy with evolution
toward heart failure by diastolic dysfunction [107].

The echocardiographic exam frequently detects the presence of hyper-
echogenic material that obliterates the apex of one or both ventricles, and the
further thickening and adherence to the posterior wall of the cordal system
of the atrio-ventricular valves; often non-negligible mitral and /or tricuspidal
insufficiency is detectable [104-108].

7.3.4.6.1 MRI in endomyocardial fibrosis

MRI allows an accurate evaluation of the site and extension of the subendo-
cardial fibrosis, also providing the possibility of analyzing the tissue’s char-
acteristics [105,109-112]. The employment of the different T1- and T2-weight-
ed sequences, and the employment of contrast agents allows a precise defini-
tion of the endoluminal thrombotic masses.

Areas of subendocardial fibrosis can be identified by means of the IR-GRE
(delayed enhancement) images acquired late after the administration of the
contrast medium.
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Cine sequences allow to measure the ventricular volumes and ejection

fraction quite accurately, and also evaluate the diastolic function, the most
compromised functional characteristic in these patients.
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7.4 Valvular disease

MASSIMO LOMBARDI

7.4.1 Introduction

MRI has a marginal role in valvular disease compared to Echocardiography and
Doppler, which have demonstrated a very high efficiency, and often substitute
cardiac catheterization.

The limited use of MRI in valvular disease must not induce one to believe
that the technological aspects of MRI are inadequate for the issues involving
these pathologies, rather it must be underlined that today scanners allow a
very efficient and refined evaluation of valvular defects.

Visualization of the valves requires only a few minutes and the informa-
tion on the presence of morphological deformations or functional alterations
is substantially equal to that obtainable by Echocardiography. The advantages
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of MRI over Echocardiography are the possibility of obtaining very good
quality images without spatial limitations - except for when there are
arrhythmias with a disorganized cardiac rhythm. For example, the planimet-
ric evaluation of a stenotic valve, or the measurement of the dimensions of
the valvular ring is a relatively simple procedure and the quality of the images
is such to leave few doubts on the feasibility of the measurements [1-4].

7.4.2 Indications for MRl in valve disease

There are indications on the use of MRI in cases of endocarditis in the bicus-
pid aortic valve, in the inflammatory processes involving mitral vascular
leaflets, etc. [4-7] (Figs. 7.53, 7.54); however, there are basically two situations
in which MRI offers the best advantages over other methods: the quantifica-
tion of regurgitation that can accompany some forms of valvular disease and,
when required, the evaluation of the origin and coursing of coronaries.

Fig. 7.53 a, b. Aortic bicuspid
valve. (a) Morphologic image in
Fast GRE that evidences the
abnormal systolic opening of
the bicuspid valve with typical
ellipsoidal appearance. (b) The
corresponding image in PC for
the calculation of valvular flow.
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Fig. 7.54 a-d. Bacterial endocarditis on mitral valve. (a) Image in Fast cine-SPGR on the long verti-
cal axis of the heart. The anterior-medial leaflet of the mitral appears thickened at its distal half. The
high turbulence of the transmitral flow can be appreciated as a loss of signal. (b) Image in Fast cine-
SPGR on the short axis of the heart, 1 cm approx below the plane of the mitral valve; the image evi-
dences the irregularity of the valvular leaflets. (c) Image in Fast cine SPGR on the long horizontal
axis of the heart evidencing the thickening of the mitral valve leaflets at their distal parts. (d) Image
in cine SPIRAL GRE that allows a plane spatial resolution of about 0.8 mm; in evidence a thicken-
ing of the edge of the anterior-medial mitral leaflets

The quantification of regurgitation can be obtained by means of two dif-
ferent techniques: Fast cine images (SPGR or SSFP) (historically SPGR was
the first to be introduced) and PC images. The first method uses images on
“white blood” where the turbulent flow, as that of reflux, induces a local loss
of signal (loss of phase coherence) that contrasts with the hyperintensity of
the flowing blood (Figs. 7.55,7.56). The mapping of regurgitant flow visualized
in this manner is performed on parallel slices in order to visualize the entire
turbulence in 3D and provides absolute measurements (in ml per heart beat)
that correlate well with the calculations performed with catheterization. The
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Fig. 7.55. Image in Fast cine SPGR on the long
vertical axis of the heart showing the jet of
mitral regurgitation that can be appreciated as a
loss of signal in the left atrium

simultaneous planimetric measuring of the entire ventricular cavity allows to
calculate the regurgitant fraction quite precisely.

Furthermore, phase contrast images represent a very elegant and fast way
for evaluating valve disease. This technique provides images in cine Gradient
Echo and, simultaneously on the same plane, provides parametric images in
which the level of gray is in function of the direction and velocity of flow.
Positioning the scanning plane parallel and in proximity (about 1 cm) to the
valvular plane, flow can be visualized in its systolic and diastolic phase. The
planimetry of the vessel (aorta) or of the valvular plane that is performed on
the cine Gradient Echo images allows to measure automatically the ortho-
dromic flow and the anti orthodromic fraction in the parametric images
(Fig. 7.57) [10-12]. This method of quick execution, which is seemingly easi-
er than the precedent, requires good orthogonal alignment to the flow.

The measurements obtained through this technique provide absolute val-
ues (ml/beat), with an added value to the exam as compared to other non-
invasive imaging techniques.

Likewise, in stenosing pathologies MRI offers the possibility of accurately
visualizing the anatomy of the valve and the transvalvular flow. The operator
can obtain a mapping of residual volume and the transvavular gradient [13-17]

Fig. 7.56. Image in Fast cine FIESTA on the long
horizontal axis of the heart showing the aortic
valve regurgitation and dilatation of the aortic
root
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by combining the morphological images in both SE T1 “black blood” and in
cine (for example, SPGR) and applying the simplified equation of Bernoulli as
for Echocardiography to valves computed on PC images. In the case of mitral
stenosis, movement of the valve is evidenced in a similar way to that in
Echocardiography (doming shape of the valve during the diastolic phase,
anomalous opening, etc.) (Fig. 7.58).

Moreover, it must be considered that MRI allows a better evaluation of the
ventricular function and mass, superior to any other technique, as well as a
very detailed visualization of the ascending aorta (see related chapters).

The survey, therefore, should always be completed with the measurements
above in order to broaden the study and obtain a more general cardiological
picture.

Fig.7.58 a,b. Mitral stensosis. Images on the long vertical axis of the heart. (a) End-diastolic image
showing thickening of the valvular leaflets. (b) End-diastolic image with reduced opening of the
mitral that evidences a “doming” morphology
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7.4.3 Study of prosthetic valves

One of the most frequent requests made to operators in MRI cardiovascular
labs concerns the safety of submitting patients with prosthetic valves to MRI.
It must be underlined that when there is an abundance of metal components,
the void signal produced by these components invalidates the possibility of
using MRI for their evaluation (Figs. 7.59, 7.60). On the contrary, when the
metal components are practically absent (as in stentless biological valves) the
MRI exam is similar to that performed on a native valve.

It is extremely rare to encounter patients with valvular prostheses non-
compatible to MRI. The last incompatible prostheses (Star-Edwards) were
implanted back in the early sixties [18-20].

7.4.4 Current limitations

The current limitations of MRI in the study of valvular diseases are the spa-
tial and temporal resolution below optimal levels, and the need for regular
cardiac rhythm. This latter element, as in the case of valve disease that is often
associated to atrial fibrillation (such as mitral disease), can determine a sig-
nificant deterioration of the images. In reality, spatial resolution would not
appear to limit the technique too much, since in certain kinds of sequences it
yields a resolution on plane <1 mm with a slice thickness of 4-5 mm. Also
temporal resolution does not represent a significant limitation in general,
except for the study of very fluctuating valves or valves that have a very rapid
movement throughout the cardiac cycle.

Fig. 7.59. Patient with a biological prosthesis,
with a supporting metal structure, in mitral
position. Image in Fast cine SPGR evidences a
large void of the signal, which does not allow to
assess valve function
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Fig. 7.60. Patient with a metal prosthesis to cor-
rect inter atrial patency (umbrella). The pres-
ence of the device does not allow to evaluate the
eventual residual shunt

7.4.5 Imaging procedure

In practice, there is no standardized procedure for the study of valvular dis-
eases. Some important notions can be, however, acknowledged from data in
literature [21].

For a study of the mitral or the tricuspid, the praxis is to acquire images
on the long horizontal axis, using 3 to 5 parallel slices so to cover the entire
valvular plane.

As for the aortic and pulmonary valves, it is common practice to obtain
images parallel to the valvular plane and in planes perpendicular to the lat-
ter, proximally and distally.

For all valves, and when phase velocity encoding images are requested, the
planes are positioned at about 1 cm from the valve, proximally and distally.

The sequences generally used are the SE T1 “black blood” and Fast cine
SPGR. When available, also ultrafast sequences (SSFP) can be used. From the
data reported in literature it is evident that when the SPGR sequence is used,
the TE must be set as closely as possible at 8 msec so to avoid underestimat-
ing the entity of the regurgitation. Sometimes, in order to obtain this result it
is necessary to reduce the sampling bandwidth. In the case of phase contrast
images it is crucial to set the maximum velocity to be used for phase encod-
ing, compatible with the velocity of the flow under study and be, as much as
possible, oriented orthogonal to transvalvular flow.

The diagnostic procedure is considerably advantaged when the study of
the valve is flanked by a study of ventricular function, of wall thickness, and
of ventricular mass.

For the study of the origin and the coursing of the coronaries, see
Paragraph 7.5; noteworthy is the fact that using the 3D techniques available
today for imaging of the coronary arteries, this latter part of the study
requires only an additional 15 minutes.
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7.5 Coronary arteries

ALESSANDRO PINGITORE, MASSIMO LOMBARDI, PAOLO MARCHESCHI, PIERO GHEDIN
7.5.1 Introduction

Coronary atherosclerosis is the principal physiopathological substrate of
ischemic syndromes, the most frequent cause of natural death and morbid-
ity in western countries. At present, selective coronary angiography is the
only validated technique for the direct evaluation of coronaries. It is an inva-
sive technique and requires the use of ionizing radiation and of iodinated
contrast agents, which have a significant organ toxicity (especially nephro-
toxicity). Although the procedure has low risk for major events, it is still an
invasive technique that should be performed only in the case of a motivated
clinical suspicion. For these reasons, the screening and evaluation of the
patient with coronary disease today is performed with indirect and non-
invasive techniques of induction, of myocardial ischemia (treadmill or
cycloergometer stress test, stress echo, scintigraphy, stress-MRI, etc.) that
allow to evidence alterations of perfusion, of contractile function, or simply
the electrocardiographic alterations that belong to the myocardial ischemic
cascade. The development of non-invasive angiographic techniques -
among which multi-detector Computed Tomography (CT), Electron Beam
Tomography (EBT) and MRI - could deeply modify the diagnosis and man-
agement of the patient with coronary disease. The multi-detector CT and
EBT have the inconvenience of utilizing high doses of radiation and require
the administration of a iodinated contrast agent; yet both techniques are
rather accurate in quantifying coronary calcium - which is, among other
things, a risk factor in the characterization of patients with suspected coro-
nary disease [1]. Indeed, thanks to its most recent developments, multi-
detector CT seems to be close to clinical use, although large trials which
show the real accuracy of this method in unselected patients are still not
available.

7.5.2 Magnetic Resonance of coronaries: angiographic approach

Angiography in the different arterial districts of the body (endocranial ves-
sels, supraortic vessels, aorta, renal aa., arteries of the limbs, etc.) by MRA is
becoming a widespread method in clinical practice. The diagnostic capacity
of MR is based on the administration of a contrast agent and the acquisition
of 3D images (CEMRA) with an excellent SNR. However, the visualization of
the coronaries with this technique is difficult and not proposable due to the
small dimensions of the structure (less than 5 mm), the contorted and vari-
able coursing, and especially due to the rotational and translational move-
ment caused by cardiac and respiration activity. For this reason, purposely
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Fig.7.61. T1“black blood” image. The visualiza-
tion of the coursing of the right coronary is facil-
itated by the contrast produced by perivascular
fat, which appears hyperintense in respect to the
highly hypointense vascular lumen

designed techniques are being developed for imaging this vascular district
and overcoming the related obstacles. The sequences used so far can be clas-
sified according to their technical options in “black blood” and “white blood”
sequences, two or three dimensional, breath-hold or free breathing, with or
without contrast medium [2-8].

“Black blood” techniques completely cancel-out the signal from blood
through the application of a double inversion pulse (double inversion recov-
ery), the first of which non-selective at 180°, and the second selective on the
scanning plane at 180°. The first pulse inverts the magnetization field
throughout the body, blood included. The second re-inverts the magnetiza-
tion of the tissues on the scanning plane. The final result in the image is the
annulment of the signal emitted from blood, whereby the lumen of the ves-
sel is black in contrast to the more or less intense signal of the wall (Fig. 7.61).
A presaturation signal (inversion recovery) can be added to the technique to
cancel out the signal from adipose tissue (triple IR); otherwise a selective
pulse (Fat Sat or CHESS) for fat suppression can be applied so that the car-
diac tissue appears enhanced compared to the neighboring fatty tissue. The
limit to this approach lies in the fact that it is 2D; consequently in “black
blood” imaging several attempts must be made to find a single plane on a
long tract of the coronary vessel being studied. Furthermore, “black blood”
techniques are prone to artifact due to flow, which can degrade the image
significantly.

Images in “white blood” can be obtained by several acquisition techniques
(Gradient Echo, echo planar, spiral, etc.) that have the advantage of being
faster, with an excellent contrast between the vascular lumen and the sur-



246 MRI of the Heart and Vessels

Fig. 7.62. 2D image in Fast GRE with filling of
K-space in a spiral manner and fat subtraction.
The vessel appears hyperintense and surround-
ed by hypointense tissue

rounding fat, which can be easily canceled. These techniques collect most
favor because of their option of three-dimensional acquisitions, which
enables the operator to center the coronary vessel more easily. However, these
techniques cannot visualize the arterial wall, but only evidence the lumen
(Fig. 7.62).

Breath-held sequences reduce artifacts caused by respiratory movement.
The main drawback of these techniques is, however, the necessity of acquir-
ing the entire signal in a very short time: this requires the maximum collab-
oration on behalf of the patient who has to perform several breath-holdings.
Free-breathing sequences are acquired during diastole through the synchro-
nization with ECG, and minimize respiratory movement through the use of a
breathing trigger that limits signal acquisition to only one phase of the respi-
ratory cycle (expiratory phase). This acquisition technique is known as
Navigator Echo. The substantial difference between Navigator Echo and res-
piratory synchronization lies in the kind of trigger used. Navigator Echo
analyses a real echo signal formed by two successive RF pulses (90° and 180°)
generally in the right hemi thorax; these pulses excitate a small volume from
which the operator can visualize the position of the right hemi-diaphragm by
evidence of the tissue border between liver and pulmonary parenchyma,
which are respectively hyper and hypointense. The intrinsic advantage of the
technique is that it does not require collaboration on behalf of the patient,
who is asked to breath regularly. In addition Navigator Echo allows to moni-
tor, and thus synchronize, the scan with the respiratory cycle the best way
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Fig.7.63 a, b. (a) Tracker for controlling the position of the hemi-diaphragm and detect its cranial-
caudal position. (b) Monitoring of the cranial-caudal position of the right hemi-diaphragmatic
excursion at the level of the tracker. Once the operator has selected the ideal position (in expiration)
and set the spatial limits for the acquisition, the system automatically selects the position in which
to acquire the signal. The acquisition is always done in diastole (ECG trigger not shown in figure)

possible, limiting the acquisition to the exact moment in which the
diaphragm reaches a preselected position along its cranio-caudal movement.
This method can eliminate almost all breathing artifacts (Fig. 7.63a, b).

The most important limits of this method are the long acquisition time (5-10
minutes) and the easier occurrence of artifacts and, thereby, a worse signal noise
ratio. The free-breathing navigator technique has been applied to two- and
three-dimensional sequences (Fig. 7.64).

The two-dimensional sequences were the first to be introduced in both
“black blood” and in “white blood”. Their intrinsic limit is determined by the
anatomy of the coronary arteries that course on a single plane only for limit-
ed extensions - if we exclude the right coronary that can sometimes be visu-
alized entirely from the origin up to the crux. Also the reconstructions
derived from these images are full of artifacts.

Compared to 2D sequences, 3D have the advantage of acquiring a volume
of significant thickness (2-15 cm) that includes the area in which the vessels
course, which eliminates the problem of anatomical variability of these ves-
sels. In recent years, research has been developing exclusively 3D sequences,
but at the moment there is no technique excelling above others, as each pres-
ents limits that reduce its diagnostic efficacy.
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Fig.7.64. 3D image of the left coronary obtained
with the navigator technique in free breathing

7.5.3 How to improve SNR and CNR

Contrast medium greatly improves the SNR and CNR, providing a better def-
inition of the coronaries from the surrounding tissues (Fig. 7.65). At present,
clinical practice employs gadolinium-based contrast agents that remain con-
fined inside the capillary bed for an extremely short time. The contrast medi-
um transiently reduces the T1 of blood from 1200 msec to less than 100 msec.
Ongoing studies are testing the use of contrast agents that have specific char-

Fig. 7.65 a, b. (a) Selective coronary angiography of the anterior descending artery that evidences
a stenosis at the beginning of the medium third. (b) 3D FIESTA image in breath-hold (acquisition
time 20 sec) after the administration of a contrast medium (GdDTPA-BMA, gadiodamide, o,1
mol/kg) that evidences the stenosis of the coronary lumen at the same level
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acteristics that constrain them inside the vasculature (blood pool), remark-
ably improving the SNR.

SNR and CNR can also be improved by using sequences capable of ampli-
fying the differences in signal due to the relaxation characteristics of tissues.
This can be achieved by applying, for example, preparation pulses that sup-
press the signal from surrounding tissues. One of the suggested preparation
pulses consists of a preparation prepulse (T2 prep), which cancels out tissues
with a low relaxation time, such as the cardiac muscle (T2=50 msec), venous
haematic flow (T2 with saturation of O2 at 20%=3 msec) and adipose tissue,
while the signal from arterial blood (T2=250 msec) is not modified [9].

7.5.4 Feasibility of coronary angiography by MR

The feasibility of coronary angiography by MRI varies according to the coro-
nary and to the arterial segments considered, being higher for the Left Main
(LM) and for the proximal segments of the Left Anterior Descending a. (LAD)
(respectively, 95-100% and 80-90%), the Right Coronary a. (RC) (90-95%),
the Circumflex Coronary a. (CX) (60-75%), as compared to the distal seg-
ments of these arteries and of the secondary branching (in total 40-60%)
(Fig. 7.66). Consequently, the diagnostic accuracy is good for the proximal
and medium segments, while it cannot be evaluated for distal segments and
secondary branching. Conversely, there are no substantial differences of diag-
nostic accuracy among the various sequences tested, which have evident lim-
its of temporal and spatial resolution; in the best of cases acquisition time is
100 msec per heartbeat, and the voxel is approximately 1 mm3. Recent multi-
center data (3D free-breathing) of comparison between invasive angiography
and MRA have evidenced an 84% feasibility for 7 coronary segments (LM and
proximal and middle segments of LAD and RC and proximal segment of CX)
with the identification of 83% of the significant stenoses [10].
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7.5.5 Study of the coronary wall by MRI

Atherosclerosis is a degenerating process of the arterial wall that is charac-
terized by fatty deposits within the wall at first, and by composite plaques in
its final stage [11].

In clinical practice, the identification of a stenosis is performed by inva-
sive angiography, which in reality is no more than a luminogram, unable to
lead to a histological characterization of the atherosclerotic plaque or to
visualize the arterial wall, and to evidence any initial injuries within that
same wall. Ultrasounds and MRI can visualize the wall directly and are
therefore able to identify its alterations. The thickening of the intima and
media is an accurate marker of sub-clinical atherosclerosis and is predictive
of ischemic events, either in the brain or in the heart [12]. In post mortem
studies, the study of coronary vessels has evidenced that vessel remodeling
depends on a number of factors - such as the entity of flow, endothelial
reactivity, etc. — and that it can develop outward from the vessel lumen
(which thus appears patent or even dilated) and lead to the development of
the plaque [13]. If an important cause of a chronic ischemic event is the
severity of the atherosclerotic plaque, the precipitating factor of an acute
ischemic event is the rupture of a vulnerable plaque [14]. The vulnerability
of the plaque is not strictly linked to the severity of the stenosis, but rather
to the components of the plaque itself [15]. The cellular and structural char-
acteristics of a vulnerable plaque are: the abundance of inflammatory cells,
a wide lipidic core, and a thinned fibrous cap. The fissuring of the cap acti-
vates a local thrombolytic process (at the level of the plaque), which in turn
determines a rapid growth of the plaque that becomes clinically evident
with an acute ischemic syndrome. Another destabilizing factor is neoangio-
genesis inside the plaque [16].

At the level of the carotid, MRI has demonstrated to be a good method for
visualizing early atherosclerotic injuries corresponding to lesions of type I
and type II (collection of foam cells and fatty streaks), and type III
(preatherome with extra cellular lipid collection) according to the classifica-
tion by the American Heart Association [17,18].

Tissue characterization by MRI is based on characteristics of relaxation
and of proton density (PD) of the single components of the plaque [13, 19-
22]. In T1-weighted SE images, tissues with a short T1 have a hyperintense
signal as compared to those with a long T1. Vice versa, tissues with a short
T2 appear hypointense as compared to those with a long T2. The signal
intensity in PD depends on the tissue density of the protons, therefore in the
images in PD the tissues richer of protons have a hyperintense signal, while
calcifications have a low concentration of protons and appear hypointense.
The lipid plaques have both a short T1 and a short T2, therefore they are
hyperintense in T1-weighted images and hypointense in T2, while in Fast SE
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T2 fat is hyperintense. Fibrous plaques have a quite similar signal intensity
in T1- and T2-weighted images; the signal intensity is lower compared to
lipidic plaques in T1-weighted images. The areas of hemorrhage have a sig-
nal that is variable in time, in function of the metabolic state: deoxy-hemo-
globin > met-hemoglobin > hemosiderin. An important fibrosis will thus
determine a highly hypointense border between the lumen and the
atherome [24-26].

The studies on tissue characterization of the plaque have been mostly per-
formed on carotid plaques because of the easy access to these vessels (Fig.
7.67). The characterization of the walls and of the coronary plaques is made
difficult by the same factors that make difficult its angiographic visualization.
It has been proposed to use a Spin Echo T2-weighted sequence with double
presaturation stimulus to visualize the coronary wall, which resulted to be on
average 1mm thick with a lumen surface of 9.3 mm? in the control subjects.
In patients with known coronary disease, the thickness of the coronary is sig-
nificantly greater (on average 1.5 mm) and the surface of the lumen is signif-
icantly less (7.0 mm? on average) [27]. These data confirm why atherosclero-
sis is a degeneration of the vessel wall that affects the entire vessel, and not
only at the site of the plaque, which only appears to be the point of maximum
development of the degenerative process. Hence, the study of the wall, and
not the luminogram alone, represents a complementary path for performing
a study of atherosclerosis that can characterize initial atherosclerotic lesions,
as well as artery vessel remodeling (silent at conventional angiography), and
for identifying the atherosclerotic plaques, which are unstable and at high
risk of rupture.

7.5.6 Study of coronary reserve

The coronary reserve expresses the vasodilatation capacity of coronary vas-
culature in response to cardiac metabolic demand. Thanks to this mechanism
of auto-regulation, coronary flow can increase up to 5 times the baseline
value. In presence of a coronary stenosis, the vasodilatatory reserve guaran-
tees an adequate blood flow at basal conditions and when faced with a limit-
ed increase of the cardiac energetic demand. This limit progressively dimin-
ishes with the growing severity of the stenosis, and thus with the reduction of
the lumen until the complete exhaustion of the coronary reserve.

The relation between flow and coronary stenosis is not linear at baseline
conditions nor during maximum vasodilatation. Coronary flow decreases
only in the presence of a stenosis over 85%, while the coronary reserve begins
to decrease - even if slightly - in presence of a stenosis of about 35-40%. This
reduction becomes evident in the presence of stenoses of over 70%, and when
the stenosis is over 90% the reserve goes down to zero [28]. In consideration
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Fig. 7.67 (a-c). Study of the
carotid wall with high resolu-
tion surface coil. (a) SE Ti
image evidences a marked wall
thickening at the level of the left
carotid. (b) Same scanning
plane in a T1image with fat sup-
pression (fat-sat) after adminis-
tration of a contrast agent; the
image evidences a signal reduc-
tion inside the wall. (¢) Same
plane of scanning in a FAST SE
T2 image that evidences an
increased signal at the same
level

of the scarce correlation between flow and coronary stenosis, in particular for
moderate injuries, the physiological meaning of a coronary stenosis has
important clinical implications [29, 30]. As for the other districts, it is possible
to measure coronary flow using a Phase Contrast sequence (see Chapter 3)
(Fig. 7.68). The values of coronary reserve as measured by PC images (ratio of
flow in maximum vasodilatation obtained with adenosine over baseline flow)
closely correlate with the severity of the stenosis and with the coronary
reserve evaluated invasively. Considering a limit value for coronary reserve of
1,7, the sensitivity and specificity for the diagnosis of coronary stenoses >70%
are respectively 100 and 83% [31]. The same sequence can be applied to the
diagnosis of restenosis in presence of a coronary stent.
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7.5.7 Scanning planes for coronaries (in 2D or 3D small slab)
7.5.7.1 Right coronary artery

Basically there are two approaches. Starting from an image on the horizontal
long axis of the heart, in which the atrio-ventricular groove is visible, a plane
is traced parallel to interventricular septum. The image obtained is an oblique
coronal where the right coronary is visible in its short axis both cranially and
over the diaphragm. The scanning planes useful for viewing the entire coro-
nary pass through these two sections of the vessel. If the coronary is lying on
a single plane, as often happens, the vessel is visualized from its origin to the
origin of the posterior descending a. at the level of the crux.

In an alternative approach the scanning planes are positioned directly over
the image on the long horizontal axis of the heart, parallel to the atrio-ven-
tricular groove.
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7.5.7.2 Left main (LM) and left anterior descending artery (LAD)

Starting from the sagittal scout passing through the aortic root, a number of
images are obtained in coronal. Such planes must be positioned recalling that
on a sagittal plane the origin of the left coronary a. is posterior and high
above the profile of the aorta. Once the LM has been identified, para-axial
planes are positioned between the inferior margin of the pulmonary trunk
and the superior profile of the cardiac silhouette. From the para-axial images
obtained it is possible to view the LM, and the LAD from the origin up to the
middle and sometimes the distal tract. The circumflex a. is visible in particu-
lar in the proximal half. From this projection it is possible to trace another
scanning plane parallel to the coursing of the LAD (Fig. 7.65).

7.5.7.3 Circumflex artery (CX)

Adopting as scout an image on the coronal plane with evidence of the aortic
root and of the left main, trace a para-axial plane inclined downwards in
antero-posterior orientation that intersects the aortic root perpendicularly
and passes through the origin of the LM.

7.5.8 Bypass and STENT

The application either of SE or GRE sequences, and especially CEMRA, allows
an accurate evaluation of the morphology of both arterial and venous grafts
(Fig. 7.69). The main limit of the sequence employed so far is the difficulty in
evaluating the region of conjunction between the bypass and the native coro-
nary vessel in constant movement with the heart, which induces an unavoid-
able loss of phase coherence during the acquisition time (15-20 seconds).
However, with this approach it has been demonstrated that it is possible to
visualize 98% of bypasses and give their accurate description with an 88%
specificity [33].

The measurement of blood flow by means of the Phase Contrast sequence
can provide further information on the hemodynamic effect of a stenosis of
the graft. Such information, as in the case of native coronaries, is perhaps
more important than visualizing its anatomy. With this method, the flow
through the venous bypasses appears biphasic with a preponderant diastolic
component. The systolic flow can be explained by the high compliance of the
venous duct that is much higher than that of the native coronary and which
influences the flow particularly in the proximal tract of the venous bypass.
Conversely, in the distal tract flow is stalled by the high coronary resistances
[34]. The flow in the bypasses can also be measured after adenosine for the
evaluation of the flow reserve calculated as the ratio of flow after adenosine
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Fig. 7.69 a, b. (a) 3D CEMRA Image of bypass (left internal mammary-left anterior descending
artery). The image allows to appreciate the alterations in by pass profile at proximal and distal lev-
els. (b) Same image after volume rendering postprocessing

over baseline flow. Once the bypass has been visualized, the scanning plane of
the contrast sequence is positioned perpendicularly to the proximal tract of
the graft. The flow reserves diminish significantly in the stenotic bypass
(1.8+0.9) compared to the patent bypass (2.5+0.7) [35]. Other hemodynamic
parameters that can be evaluated are systolic and diastolic velocity, the veloc-
ity reserve that is the ratio between the max velocities measured after adeno-
sine and at the baseline. These parameters have been evaluated for the study
of the functionality of arterial and venous bypasses, resulting accurate for the
identification of significant stenoses [36]. These hemodynamic parameters
can also be calculated for the evaluation of intra stent restenosis. The scan-
ning plane is positioned in this case 5 mm distally to the stent. The measure-
ment of flow occurs downstream from the area of stent implantation so to
avoid artifacts produced by the stent, which make these measurements
impracticable. In these patients, coronary reserve has been demonstrated to
be 3+0.6 in presence of stenoses <50%, and 1.1+-0.3 when the stenosis is
>70%. Considering a threshold value of coronary reserve of 2.0, sensitivity
and specificity for the diagnosis of stenosis are respectively 100 and 89% [32].
The measurement of the coronary flow in revascularized vessels has the
advantage of being a non-invasive solution, of not using contrast medium,
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and of being reproducible over time. Considering the reserve of velocity
expressed as the ratio of max velocities after adenosine respect to baseline,
reserve velocity is much lower in the presence of an intra stent restenosis
>75% (1.10%0.22) than in absence of restenosis (1.78+0.16) or of stenoses
below 75% (1.46%0.22) [37]. Recently a study has demonstrated the safety of
MRI in 111 patients within the first 8 weeks following the implantation of the
stent [38].

7.5.9 Anomalies in the coursing of coronaries

The anomalies in the coursing of the coronaries concern the origin and the
proximal tract of the main coronary arteries and have an incidence of o0.3-
0.8% within the population studied. Generally, the origin of the right coro-
nary a. occurs in the right aortic sinus while, the origin of the left coronary
occurs in the left aortic sinus. The circumflex artery rarely originates from the
right aortic sinus directly. The coursing of the proximal tract of abnormal
coronaries, either right or left, can be posterior, anterior (Fig. 7.70) septal or
inter-arterial. In the posterior coursing the coronary passes posterior to the
ascending aorta; in the anterior one, it wraps the pulmonary cone anteriorly;
in the septal or sub-pulmonary it courses in the interventricular sulcus; in the
inter-arterial one, it courses between the aorta and the pulmonary artery.
Among these types of coursing, the inter-arterial coursing is the most dan-
gerous (Fig. 7.71) because it is associated to myocardial infarction and sudden
death. The anatomical relation between coronary, aorta, and pulmonary trunk
is hence fundamental for the prognostic impact. MRI has a good feasibility in

Fig. 7.70. 3D FIESTA image in
breath-hold after administration
of contrast medium (Gd-DTPA-
BMA o.1 mmol/kg). Anterior po-
sition origin of the right coro-
nary in a patient with bicuspid
aortic valve
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Fig.7.71. Images obtained by 2D spiral FAST GRE. Abnormal origin of the left anterior descending
coronary artery of the right valvular sinus, close to the origin of the right coronary. The vessel then
courses between the pulmonary artery and the aorta

the evaluation of the proximal tract of the coronary arteries and, important-
ly, visualizes directly the relationships between the great vessels (aorta and
pulmonary trunk, and the main branching of the pulmonary aorta) and the
Left Main and the proximal segment of the main coronary branching.

7.5.10 Conclusions

The combined evaluation of dimensions, morphology, biochemical compo-
sition, and functional value of the atherosclerotic plaque makes MRI a
potentially complete technique for the study of coronary atherosclerosis,
which can provide additional information as compared to conventional
angiography. The non-invasiveness of the method also allows serial evalua-
tions and thus longitudinal studies on the evolution of atherosclerosis in
vivo, from the initial phases of wall thickening until the formation of the
plaque. However, a further development of technology and clinical trials is
necessary before this non-invasive approach can be proposed as a routine
diagnostic tool.
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7.6 Tumors and masses of the heart and of the pericardium

VIRNA ZAMPA, MASSIMO LOMBARDI
7.6.1 Introduction

Primitive tumors of the heart and of the pericardium are very rare. Of these,
approximately 75% are benign and 25% are malignant. Tumors of the
myocardium occur more often than pericardial ones. Table 7.6 reports the most
common benign and malignant tumors in descendant order of frequency.

The most common benign tumor among adults is the mixoma, while
rhabdomyoma is the most common among children (40%), and rhabdomy-
oma and theratoma are the most common in infants.

The most common malignant tumors in adults and rarest in children are
represented by angiosarcomas (33%), by rhabdomiosarcomas (24%), by
mesotheliomias (15%), and by fibro sarcomas (10%).

The introduction of MRI in the study of the cardio-vascular apparatus has
notably modified the diagnostic strategy of the para or intra-cardiac masses.

This technique provides a complete multiplanar and non-invasive evalua-
tion of the lesions involving the cardiac chambers, pericardium and extra
cardiac structures, assuming a relevant role in providing diagnostic informa-
tion useful for surgical planning. The details to be assessed are: morphology,
dimensions, location, extension, topographic relation, presence of infiltration
in the surrounding tissues, and signal characteristics that can contribute to
histopathological characterization (presence of adipose tissue, necrosis, hem-
orrhage, calcification, mixoid tissue, vascularization, etc.).

In reality, the histopathological characterization of lesions is rarely possi-
ble except for the lipomatose forms (subtraction or suppression of fat). Often
the diagnosis is based upon indirect and probabilistic findings that address
the diagnosis towards a kind of tumor rather than another.

Table 7.6. The most common tumors of the heart and of the pericardium

Benign tumors Malignant tumors
Myxoma Angiosarcoma

Lipoma Rhabdomyosarcoma
Papillary fibroelastoma Mesothelioma
Rhabdomyoma Fibrosarcoma

Fibroma Lymphoma

Hemangioma Extraskeletal osteosarcoma
Theratoma Neurogenic sarcoma

Mesothelioma of the AV node Malignant theratoma
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Table 7.7. Characteristics of the MRI signal from different tissues in the Ti- and Ta2-
weighted images

Tissue T1 T2 Contrast agent
Liquid Low (—-) High (+++) absent

Myxoid Low (—-) High (+++) scarce
Collagen Low (—) Low/High (—/++) * scarce*
Adipose High (+++) High (++) absent
Necrosis Low (—) High (+++) absent
Fibrous Low (—) Low/High (—/++) * scarce*
Calcium Low (—-) Low (—-) absent
Vascularized Low (—) High (++) marked

* The type of signal and the capture depends on the vascularization and the cellularity of such tis-
sues

A correct characterization of the cardiac and paracardiac mass requires
integrated information that is obtainable with the different MRI sequences
available. In other words, to characterize a cardiac or para-cardiac mass it is
necessary to obtain images in T1, T2, IR (STIR) or, T1 and T2 with spectral sup-
pression of the fat, in GRE T2* (for eventual calcifications or hemorrhages
inside the mass), and in T1 after contrast medium (0.1 mmol/kg). Furthermore,
it is suggested to obtain images for the study of the movement of the wall
involved (cine SPGR, SSFP, etc.). Often a study of the dynamic impregnation of
the contrast medium is performed utilizing GRE T1-weighted sequences (very
short TR and TE).

Such studies are generally quite lengthy and at times bring the physician
very close to the nature of the malignancy. Table 7.7 reports the characteris-
tics of the signal of the various tissue components useful for a diagnostic ori-
entation.

7.6.2 Benign atrial tumors

The benign lesions most frequently affecting the atrial chambers are the
myxoma and the lipoma.

The myxoma originates from the endocardium as a polipoid mass that is
generally peduncolated (90%), but may also present a large base of implanta-
tion and smooth or, more rarely, villous surfaces [1].

The most typical site is the atria (left atrium 75%, right atrium 18%, right
ventricle 4%, left ventricle 3%).

A typical location of the myxoma of the left atrium is the interatrial sep-
tum at the level of the fossa ovalis; the pedunculus allows the tumoral mass
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Fig.7.72 a, b. (a) A SE T1 image showing a myxoma in the left atrium, which typically generates
from the interatrial septum. (b) An FSE-IR image showing the slightly hyperintense lesion in which
hypointense areas due to fibrous and calcified components can be evidenced

to move freely in the atrial chamber and sometimes to protrude into the left
ventricle, in the diastolic phase, through the mitral valve.

Clinically, it can be asymptomatic or mimic a mitral stenosis. When the
site of origin is not typical, the differential diagnosis with masses of other
nature is more difficult.

Typically, the myxoma presents an in-homogeneous signal due to the
presence of fibrous, necrotic, hemorrhagic, and sometimes calcified tissue
inside (Fig. 7.72a, b). In the context of mass tumors, there are inevitably find-
ings of hemorrhagic areas (81% of cases), of thrombosis, or areas containing
catabolites of hemoglobin (e.g. hemosiderin), all responsible for the hetero-
geneous signal [2]. If the quantity of myxoid tissue is abundant, the lesion will
have an elevated signal in the T2-weighted images (Fig. 7.73), whereas if the
fibrous component prevails the mass will show a hypointense signal.

The presence of calcification is a common finding (56%) and is more fre-
quent in the myxomas of the right atrium. Calcium is responsible for the
areas of low signal [3] in the context of the lesion, which is more noticeable
in GRE T2* images. The drop of signal may also be caused by the effects of
magnetic susceptibility, correlated to the presence of iron [4]. On the other
hand, the hemorrhagic areas exhibit an elevated indicator in both T1 and T2
sequences [5].

It is proven that the enhancement of the tumor is correlated to its histol-
ogy and that the zones which do not capture a signal correspond to necrosis
or cystic areas. [6]

The differential diagnosis includes thrombotic masses (Fig. 7.74) and
other less common lesions, such as the cardiac sarcomas and the papillary
fibroelastoma. The thrombi of the left atrium are notably less frequent than
the myxomas and frequently associated to an enlargement of the chambers.
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Fig.7.73 a-d. Intraventricular myxomas in a patient already subjected to a previous intervention of
exeresis of a myxomatose mass inside the left atrium. (a, b) Cine-MR images evidencing two
hypointense ventricular myxomas. (c, d) IR images in which the structures appear markedly hyper-
intense due to the myxomatose components. (Note the artifact caused by the presence of ferromag-
netic material at level of the sternum)

These usually originate from the posterior and lateral atrial wall or from the
auricola and are associated to atrial fibrillation and mitral valvular disease.
The thrombi of the left ventricle, common in patients with ventricular dys-
functions secondary to anterior infarction of the myocardium or to dilatative
cardiomyopathy, develop in the regions where the intracavity haematic flow
is slower (Fig. 7.74) and where myxomas are rarely encountered.

MRI images without contrast agent generally do not help in differentiat-
ing the myxoma from the thrombus, because both can present heterogeneity
of the signal in SE images and low intensity in the GRE sequences [7]. The
administration of a contrast determines an enhancement of the signal of the
myxoma, while thrombotic formation usually does not show modifications
(Fig. 7.75) [8] except in rare cases of thrombotic formations that have become
vascularized.

Sarcomas usually invade the pericardium and adjacent structures and can
give mediastinal metastasis [9]. The papillary fibroelastoma usually interests
the mitral or aortic valves and is generally of smaller dimensions [10].

The lipoma is a relatively rare cardiac tumor (14% of benign tumors); it
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Fig.7.74 a-c. (a) Aneurysmatic dilatation of the
left ventricle and, in the apical region, thrombo-
sis with a hemorrhagic component, which
appears hyperintense in T1-weighted images. In
b and c another case of intra-ventricular throm-
bus in a patient with previous myocardial infarc-
tion. In the image obtained with ultrafast cine
sequence (FIESTA) (b) the thrombotic material
appears iso-intense to the myocardium but well
in contrast with the high signal of the intracavi-
ty blood flow. (c) In the IR-GRE sequence, after
. administration of the contrast medium, the
mass appears markedly hypointense while the
region of necrotic myocardium appears hypein-
tense

can have the shape of the properly said lipoma (Fig. 7.76a) (encapsulated or
surrounded by myocardium) and of lipomatosis of the interatrial septum
(Fig. 7.76b). The latter consists of non-capsulated adipose tissue, which
extends into the epicardial fat. Half of the cardiac lipomas are subendocar-
dial, the other half have a subepicardial and mesocardial location [11]. The left
atrium and ventricle are the most frequent locations.

The lesion presents the characteristics of the MRI signal typical of the adi-
pose tissue: elevated intensity of the signal in the Ti- and T2-weighted
images. The techniques of fat suppression easily demonstrate the adipose
nature of the tissue.

The papillary fibroelastoma is made up of fibrous tissue, smooth elastic
fiber and muscular cells. The structure is usually small, circular and adherent
to the atrium-ventricular or semi lunar valves. In literature there are no
descriptions on the behavior of the MRI signal for this lesion, and the diag-
nosis is generally based on Echocardiography.
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Fig.7.75 a-d. (a,b) Thrombus of the right atrium, well evidenced in ultrafast (FIESTA) images, sur-
rounded by the hyperintense flow signal. In T1 images, before (c) and after (d) administration of
contrast medium, there is no significant enhancement of the signal within the thrombotic materi-
al. This is a highly specific finding for differential diagnosis

Fig.7.76 a, b. Lipoma of the right atrium (a) and lipomatosis of the interatrial septum (b). Despite
the morphological differences, both lesions are characterized by a hyperintense signal in T1-weight-
ed images, which is typical of the fatty tissue
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7.6.3 Benign ventricular tumors

The primitive tumors of the ventricle are very rare in adults. The most fre-
quent tumors of the left ventricle are the fibroma and the rhabdomyoma,
which are more common in the pediatric years.

The rhabdomyoma, frequent in children, first appears as multiple nodules
within the cardiac cavity, which protrude into the cavity or at an intramural
location.

The fibroma is the most frequent benign tumor of the left ventricle of the
adult. It is usually intramural and it appears as an area of irregular hypertro-
phy of the septum, of the apex, or of the free wall and displays a hypointense
signal in the T2 sequence. After administration of a contrast medium, the
morphology appears as formed by a hypointense core surrounded by an iso
intense “shell” [12] (Fig. 7.77).

Myxomas, fibromas, and rhabdomyomas can be found in the right ventricle.

7.6.4 Malignant tumors

The malignant tumors of the heart are less frequent (25%) than the benign ones
and more frequent in the right sections than in the left. Autoptic studies report
an incidence of 0.001-0.28% [13]. Primitive malignant tumors of the heart are
extremely rare and constitute a diagnostic dilemma, as they are asymptomatic
until they reach significant dimensions and, even in these cases, the symptoms
are usually aspecific. The introduction of sophisticated imaging techniques has
introduced the possibility of detecting such lesions in patients before being
compromised and, sometimes as a casual finding, contributing to the charac-
terization of the lesions and to the choice of the therapeutical strategy.

The angiosarcoma is the most frequent (37%) of the malignant tumors of
the heart [1]. It originates from endothelial cells, most frequently in the right
atrium, with involvement of the pericardium, and with a frequent complica-

Fig. 7.77 a-c. Fibroma of interventricular septum. Images in oblique parasagittal plane. SE T1-
weighted images before (a) and after contrast administration (b). In (c) image obtained by IR-GRE
sequence after contrast administration
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Fig. 7.78 a-e. Angiosarcoma. The Ti-weighted
'~ image (a) on axial plane evidences a structure at
the level of the right atrium that is seeping into
- the pericardium. In the coronal image (b) the
lesion presents an hemorrhagic area which is
hyperintense due to the presence of met-hemo-
globin; this area does not show changes after the
administration of the contrast medium (c). In
the IR image (d) the signal is hyperintense and
in-homogeneous: The extension of the lesion
can be well appreciated also in the cine Fast
SPGR image (e)

tion caused by pericardial effusion - often of haematic origin. Despite the
invasion of this structure, discovering tumor cells in the pericardial liquid is
not always immediate.

Two forms of angiosarcoma are described in literature: a well-defined
mass protruding into atrial cavity with preservation of the septum, or an
infiltrating mass extended along the pericardium (Fig. 7.78). The presence of



268 MRI of the Heart and Vessels

hemorrhage and necrosis is frequent and responsible for the heterogeneous
signal typical of this lesion, which usually presents areas of elevated intensi-
ty in the T1-weighted sequences because of the presence of methemoglobin
in relation to the hemorrhagic phenomena (Fig. 7.78b). In the cases of peri-
cardial infiltration, contrast agent uptake is characterized by a linear mor-
phology around vascular structures.

Non-differentiated sarcomas (0-24% of all the malignant tumors) [1] are
malignant lesions that are named according to their histological characteris-
tics (pleiomorphic sarcoma, with rounded or elongated cells); they are not
properly typical, and are negative to multiple markers in immuno-histo-
chemical tests. The prognosis is generally unfavorable. In a recent study, 81%
of sarcomas originate in the left atrium.

The pathology appears as a polipoid mass, isointense to the myocardium
in MR images, with thickening of the myocardium in the site of infiltration or
with an aspect similar to the angiosarcoma with pericardial infiltration.

The rhabdomyosarcoma (4-7%) is a tumor that originates from the mus-
cular striated fibers. Two forms are distinguished: embryonal neoplasia that
appears in infancy, in children and young adults, and the sarcoma of the
adult, which is very rare in the heart. Despite the low incidence, this neoplasm
represents the most frequent form of malignant cardiac tumor in childhood.
It can show up anywhere in the myocardium, and more frequently than other
sarcomas it involves the valvular systems (Fig. 7.79). These tumors are often
multicentric and can involve the pericardium. Differently from the angiosar-
coma, the myocardium is always involved and the pericardium often presents
nodular masses, rather than laminar ones.

The characteristics of the MR signal are variable (isointensity to the
myocardium, hyperintensity in T2 relative to cystic-like or necrotic areas).

Osteosarcomas (3-9%) are a heterogeneous group of tumors containing
malignant cells that produce bone and sometimes fibrous or cartilaginous
tissue.

Differently from the metastatic osteosarcoma that often starts off in the
right atrium, the primitive cardiac osteosarcoma most often involves the left

Fig. 7.79. Rhabdomyosarcoma. Large malignant
neoplasia involving the right section of the heart
with evident infiltration into the myocardial
wall, the valve system and the pericardium. The
infiltrating feature and the size confirm the
aggressive nature of the lesion
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atrium. It is aggressive, and has a dramatic prognosis. The demonstration of
a bony component can be appreciated more simply through CT images.

The leiomyosarcoma (8-9%) originates from the bundles of smooth mus-
cle cells that delimit the subendocardial space. It can also originate from the
cells of the arteries and pulmonary veins and spread to the cardiac struc-
tures. It has a predisposition for the left atrium and in particular at the level
of the posterior wall. The patients are typically in their fourth decade, slight-
ly younger as compared to age groups affected by other sarcomas.

As in other cases, MRI features are aspecific: lobulated masses, irregular,
and multiple in 30% of cases with a tendency to invade the pulmonary veins
or the mitral valve, showing an intermediate signal in T1 and a high one in T2.

The fibrosarcoma (5%) is a rare tumor that, as other sarcomas, prefers the
left atrium. It can show an infiltrative pattern into the pericardium by direct
invasion or by nodules, which primarily affect the visceral pericardium; it can
also form directly from the pericardium with aspects that recall the mesothe-
lioma: it can appear heterogeneous in MR images.

The liposarcoma is an extremely rare tumor that contains lipoblasts and
tends to originate in the atria, although it has also been described in the ventri-
cles and in the pericardium. It can involve the pericardium with a nodular
aspect or cause pericardial effusion. Differently from the benign lipoma, the adi-
pose component in the primitive liposarcoma of the heart is scarce or absent.

The primitive cardiac lymphoma is a tumor prevalently constrained to the
heart and to the pericardium. The diagnosis is based on findings of the peri-
cardial liquid, although a biopsy is usually necessary. Despite the rare occur-
rence of the tumor, it is important to include this tumor in the differential
diagnostic of cardiac masses, since early chemio-therapic treatment can give
excellent results [14]. The most frequently affected site is the right atrium; the
pericardial effusion is often present and abundant. Compared to other malig-
nant tumors, necrosis in this tumor is less frequent as well as the involvement
of the cardiac chambers and the valvular structures. It can appear as a
polipoid mass or as an infiltrating mass with undefined borders. The MRI
signal is hypointense in T1 and hyperintense in T2, but has also been report-
ed as iso-intense respect to the myocardium; the enhancement pattern is
variable (homogeneous, in-homogeneous, mild) (Fig. 7.80).

7.6.5 Para-cardiac masses

MRI is very efficient in documenting the extra cardiac extension of primitive
tumors of the heart, providing the information needed to establish the most
appropriate surgical approach. Likewise, it demonstrates the engagement on
behalf of the extra-cardiac masses with excellent anatomical detail.
Therefore, when there is the suspicion of a secondary involvement of the
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Fig. 7.80 a-e. Cardiac lymphoma. The oblique
sagittal images in “black blood” (a) and cine
FIESTA (b) evidence a lesion that involves the
right ventricle and extends toward the outflow
tract. The image of the oblique coronal plane (c)
evidences a patent coronary vessel enclosed in
the lesion. In the triple IR axial image (d) the
lesion appears slightly hyperintense; after
administration of the contrast agent (e) it shows
an in-homogeneous enhancement of the signal
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heart, the physician generally requests an MRI study. Moreover, the metas-
tases of the heart and of the pericardium are much more common than prim-
itive tumors; the tumors that more often affect the heart and pericardium are
the lung carcinoma, the mammary gland carcinoma, melanoma, lymphoma,
and leukemia. The metastases appear as a pulmonary or mediastinal mass
that directly invades the heart, or like masses that protrude into the left atri-
um through the pulmonary veins, or under the form of pericardial nodules
and/or as myocardial nodules (Fig. 7.81). The high MRI contrast resolution
distinguishes the tumor from the myocardium, and the tumor or thrombus
from flow artifacts much more easily than other techniques, and in some
cases even helps in tissue characterization. To give an example, one may con-
sider the metastases from a melanoma that present a hyperintense signal in
T1 due to the metal-bound melanin with a paramagnetic effect [15].

7.6.6 Pitfall

Several anatomical structures can mimic a cardiac mass; to avoid falling into
an erroneous diagnosis it is necessary to be aware of the site, dimensions,
form and motility of these normal findings (pseudo-masses).

The moderating band of the right ventricle crosses the ventricular cavity;
it originates from the septum-marginal trabecula and courses obliquely all
the way to the base of the anterior papillary muscle. It may be erroneously
interpreted as a thrombus, mural mass or hypertrophy of the interventricu-
lar septum.
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Fig.7.81 a-e. (a) Metastasis in the right ventricle outflow tract, originated from a mammary tumor.
The neoplastic lesion is well contrasted by the hyperintensity of the flow in the cine-SPGR sequence;
the expansion of the lesion and its relation to the pericardium are also well evident. Pericardial
metastasis caused by tumor of the lung in images T1 (b), triple IR (c) and cine-FIESTA (d). The
images evidence the pericardial involvement of the lesion with no infiltration into the myocardium.
The image, after administration of contrast medium (e) evidences enhancement of the signal in the
peripheral layer of the neoplastic mass

The Eustachian valve of the right atrium is a clinical feature found in
adults, and is a residue of the embryonic right sinus venosus; this is visible at
the junction between the inferior vena cava and the posterior atrial wall. The
Chiari’s net is found in the right atrium in approximately 2-3% of healthy sub-
jects and may be erroneously interpreted as a thrombus, tumor, vegetation of
the tricuspid valve or rupture of the cordae tendineae.
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7.7 Congenital heart disease

PierLUIGI FESTA
7.7.1 Introduction

In recent years MRI has become a powerful diagnostic tool for the study of
congenital heart disease thanks to technological advances that have created
extremely Fast MRI machines yielding images with a large Field Of View
(FOV) and a high resolution on any plane of space. Improvement of therapy
has increased life expectancy for patients with congenital heart disease, and
thus the population of individuals, who now benefit from this non-ionizing
and non-invasive diagnostic technique throughout long term follow-ups, is
steadily increasing.

Hence, with no doubt MRI represents an indispensable diagnostic presid-
ium for those centers dedicated to the treatment and follow-up of patients
with congenital heart disease.
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7.7.2 Techniques

The study of pediatric patients generally requires a high spatial resolution
hence the operator must employ a surface coil appropriate for the patient’s
weight. In addition, the dimensions of the FOV must be optimized, the slice
thickness has to be reduced, and the matrixes employed have to allow a high
spatial resolution. Often these changes in the scanner setting are counterpro-
ductive in terms of a reduction of SNR, but the obstacle can be overcome by
modulating other parameters, such as the number of excitations (NEX), which
however prolongs the acquisition time. The high heart rate, which is typical in
children, can compensate in part this temporal limit. However, this elevated fre-
quency requires a high temporal resolution in the cine techniques (Fast SPGR,
SSEP). The TR is thereby very short and it is important to optimize the filling of
K-space for each patient so as to obtain a better quality of the image. Therefore,
as it appears obvious from this premise, the good outcome of the exam is based
on the exasperation of the very principles that allow to achieve an optimal com-
promise between spatial and temporal resolution, acquisition time, and SNR.

7.7.2.1 Intra and extra cardiac anatomy

The sequences usually used for the morphological study of the heart are breath-
hold (10-15 seconds) Fast SE (“black blood”) synchronized with the ECG; these
sequences yield images with high spatial resolution (less than 1 mm) and with
good contrast between tissues. Moreover, they are relatively less affected by the
presence of artificial material used in many biomedical devices in use today
(e.g. metallic stitches, valvular prosthesis, stents, spirals, etc.).

The morphological study also relies on cine images (Fast SPGR and SSFP,
etc.) in “bright blood” and breath-hold (12-25 seconds). Over the last few
years these sequences have greatly improved in terms of spatial resolution.
The latter sequences are extremely useful for studying defects of septation,
postsurgery intracardiac tunnels, transvalvular flows with turbulence sec-
ondary to regurgitation or stenosis, the outflow of both ventricles, the arteri-
al-venous conducts, and lastly for studying vessel dynamics.

In the study of vessels, MRA with 3D CEMRA (see Chapter 2) covers an
important role for providing anatomical and topographic 3D information. In
case of 3D CEMRA, it is recommended to perform two or three sequential
acquisitions: an early phase to delimit the pulmonary arteries and a second
phase to picture the systemic circulation and if necessary, a third phase to visu-
alise the venous vessels. However, as in younger patients the differentiation
and of single phases is not always possible due to the high velocity of circula-
tion, and the beginning of acquisition needs to be optimized with a preventive
bolus test or using an interactive method such as fluoro triggering, etc. [1].

The postprocessing phase covers a fundamental importance and should
be performed by trained personnel with specific experience in this field [2].
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7.7.2.2 Ventricular function

The techniques and sequences used for the evaluation of the ventricles are
substantially the same as those used for the study of non-congenital cardiac
diseases in adults. The sequences usually employed are in cine, properly opti-
mized to body size and heart rate.

The main differences from the exams performed on adults concern slice
thickness and the scanning planes: in children, thickness is kept under 5-6 mm
and the planes must be adapted to a highly variable heart morphology.

The right ventricle can be studied extensively by MRI and is particularly
suitable in patients affected by congenital heart disease [3]. As the ventricle
occupies a retrosternal position and has a complex geometry, transthoracic
Echocardiography generally yields sub-optimal results. Yet, there is a close
correlation between results obtained with 3D Echocardiography and MRI [4].
In some cases (e.g. patients with single ventricle pre and postFontan) tagging
can provide detailed information on function and regional deformation, in
addition to that provided by the traditional cine techniques [5].

7.7.2.3 Flow analysis

Phase Contrast imaging is an accurate and reproducible technique for the
analysis and quantification of blood flows. The employment of Phase Contrast
sequence (PC) allows to acquire important information on the physiopatholo-
gy of the congenital heart disease under study. Indeed, it is widely used for the
measurement of the systemic and pulmonary outputs and thus the calculation
of the shunt (QP/QS) (Fig. 7.82) [6, 7]. PC is also applied in the differential cal-
culation of left and right pulmonary flows, of the systemic veins and of other
vessels. In addition, it is appreciated for providing an accurate quantification
of the regurgitation volume through the cardiac valves.

7.7.3 Cardiac MRI exam in congenital heart disease
7.7.3.1 Preparation of the pediatric patient

To obtain the best control of breathing and movements, it is very important
for the operator to motivate the young patient in order to obtain a good col-
laboration. The presence of a parent or a relative in the magnet room can
make the patient feel more comfortable, and thus should be encouraged.
Cases of true claustrophobia are extremely rare among children.

Generally surface coils that can cover the entire chest are employed.
However, in the case of patients under 10 kg, a skull coil may be used in place
of specific low body-weight coils when the proper instrument is not available
within the lab facilities. Patients younger than 6-8 years of age are generally
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sedated during the MRI study. The age limit for undergoing an MRI exam
awake is not fixed and depends on the patient’s ability to collaborate and on
the length of the study. The sedation of newborns or small infants weighing
less than 7 kg can be performed by means of chloral hydrate per os, or keta-
mine i.v. (under one year of age). For all other patients, i.v. propofol is a valid
option. In patients who are hemodynamically unstable, the method of choice
is endo-tracheal tubing with the patient under anesthesia, so that the opera-
tor can achieve a higher control over the airways and a better quality of the
exam: in fact, although the method requires a greater organizing effort and
specialized personnel, it allows extended periods of controlled apnea, which
avoids artifacts arising from respiratory motion.

7.7.3.2 General principles

The study of complex cardiac disease requires the acquisition of scout images
on the three planes (sagittal, coronal, axial) so that the heart and any extra
cardiac structure of interest can be identified; however, in many cases it may
be particularly useful to associate this procedure to a free-breathing TOF 2D
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localizer, along with an adequate number of axial images that cover the entire
mediastinum as a reference for future acquisitions.

The MRI exams for complex heart disease obviously change based on the
anatomical and pathological characteristics of the disease and on the surgi-
cal corrections previously performed.

7.7.4 Extracardial defects of the mediastinal vessels

MRI is advantaged in the study of abnormalities of mediastinal vessels by the
wide FOV that allows to locate all the structures inside the mediastinum
itself, airways included.

Historically the study of aortic coarctation was the first clinical applica-
tion of MRI in pediatric cardiology back in the eighties.

7.7.4.1 Aortic coarctation (AoCo)

In most cases aortic coarctation is a stenosis located in the proximal region
of the descending aorta, close to the ductus arteriosus or the arterial liga-
ment. AoCo can be treated surgically or with a percutaneous intervention
with dilatation and, eventually, implantation of stents based on the age and
anatomical characteristics of the patient.

The queries to which a MRI study of a AoCo must respond are: anatomy
and diameter of the aortic arc and the isthmus and origin of the supraortic
trunks; characterization and localization of the stenosis; and calculation of
the aortic flow at different levels up to the diaphragm to evaluate the entity of
the collateral vasculature [9]. By employing the PC images to measure the
maximum velocity of flow (v) the operator can calculate the pressure gradi-
ent (AP) at the level of the stenosis, applying the modified Bernoulli’s law
(AP=4V?) in a similar manner as with Echo-Doppler. However, it must be
remembered that PC can be inaccurate in evaluating highly turbulent flow as
in the case of isthmic stenosis of the aorta; moreover, the equation above can-
not be applied indistinctively to all cases of accelerated flow, independent on
the degree and location of the stenosis [10].

In the follow-up of the AoCo treated by surgery (Fig. 7.83a) or by angio-
plasty, MRI is extremely useful for excluding residual defects or complica-
tions such as aneurysms (Fig. 7.83b).

MRI strategy

- Localizer on three planes and eventually using a 2D axial TOF free-breath-
ing for the assessment of the entire aorta on the short axis (Fig. 7.84).

- Study of the bi-ventricular function and of the bi-ventricular myocardial
mass according to the procedures described in Paragraphs 7.1 and 7.2.
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Aneurysn

Fig.7.83 a,b. (a) Aortic graft joining the arc and
the descending aorta positioned to correct a
narrowed coarctation of an isthmus; (b)
aneurysm of the arc in this case complicating the
surgical repair

Fig. 7.84. Image in 2D TOF for assessing the caliber of the aorta
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Fig. 7.85. Image in FSE “black blood” for the

1: distance 13am.

[T M P PRTRS  study of aortic coarctation

- Images in Fast SE on the oblique sagittal plane for the anatomic charac-
terization of the arc and the coarctation (Fig. 7.85). It must be noted that
quite often the curving of the arc is distorted and may sometimes inter-
fere with the visualization of the entire arc on a single plane; this is over-
come by making a number of oblique acquisitions.

- Images in cine (Fast SPGR and SSFP, etc.) in oblique sagittal projection for
visualizing the turbulent flows secondary to obstructions or distortions of
the arc or the isthmus and for assessing the prescription of the images in
PC used to measure the velocity and flow of the aorta at different levels.

- MRA with injection of contrast medium (CEMRA) for a 3D view of the
vessels in its entire extension (Figs. 7.86, 7.87).

7.7.4.2 Vascular rings. Abnormalities of the pulmonary arteries and of
the aortic arc

Certain anomalies of the aortic arc and of the pulmonary arteries may cause
vascular rings (Fig. 7.88a). When the ring is incomplete, it is commonly
referred to as a sling. Several vascular structures, especially the pulmonary
ones, can determine vascular slings (Fig. 7.88b). In the case of a significant
compression of the trachea (and of the esophagus) respiratory distress can
ensue and eventually even lead to dysphagia. This condition is often asymp-
tomatic and discovered by chance [10].

These anomalies can be isolated or associated to other congenital heart
defects. Sometimes it is possible to encounter the dilatation of one or both
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Fig.7.86. MRA of the aorta. Rare example of the Fig.7.87. MRA of isthmic coarctation associated
coarctation of the arc to hypoplasia in an infant of 3 months of age

Pulmonary artery sling

Fig. 7.88 a, b. (a) Double aortic arc. (b) Pulmonary artery sling: the left pulmonary artery origins
more distally and courses around the trachea. MPA=Main Pulmonary Artery; RPA=Right
Pulmonary Artery; RV=Right Ventricle
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Fig. 7.89 a, b. Large aneurysm of the right (a)
and left (b) pulmonary artery reconstructed by
MIP postprocessing. RPA= Right Pulmonary
Artery; SVC=Superior Vena Cava; AO=Aorta;
LPA=Left Pulmonary Artery

pulmonary arteries. Generally these situations are asymptomatic and found
while performing an Echo-Doppler or a chest X-Ray. In few cases, aneurysms
of the pulmonary arteries have also been described (Fig. 7.89).

MRI strategy

Localizer on three planes accompanied by an axial 2D TOF free-breathing
(as for AoCo).

Contiguous images on axial planes in Fast SE at the level of the tracheal-
bronchial tree and of vessels of the mediastinum.

Images in cine (Fast SPGR, SSFP, etc.) in oblique projection in the case
vascular obstructions are suspected.

CEMRA for 3D visualization of vessels.

7.7.4.3 Anomalous Pulmonary Venous Return (APVR)

Whenever there is a total anomalous pulmonary return (in the systemic vein
or directly in the right atrium) from both lungs, the condition is severe and is
generally diagnosed in the very first weeks of life. Conversely, when the
anomalous pulmonary return is partial, the condition behaves, from a phys-
iopathological point of view, as an Interatrial Defect (IAD) with left-right
shunt and is hardly symptomatic during the first years of life.
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7.7.4.3.1 Total Anomalous Pulmonary Venous Return (TAPVR)

There are several types of TAPVR: supra cardiac, intra-cardiac, sub-cardiac or
mixed. If all the drainage of the pulmonary veins has been clearly investigat-
ed by Echo-Doppler, surgical correction is suggested without any further
investigations. Invasive angiography may be required in case of doubt; other-
wise a MRI study may complete the picture with additional useful informa-
tion, also in the case of newborns or very small infants.

7.7.4.3.2 Partial Anomalous Pulmonary Venous Return (PAPVR)

As for the total anomalous venous return, in this case there are also several
types of PAPVR.

1. IAD simulating the sinus venosus + anomalous pulmonary venous return
to the Superior Vena Cava (SVC) (the most frequent PAPVR). A defect in
the septum that separates the SVC from the superior right pulmonary
vein. Although this vein preserves a normal localization (normal connec-
tion), it drains into the left atrium (anomalous drainage) because of the
communication with the SVC at the level of the SVC right atrium connec-
tion [12] (Fig. 7.90).

2. Superior pulmonary vein into SVC without IAD and sinus venosus. In this
case the right superior pulmonary vein drains directly into the SVC, but at
a slightly higher point compared to the previous case.

3. Right pulmonary vein into right atrium. All the right pulmonary veins
drain in the right atrium. The number of the pulmonary veins varies, most
often from two to three. This condition is often associated with an IAD

(Fig. 7.91).

Fig.7.90 a,b. IAD of the sinus-venous type in a SPGR image (a) and FSE (b); the black arrow points
to the incomplete septum that divides the pulmonary veins from the root of the superior vena cava.
SVC=Superior Vena Cava; RIPV=Right Inferior Pulmonary Vein
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Fig. 7.91. Anomalous right pul-
monary vein return into the
right atrium (MIP of MRA).
LP=Left Pulmonary; RP=Right
Pulmonary

4. Anomalous return of the right Pulmonary vein into the Inferior Vena Cava
(IVC) (scimitar syndrome). The entire pulmonary venous flow drains into
the inferior cava vein through a collector that is oriented down towards
the diaphragm coursing parallel along the right border of the pericardium
with an increasing diameter, which curves centrally to drain at the level of
the connection of the inferior vena cava and the right atrium. The condi-
tion is often accompanied by hypoplasia of the right lung, which can cause
a shift toward the right side of the mediastinum (Fig. 7.92).

5. Anomalous left pulmonary vein return. The entire left pulmonary venous
flow is connected to the innominate vein through the persistence of a ver-
tical vein. It is rare that the superior pulmonary vein be involved alone

(Fig. 7.92).

In addition to these anomalies, there are also other more rare kinds of
anomalous pulmonary venous returns that are extensively treated in other
specific readings [13].

MRI strategy

- Localizer on three planes, often accompanied by an axial TOF in free
breathing used as templates for following acquisitions (as for AoCo).

- Study of the bi-ventricular function for quantifying the volume overload
of the right ventricle.

- PCimages at the level of the ascending aorta and of the pulmonary artery
to calculate respectively the systemic and pulmonary outputs, and thus the
shunt expressed as ratio of the two flows (QP/QS).

- CEMRA for 3D visualization of vessels.

Whenever there is a concomitance of PAPVR + interatrial sinus venosus
defect, it is advisable to acquire fast cine images in coronal and axial planes at
the level of the root of SVC in order to have a better visualization of the septal
defect between the SVC and the right superior pulmonary artery (Fig. 7.90).
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Fig.7.92 a,b. Scimitar syndrome seen by MRI from the anterior (a) and posterior (b) view with two
different postprocessing methods: MIP (a) and volume rendering (b). (Courtesy of Dr. Tal Geva,
Boston Children Hospital, Department of Pediatric Cardiology)

7.7.5 Simple isolated cardiac defects
7.7.5.1 Atrial Septal Defect (ASD)

ASD can be found at different sites and is the most frequent cause of left-right
shunt. Its most common manifestations are ASD type ostium secundum and
the patency of the Fossa Ovalis. These defects may be treated by implanting
an occlusive device percutaneously. The procedures in use today require a
detailed knowledge on the anatomy, size and location of the defect. The size
of the defect is generally measured by Transesophageal Echography (TEE)
[14]; however, also MRI provides excellent anatomical details and, additional-
ly, an excellent estimate of the shunt [7].

MRI strategy

- Localizer on three planes.

- Study of bi-ventricular function with images in cine on parallel planes on
the short axis of the ventricles.

- PCimages at the level of the aorta and pulmonary a. for the calculation of
the QP/QS as for the PAPVR.

- Images in fast SE and fast cine on the long horizontal axis and on the short
axis with planes passing through the aortic valvular ring for visualizing
the ASD and the eventual left atrium-right atrium jet; the operator must
keep in mind the extremely thin and mobile structure of the interatrial
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Fig. 7.94. Inter-atrial defect ostium secundum
type: the arrow indicates the communication
between the left and the right atrium. RA=Right
Atrium; LA=Left Atrium

Fig. 7.93. Anomalous left pulmonary
vein return with drainage into the
anonymous trunk. IV=Innominate
Vein; LPV=Left Pulmonary Vein

septum. Furthermore, the jet especially in the case of broad low-velocity
defects has a slow speed. Hence, the procedure requires images with a high
SNR, and in the case of Fast SPGR requires images with a TE of approx 8
msec in order to evidence the jet better (Fig. 7.94).

7.7.5.2 Ventricular septal defect (VSD)

The isolated interventricular defect is a common heart disease that involves a
left-right shunt, and in the case of wide VSD, elevated pulmonary artery pres-
sures. In other cases the VSD is accompanied by other anomalies, the most com-
mon: infundibular stenosis of the pulmonary valve, aortic regurgitation, aortic
coarctation and sub-aortic stenosis. In other cases the VSD is part of a larger pic-
ture of malformations, such as Fallot’s tetralogy, defect of the artio-ventricular
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Fig. 7.95. Sites where interven-
tricular defects most frequently
occur

canal, complex univentricular heart disease. The isolated VSD is classified
according to its location in the interventricular septum (Fig. 7.95): defect of the
membranous septum (the most common), of the infundibular septum, of the
trabecular-muscular septum, inflow septum. The therapeutic indication towards
the closing of the defect depends on the entity of the shunt and its location.

MRI strategy

- Localizer on three planes.

- Study of bi-ventricular function with images in cine on parallel planes on
the short axis of the ventricles.

- PC images for calculation of the QP/QS as for PAPVR or ASD.

It may be useful to underline that the shunt of the VSD is mainly systolic
and causes an increase in left volume of the heart (not of the right as with
ASD), despite the fact it is left-right (as for ASD); hence, the amount of blood
passing through the VSD is directly poured into the pulmonary vessels,
entailing an increase in pulmonary output and thus with a burden of the pul-
monary venous return on the left ventricle.

Interventricular defects and their jets are located with Fast Cine SPGR,
which allow to identify also other structures (e.g. the aortic valve) that could
have relevant implications in a future closure by means of a transcutaneous
device (Fig. 7.96).

7.7.5.3 Bicuspid aortic valve

Bicuspid aortic valve is by far one of the most common valve defects. The
MRI exam is an extremely valid tool in the study and follow-up of this anom-
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Fig. 7.96 a, b. Small interventricular peri-membranous defect visualized on the long axis in GRE
image (a) and oblique frontal aspect in FSE image (b). The arrow indicates the defect. AO=Aorta

aly; its main aims are the evaluation of the valve’s anatomy (Fig. 7.97a) [15], of
the wall and caliber of the ascending aorta, the quantification of the aortic
regurgitation, and the evaluation of the origin of the coronaries [15]. The
quantification of the regurgitation is fundamental in the decision-making
process. In virtue of its accuracy and non-invasiveness, MRI is the most
recent and promising diagnostic tool in this field [16].

MRI strategy

- Localizer on three planes.

- Study of bi-ventricular function with images in cine on parallel planes on
the short axis of the ventricles.

- Images in cine according to a plane on the long axis of the left ventricle at
the level of the outflow for visualizing the jet of the aortic regurgitation
(Fig. 7.97b, ¢).

- Acquisitions in PC at the level of the ascending aorta few mm over the
plane of the aortic semilunar valves [16] (Fig. 7.97b, ¢) for quantification of
the aortic regurgitation. The eventual presence of a very turbulent antero-
grade flow (e.g. when there is an associated stenosis) can reduce the accu-
racy of the measurement.

- Images in cine on the short axis at the level of the valvular plane for the
study of the anatomy of the valve and the sinuses, especially to visualize
the opening dynamics.

- Images in Fast SE and if required 2D TOF of the ascending aorta for meas-
uring the dimensions of the ascending aorta itself.

- 2D or 3D acquisition (e.g. 3D FIESTA with fat suppression) at the level of
the aortic sinuses for the study of the root of the coronaries.
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7.7.6 Defects of the atrio-ventricular connection
7.7.6.1 Endocardial Cushions Defects (ECD)

This is a relatively common congenital heart disease, which is very diffused
among individuals affected by trisomy-21. It is characterized by the lack of
septal tissue immediately above and under the atrio-ventricular plane, in the
region that is generally occupied by the septum in the normal heart. The lack
of tissue over the plane of the A-V valves produces an interatrial defect as
with the ostium primum type. The lack of tissue below the plane produces an
interventricular defect of variable degree, if not total, according to how the
atrio-ventricular valve is implanted on the interventricular septal crest. There
can be one or two orifices or any intermediate situations. Hence the defect of
the endocardial cushions includes a wide array of defects ranging from the
most simple in which there is an IAD without a interventricular defect to the
presence of two atrio-ventricular orifices and a cleft of the anterior mitral
leaflet (partial defect of the atrio-ventricular canal), to the more complex
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Fig. 7.98. Common atrio-ventricular canal in
GRE: the arrow indicates the common atrio-ven-
tricular valve

cases with a common orifice of atrio-ventricular canal, IAD and a large inter-
ventricular defect (complete defect of the atrio-ventricular canal). These
hearts are also generally characterized by an anomalous position of the aor-
tic valve that is not positioned as usual on the atrio-ventricular plane but is
dislocated in a superior, anterior position. The physiopathology obviously
depends on the prevailing type of malformation and varies according to the
presence and size of the interventricular defect and on the presence or
absence of regurgitation of the atrio-ventricular valve.

Echocardiography is the diagnostic tool of choice and in most cases is
enough to indicate a surgical intervention with no further exams. However, it
is possible that the ventricles be unbalanced by the hypoplasia of one of them,
requiring a more accurate volumetric and spatial evaluation. In these select-
ed cases, MRI can provide additional information (Fig. 7.98).

MRI strategy

- Localizer on three planes.

- Study of the bi-ventricular function with images in cine on parallel planes
on the short axis of the ventricles.

- Evaluation of the left outflow with cine images.

7.7.6.2 Ebstein’s malformation

This is a relatively rare anomaly (about 0.3% of all congenital heart disease)
[17] that affects the tricuspid valve, which is dysplastic with a vast array of
variants.

Classically the septal leaflet, and sometimes also the anterior one, is dis-
placed downward in the right ventricle making the identification of the ring
difficult and causing “atrialization” of the basal wall.
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Fig. 7.99 a, b. Ebstein’s malformation: image in GRE in diastole (a) and in systole (b) in which the
large right atrium is well illustrated. RA=Right Atrium

The anterior leaflet is generally more extended than usual, and can pres-
ent a constrained movement depending on the relationship with the cords
and the papillary muscles, which also conditions the sealing of the valve, and
depending on the surgical strategy. It is often associated with a right-left
shunt because of the elevated pressure of the right atrium, which can entail
cyanosis. Ebstein’s malformations can be diagnosed by Echocardiography,
and MRI can rarely add some anatomical details in view of an indication
toward a planning for surgery (Fig. 7.99a, b).

MRI strategy

- Localizer on three planes.

- Study of the bi-ventricular function with images in cine on parallel planes
on the short axis of the ventricles.

- Images in PC for calculating the QP/QS as for ASD.

- Images in Fast cine and in Fast SE, axial and coronal, in order to visualize
the septal and posterior leaflets [18] and quantify the portion of “atrial-
ized” right ventricle.

7.7.7 Tronco-conal defects

7.7.7.1 Fallot’s Tetralogy (FT) and Pulmonary Atresia + VSD

Fallot’s tetraology is the most classical among the tronco-conal congenital car-
diac diseases. It is characterized by the anterior leftward deviation of the conal

(or infundibular) septum that determines an interventricular defect due to the
so-called “abnormal alignment”. The anterior deviation of the conal septum
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causes on one hand the typical aortic overlapping on the interventricular
defect, on the other the stenosis of the right ventricle outflow tract that can
even reach total pulmonary atresia in the case of an extreme deviation. Thus
FT and pulmonary atresia + VSD are the expression of different degrees of the
same congenital defect. Also in this case, the diagnosis is typically performed
by Echocardiography, but sometimes in view of the surgical correction, a
hemodynamic examination is also necessary in order to define pulmonary
vascularization, the anatomy of pulmonary arteries and the origin of the coro-
naries, whenever Echocardiography is not satisfactory. At present, MRI is not
employed in clinical practice as a routine in presurgical planning of FT, but
potentially can answer all the surgical queries above [19].

7.7.7.2 Truncus arteriosus

Also called common aortic-pulmonary trunk. This is a cardiac disease in
which a single large artery (arterial trunk) origins from the base of the heart
from a single semilunar valve also known as trunk valve. The coronaries and
the medium pulmonary artery (or both pulmonary arteries without interpo-
sition of a medium pulmonary artery) generate from the arterial trunk, prox-
imal to the brachio-cephalic trunks. Under the trunk valve there is always a
VSD.

In view of surgical planning, Echocardiography allows to portray an
exhaustive anatomical picture in most cases. In complex cases (when the pul-
monary artery is not visible) angiography (either invasive or with MRI)
becomes necessary.

presurgery MRI strategy
Localizer on three planes.

- Study of bi-ventricular function with images in cine on parallel planes on
the short axis of the ventricles.

- Study of the aortic valve (or of the trunk) by “black blood” images on the
short axis and images in cine and in PC for the quantification of eventual
regurgitation.

- Evaluation of the origin and the proximal coursing of the coronaries.

- MRA for visualizing the anatomy of pulmonary vessels.

7.7.7.3 Trunk-conal defects (postsurgery)

The surgical correction of this group of cardiac disease is aimed at re-estab-
lishing the continuity between the right ventricle and the pulmonary trunk
(by means of patches, or valvulate and non-valvulate ducts) and the closure
of the VSD.
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At present, MRI is the most complete non-invasive technique for the fol-
low-up of patients with this condition and is likely to become the method of
choice in the near future. The aims of an MRI study are to assess the conti-
nuity between outflow of the right ventricle and the pulmonary artery, eval-
uate the anatomy of the pulmonary tree and any pulmonary regurgitation
(Fig. 7.100),and above all the function and volumes of the right ventricle [6].

Recently, it has been underlined that the MRI study of the functional rela-
tion of the two ventricles in presence of an overload of volume and/or pres-
sure of the right ventricle provides precise information on the timing for a
second intervention for reducing the overload on the right ventricle [21].

MRI strategy

- Localizer on three planes.

- Study of bi-ventricular function with images in cine on parallel planes on
the short axis of the ventricles.

- Study of the right outflow tract by cine images on sagittal oblique and
coronal planes.

- Acquisition of PC images at the level of the pulmonary infundibulus for
quantifying the pulmonary flow and regurgitation.

- 3D CEMRA for visualizing the pulmonary anatomy.
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Fig. 7.100 a, b. A corrected tetralogy of Fallot:
evaluation of the regurgitation by PC (a); the
flow curve and the calculation of the regurgitant
fraction (b)
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LPA 45 ml

RPA 32ml

Fig. 7.101. Calculation of the
differential pulmonary flow in a
corrected tetralogy of Fallot, by
means of PC mapping; the num-
bers indicate the flow in cc/heart
beat. RPA=Right = Pulmonary
Artery; LPA=Left Pulmonary
Artery

In the presence of stenoses or distortions of the pulmonary branches, Fast
SE “black blood” images on the pulmonary arteries can be useful for study-
ing the anatomy in detail, while acquisitions in PC at the level of the pul-
monary branches provide a more accurate quantification of the flow in the
single pulmonary branches allowing a functional analysis on the hemody-
namics effects of the stenosis (Fig. 7.101).

7.7.8 Defects of the ventricular-arterial connections
(postsurgery)

7.7.8.1 Transposition of the great arteries (simple TGA), TGA+ VSD

TGA is a relatively frequent cardiac disease (5-6% of congenital heart disease)
[22] that consists in a ventricular-arterial discordance: the right ventricle is
connected to the aorta and the left ventricle is connected to the pulmonary
artery. The survival of newborns affected by this pathology is exclusively pos-
sible due to the presence of a shunt at the level of the interatrial septum, and
the rate is 20% at one year if not treated [23]. The surgical treatment varies
according to the base anatomy: arterial switch with transposition of the coro-
naries, tunneling of the left ventricle toward the aorta and connection of the
right ventricle to the pulmonary artery with the aid of a conduit or homo-
graft (Rastelli procedure) or with a patch and without interposition of con-
duits (direct ventriculo-arterial connection, or Réparation a I’Etage
Ventriculaire - REV); or atrial switch (Mustard or Senning procedure). This
last technique consists in crossing the atrial flows in such a way that the oxy-
genated blood coming from the pulmonary veins drains into the right ven-
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tricle and thereby in the aorta, while the systemic venous blood is directed
toward the left ventricle and thus to the pulmonary artery. This latter option
has been almost completely abandoned since the ventricle loses functionali-
ty in the long term when subjected to systemic pressures. Hence in patients
with operated TGA, MRI is performed specifically according to the technique
that has been used in the procedure.

In the case of the Mustard or Senning procedure, MRI aims to study the
function of the right ventricle (systemic ventricle) [24] and the patency of the
two new atria surgically built by means of patches [25]. In the case of arterial
switch, the study aims to assess the left ventricular function and the anatomy
of the proximal pulmonary segments that can be stenosed because of stretch-
ing following the surgical procedure. In the case of the Rastelli procedure or
REV the study especially evaluates the connection between the right pul-
monary ventricle and the eventual pulmonary regurgitation, the anatomy of
the pulmonary arteries and the left outflow.

MRI strategy (mustard/senning)

- Localizer on three planes with 2D axial TOFE.

- Study of the bi-ventricular function with images in cine on parallel planes
on the short axis of the ventricles.

- Images in cine on the new atrial conduits on oblique planes [25] (Fig.7.102).

MRI strategy (arterial switch)

- Localizer on three planes with 2D axial TOFE.

- Study of the bi-ventricular function with images in cine on parallel planes
on the short axis of the ventricles.

Systemic
atrium

Pulm.
Atridm

o &

Fig.7.102 a, b. Correction of transposition of the great vessels by Mustard procedure. (a) New sys-
temic atrium that collects the blood coming from the two cava veins. (b) New pulmonary atrium in
connection with the right ventricle connected to the aorta. SVC=Superior Vena Cava; IVC=Inferior
Vena Cava; RV = Right Ventricle
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- 3D CEMRA of the pulmonary tree and, if required, the acquisition of
images in Fast SE “black blood” and in PC (as in postsurgery Fallot) in
case of regurgitation and/or pulmonary stenosis.

MRI strategy (REV/ Rastelli)

- Procedure as for arterial switch, putting special attention on the connec-
tion right ventricle>pulmonary artery, with PC images at the level of the
pulmonary infundibulus for quantifying the eventual pulmonary regurgi-
tation.

- Images in cine for the evaluation of the surgically rebuilt left outflow.

7.7.9 Complex defects (presurgery and postsurgery)

One of the peculiar aspects of the complex cardiac diseases arises from the
extreme variability of the cardiac segments. One of the main tasks of the
diagnostic path consists in the correct identification of the cardiac struc-
tures.

7.7.9.1 Atrio-ventricular and ventricular-arterial discordance
(TGA congenitally correct)

The congenitally correct transposition of the great arteries is a cardiac anom-
aly characterized by a discordant atrioventricular connection (the right atri-
um is connected to a morphologically left ventricle, while the left atrium is
connected to a morphologically right ventricle) associated to a discordant
ventricular-arterial connection (transposition of the great arteries). Thus the
circulations are correctly in series (from which the term of “congenitally cor-
rect”). The atria can be in situs solitus or in situs inversus. If there is a situs
solitus, the left ventricle (that is connected to the right atrium) is generally
located on the right, slightly lower and posterior to the morphologically right
ventricle; the outflow that is connected to the pulmonary artery does not
cross the outflow of the right ventricle, hence the two large arteries are par-
allel to one another. The aorta that originates from the infundibulus of the
morphologically right ventricle is located anteriorly and to the left of the pul-
monary a. (Fig. 7.103). The most frequently associated anomalies are sub-pul-
monary stenosis and the VSD [13].

Subjects with congenitally correct TGA without associated anomalies
show normal hemodynamics, but have a lower life expectancy because of the
presence of a morphologically right ventricle subjected to systemic pressures.
This condition favors the development of ventricular failure eventually
favored by the presence of significant regurgitation at the level of the atrio-
ventricular morphologically tricuspid valve.
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Fig.7.103 a, b. Correct transposition of the great vessels. (a) Morphologically Left Ventricle (LV) is
connected to the Pulmonary Artery (PA). (b) The morphologically right ventricle (RV) is connect-
ed to the aorta (AO)

MRI strategy

- Localizer on 3 planes, preferably by employing 2D TOF images such as the
axial localizer.

- Study of bi-ventricular function. The standard procedure for locating the
vertical axis of the ventricle cannot be applied in this case as in all other
cases of complex heart disease, because of the unusual disposition of the
ventricles. There are however several alternative methods in use today. The
images by Fast GRE in real time (approx 200 msec per image) allow an
interactive change of the scanning plane until the correct angulation is
reached. The spatial parameters obtained are then transferred to images of
higher quality for the continuation of the study. In alternative it is possible
to use 2D TOF images in axial projection to be used as a scout for the fol-
lowing acquisitions. Once the projection on the long horizontal axis of the
ventricles has been identified, the operator positions the planes orthogonal
to this one for the study of the volume and of the ventricular mass.

- Images in cine on two axes perpendicular to the outflow of the morpholog-
ically left sub-pulmonar ventricle to exclude any sub-pulmonary stenosis.

- Images of Phase Contrast on the aorta and pulmonary artery for the cal-
culation of the respective outputs.
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7.7.9.2 Isomerisms and single ventricles

Complex malformations represent a wide group of cardiac diseases that
become manifest with extremely variable anatomic pictures. Sometimes
these malformations are associated to isomerisms and heterotaxy syndrome
(incorrect lateral position defects). The diagnostic characterization of these
cardiac diseases relies on the sequential analysis, which consists in defining
the anatomy segment by segment and the connection of the cardiac cham-
bers. Echocardiography in the newborn almost always meets the require-
ments of an adequate sequential analysis; however, in adults MRI is an instru-
ment of great diagnostic potential [26].

MRI strategy

- Localizer on three planes, eventually using the 2D TOF as axial localizer.
The localizer images on coronal plane are utilized also for locating the
bronchial site (Fig. 7.104), and those on the axial plane for locating the atri-
al appendages as markers of the atrial site.

- Cine images on the three main axes to better locate the disposition and
anatomy of the ventricles, which is very variable. This method, also allows
to locate the VSD in space along with its relation to the great vessels in
view of the planning of a correct surgical strategy (Fig. 7.105).

- Cine images for locating eventual stenoses of the ventricles outflows.

- PC acquisitions of the medium pulmonary aorta for the calculation of the
systemic and pulmonary outputs, of the single pulmonary arteries in the
case of stenoses and eventual calculation of the differential pulmonary
flow (right and left pulmonary arteries).

- 3D MRA according to CEMRA for the study of the pulmonary artery and
systemic and pulmonary venous returns (Fig.106). This diagnostic insight
covers a fundamental role for the planning of surgical strategies according
to the principle of Fontan.

7.7.9.3 Isomerisms and single ventricles (postsurgery)

The surgical history of patients affected by complex congenital heart diseases
is almost always, when feasible, the conversion towards the procedure of
Fontan. This procedure consists in dividing the systemic and pulmonary cir-
culations also in patients with a single functioning ventricle, detouring all or
part of the systemic blood directly to the pulmonary arteries, bypassing the
heart. In this way, the existing ventricle is employed in pumping the blood to
the aorta, while the pulmonary flow is guaranteed by the low resistance of the
pulmonary circulation, by the negative intra-thoracic pressure determined by
the breathing action and expiration forces of the ventricle. There are many
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Fig. 7.104 a-c. Determination of the bronchial
situs. (a) Situs solitus: the bronchi are positioned
| correctly. (b) Situs inversus: the morphological-
ly right bronchus is positioned to the left and
; vice-versa. (c¢) Right isomerism: both bronchi
b have morphology on the right

variations to the original procedure which was devised in the seventies, based
on the different techniques for identifying anastomoses between the vena
cava and the pulmonary artery, and on whether or not the right atrium was
included [13].

The cardiologic evaluation of these patients is especially aimed at the
calculation of the ventricular function. A good ventricular function is a
fundamental condition for the correct functioning for the Fontan hemody-
namic system. However, given the extremely variable geometry of these
ventricles, the echocardiographic evaluation is not totally accurate, while
MRI, eventually associated to stress MRI (dobutamine), has revealed to be
a valid instrument even in the search of improving the knowledge on the
dynamics of these pre and post Fontan ventricles [5, 27, 28]. In the case in
which the aorta origins from the accessory ventricle (e.g. double entrance
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Fig.7.105. Heart with criss-cross disposition: the two right and left inlets are perpendicular to each
other
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Fig.7.106 a, b. (a) All the pulmonary veins (indi-
cated with an *) drain in a common collector
(arrow in b) that drains into the SCV. A=Anterior;
S=Superior; P=Posterior; I=Inferior

in the left ventricle and transposition of the great vessels), it may be neces-
sary to exclude the eventual presence of a “restrictive” IAD, which would
involve a sub-aortic stensosis as the aortic flow would be limited by the
interventricular defect. Other aims for an MRI study in patients operated
using the Fontan procedure are the visualization of the anastomoses
between the cava veins and pulmonary artery and of the flow of the pul-
monary tree [29].

MRI strategy

- Localizer on three planes eventually using a 2D TOF as axial localizer.

- Images in cine for the study of the ventricular study, proceeding as in the
cases of complex cardiac diseases. In some cases it may be useful to obtain
some images in cine during the pharmacological inotropic stimulus
(dobutamine) in order to exclude dynamic stenoses [28].

- 3D CEMRA to exclude eventual obstacles or stenoses of anastomoses
between the cava veins and pulmonary artery, of the pulmonary arteries
up to the pulmonary veins (Fig. 7.107).

- PC acquisitions at the level of the superior and inferior cava veins and of
the single pulmonary arteries to evaluate the differential pulmonary flow.
These are flows with venous characteristics, hence slower and more sensi-
tive to respiratory variations since they are not supported by the myocar-
dial pump.
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Fig. 7.107. Example of Fontan reconstruction:
the Inferior Vena Cava (IVC) is directly connect-
ed to the pulmonary circle by means of a extra
cardiac conduit; the Superior Vena Cava (SVC) is
directly anastomized to the pulmonary artery
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8 Pericardium and mediastinum

VIRNA ZAMPA, GIULIA GRANAIL PAOLA VAGLI

8.1 Pericardium

8.1.1 Introduction

Indications for a Magnetic Resonance Imaging (MRI) study of pericardial
disease usually follow the findings of echocardiographic screening. Indeed,
Computed Tomography (CT) and MRI are employed when the clinical
symptoms are not in agreement with the echocardiographic findings, or
when Echocardiography is inadequate because of technical limitations, or
whenever a more specific characterization of the findings has been request-
ed. In the specific case of expanding lesions involving the pericardium, MRI
is always the best choice for diagnostic investigation: in fact transthoracic
Echocardiography, just as Transesophageal Echocardiography (TEE), is con-
strained by a limited Field Of View (FOV); CT is penalized by inevitable arti-
facts (especially when it is not synchronized with ECG) and, except for
detection and measurement of calcifications, it seems to be inferior to MRI
in characterizing the injury; furthermore, it scarcely differentiates effusions
from epicardial thickenings. Therefore, MRI is generally preferred although
it may give sub optimal results when pericardial disease is accompanied by
arrhythmia.

8.1.2 Normal anatomy

The pericardium is formed of two layers that fold over the heart chambers,
enveloping them all the way to the base of the great vessels. Its anchoring
points to the sternum, spine and diaphragm limit excursion of this sac dur-
ing movement of the body.

The visceral pericardium, formed by a single layer of mesothelial cells, is
closely adherent to the cardiac surface, except in those areas where fatty tis-
sue is interposing (in variable amounts from one individual to another). The
fatty tissue is more abundant at the level of sulci and surrounds the vessels
that run across the myocardium. The parietal layer often has a thick fibrous
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component and is separated from the visceral layer by a small quantity of
serous liquid (15-50 ml).

The folds of the pericardium over the cardiac structures create recesses,
which are: the oblique sinus, located behind the left atrium and separated
from the pericardial cavity; the anterior-superior recess, which surrounds the
aorta and the pulmonary a. (the distension of this structure allows to confirm
the presence of pericardial effusion in the cases where it is difficultly identi-
fied); the transverse sinus, located dorsally to the ascending aorta, which can
erroneously be misinterpreted for aortic dissection. In fact in order to avoid
such errors, it is important for the operator to have extensive knowledge on
the anatomy of these structures.

The best images of the pericardium are acquired by cardiac gating. In
absence of abundant pericardial fluid, the two pericardial layers are visual-
ized in SE images as a thin single line with no signal, interposed between the
high intensity of the mediastinal and subepicardial adipose tissue, and the
intermediate signal of the myocardium. The best visualization of the peri-
cardium is obtained in systole, about 200 msec after the R wave. In the
regions near the lungs, such as in the postero-lateral region of the left ventri-
cle, the sac is difficultly distinguishable from the pulmonary parenchyma.

The normal pericardium has a thickness of 2 mm [1]; measurements
should be made on an image, on axial plane, that simultaneously represents
the right atrium and the left and right ventricles. In more caudal images, peri-
cardial thickness may be overestimated: either due to the ligamentous inser-
tion of the diaphragm into the pericardium or to the images in axial view
with tangential position to the inferior border of the heart and the relative
pericardium.

8.1.3 Congenital disease

Congenital abnormalities of the pericardium are rare; they are classified in:
congenital absence or defects of the pericardium such as pericardial cysts,
diverticoli, and theratomas.

The total absence of the pericardium is rare. The disease most frequent-
ly affects the left ventriculum (70%); in half of the cases the entire left por-
tion is missing and there are partial defects in the remaining portions. In
one third of cases, pericardial defects accompany other congenital defects
(tetralogy of Fallot, defect of the atrial septum, patency of arterial ductus,
bicuspid aortic valve, hiatus hernia, or bronchogenic cysts). Partial defects
can lead to hernia of the heart or to compression on the coronary. Usually,
the total absence of the pericardium remains asymptomatic. It can be sup-
posed from the standard radiographic exam of the chest, which evidences
the unusual contour of the heart that reveals the more defined borders of its
segments. The absence of the pericardium, which generally folds between
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Fig. 8.1 a, b. Pericardial diverticulus on the anterior-right border of the heart (postsurgery diagno-
sis). The lesion gives an intermediate signal in “black blood” images (a), and hyperintensity in T2
(b) as typical for liquid lesions. In this case, the communication with the pericardial is not visible,
which makes differential diagnosis with pericardial cyst impossible

the aorta and pulmonary artery makes the edges of pulmonary artery more
visible. Often the partial lack of the pericardium is accompanied by a shift
of the heart to the left, sometimes with a blurred profile of the left ventricle.

MRI directly visualizes the altered pericardial anatomy and accurately
demonstrates the extension of the defect, therefore providing a definite diag-
nosis.

Pericardial cysts have a congenital origin and develop separated isles of
pericardial tissue during the embryonic stage; they are enveloped and do not
have any connection to the pericardial space. Seventy percent of cysts are
located on the right side and 90% of them are found within cardio-phrenic
sulci; those located at other sites cannot be distinguished from bronchogenic
or thymic cysts.

At MRI, pericardial cysts appear as para-cardiac masses with low signal
intensity in the T1-weighted images and with high signal intensity in T2-
weighted images. They show no internal septation, are homogeneous and
with no changes after contrast agent administration, and are surrounded by
a thin line of low intensity signal from the pericardial tissue. On rare occur-
rences, they may contain protein-rich fluid, which gives an elevated intensity
on T1-weighted images.

The pericardial diverticulum (congenital, or in consequence of a hernia
through a defect of the parietal pericardium) contains a layer of pericardium
and communicates with the pericardial cavity, with the result that its volume
changes with the volume of the pericardial fluid. The signal characteristics
are similar to those given by cysts and sometimes indistinguishable due to
the impossibility of seeing an extremely small-sized passage (Fig. 8.1).

Theratomas and intra-pericardic bronchogenic cysts represent the most
frequent benign tumoral lesions of the pericardium. MRI can be useful in
demonstrating the relationship of the mass with contiguous anatomical
structures and in characterizing the nature of the lesions.
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Fig. 8.2 a, b. Haematic pericardial effusion due to heart rupture, complicating Acute Myocardial
Infarction. In the T1-weighted (a) and triple IR (b), the effusion appears in-homogeneous due to the
presence of partially organized haematic matter with medium intensity. Bilateral pleural effusion

8.1.4 Pericardial effusion

Pericardial effusion derives from the obstruction of venous or lymphatic
drainage of the heart, or from an altered capillary permeability that occurs in
consequence to one of a range of causes (heart or kidney failure, infections,
neoplasia, trauma, etc.).

MRI is very sensitive in detecting localized pericardial effusions, even of
small dimensions; these deposits usually have an elliptic shape and are rec-
ognizable in a posterior-lateral position to the right atrium and the left ven-
tricle. Non-complicated effusions present the typical MRI signal emitted
from liquids, while effusions rich of protein matter or of haematic nature
show an increase in signal intensity in T1-weighted images (Figs. 8.2, 8.3). In
particular, blood deposits usually yield a hyperintense signal in T1-weighted
images and a low signal in cine-GRE images [1].

The shift of fluid in systole and diastole can be detected by cine-MRI, thus
differentiating small effusions from limited pericardial thickenings [2].

8.1.5 Constrictive pericarditis

MRI represents the technique of choice in the evaluation of a patient with
suspected constrictive pericarditis. If not idiopathic, the most common caus-
es of this condition are heart surgery, radiotherapy, infections, connective
disease, uremia, and neoplasia. In constrictive pericarditis the thickness of
the pericardium, which can be measured directly by MRI, should be equal to
4 mm or thicker [2]; pericardial thickening can eventually be limited to the
heart’s right section alone, or even to a less extended region. Such evaluation
may become difficult in the presence of a concomitant effusion. The presence
of calcium, typical of this pathology cannot be directly proved by MRI
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Fig. 8.3 a-c. Patient with previous cardio-surgi-
cal intervention complicated by purulent pleu-
ro-pericarditis. In the axial “black blood” images
(a), triple IR (b), and cine-FIESTA (c) under-
score the pleural and pericardial deposit, the lat-
ter partially organized and hypointense in cine
images. In addition there is purulent material in
the left paracardial region with small gaseous
bubbles

because the absence of signal from calcium is the same as that created by a
thickening of the pericardium. A CT investigation is therefore mandatory.

The diagnosis of constrictive pericarditis is based on coexisting anamnes-
tic, clinical and anatomical criteria (tubular left ventricle, dilatation of the
right atrium and of the superior vena cava) and evidence of a thickening of
the pericardium (Fig. 8.4).

It must be underlined that the detection of thickenings and calcifications
of the pericardium are not indicative of constrictive pericarditis if there are
no coexisting symptoms and clinical signs.

8.1.6 Hematoma

MRI is particularly useful in the diagnosis of pericardial hematoma due to
the peculiar signal characteristics emitted from the catabolites of hemoglo-
bin, which can lead the operator to the nature and the date of the bleeding.
Hematomas in a sub-acute phase show a heterogeneous signal with high
intensity areas in T1 and T2 images. The organized chronic hematomas pres-
ent areas of low signal intensity which are seen better in GRE images in rela-
tion to calcifications and hemosiderin.
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Fig. 8.4 a-c. Constrictive pericarditis. In the T1-
weighted image (a) a thickening of the peri-
cardium >4 mm can be detected in correspon-
dence to the right atrio-ventricular groove; the
intermediate signal intensity from the inside the
right atrium can also be seen as a consequence
of the slowed blood-flow. The cine-FIESTA
images on the axial (b) and sagittal (c) plane put
into evidence the dilatation of the left atrium,
the tubular aspect of the right ventricle, and the
dilatation of the inferior vena cava

Fig. 8.5 a, b. Pericardial mesothelioma. The broad thickening of the pericardium in Ti-weighted
images (a, b) and the neoplastic involvement of the pleura
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The absence of flow and the detection of the contrast agent are the ele-
ments that differentiate the hematoma from pseudoaneurysms and masses of
other nature.

Pericardial tumors are treated in detail ahead in the chapter on cardiac
tumors. Here, special mention should be given, however, to the malignant
primary mesotheliome of the pericardium that can manifest itself as an iso-
lated effusion, and only on occasions is associated to nodules with a specific
signal characteristics (Fig. 8.5). In the case of pleural mesotheliome it is not
rare to incur in a case of a direct invasion.

8.2 Mediastinum

8.2.1 Introduction

This part of the chapter deals with indications and limits of applying MRI to
non-vascular pathology of the mediastinum and in particular to tumors. MRI
represents a useful complement to CT whenever it becomes necessary to
establish through multiplanar vision the exact spatial relation between mass-
es and surrounding structures. Despite the fact that continuous methodolog-
ical and technological developments have lead to a marked improvement of
image quality, MRI is not a routine procedure in the study of the medi-
astinum, where instead CT is the technique of choice. Yet, in the evaluation of
mediastinal masses, MRI can provide information on the tissue components
of alesion that, together with shape, dimension, and geographic location rep-
resents the base for differential diagnostics of the tumoral pathology of this
district.

The most frequent cases in which MRI is suggested are: tumors of nerv-
ous origin, pre-operatory evaluation of mediastinal tumors, and patients with
contraindications to iodinated contrast.

8.2.2 Technological and methodological aspects

The mediastinum is an anatomical district located between the two pleural
cavities, the diaphragm and the superior thoracic outlet, and includes sever-
al anatomical structures, among which the heart and the great vessels. The
artifacts caused in these regions by breathing and flow can be reduced by syn-
chronizing the acquisition with cardiac and respiratory cycles, or by making
the acquisition during breath-holds.

Synchronization with heart beat is performed with the application of elec-
trocardiographic triggering: to obtain an adequate R wave, specific MRI elec-
trodes are positioned on the rib cage or on the patient’s back as in the study
of the heart.
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According to the clinical aim, the technique employs either a body coil, a
surface coil, or a phased array - whichever is the most suitable for increasing
the Signal-to-Noise Ratio (SNR).

To study the mediastinum, it is advisable to begin by acquiring a first
series of T1-weighted coronal images with a large thickness for a first impres-
sion on the conditions of the mediastinum and of the chest; this will help
position the subsequent axial acquisitions. The integration of the two planes
allows the analysis of those regions of the mediastinum that are difficult to
evaluate with other techniques, such as the aorto-pulmonary window or the
sottocarenal region.

T1 and T2 axial images, with a thickness ranging according to the diag-
nostic query, are synchronized with the cardiac and/or respiratory cycle; the
flow signal is saturated to minimize the artifacts. The fast sequences or the
Turbo T2-weighted sequences, that have substituted conventional T2 SE
thanks to their much shorter acquisition times, are acquired with prospective
respiratory gating. This allows the acquisition of data during the expiratory
phase, eliminating the artifacts caused in most part by the subcutaneous adi-
pose tissue. In conventional T1-weighted acquisitions, respiratory compensa-
tion is used instead; this procedure retrospectively reorganizes the encoding
lines of K-space in a manner that eliminates the artifacts.

The study of flow is performed with GRE sequences. Thanks to the use of a
very short TR, the images can be acquired in breath holding or, if the patient is
not compliant, in free breathing by using an ECG trigger approach (cine-MRI).

At present, ultrafast sequences such as SSFP are available and are preva-
lently used for kinetic studies that allow to perform acquisitions in breath
hold (See Chapter 7).

Finally, for the study of the sovraclavear o retrosternal region, the use of a
sagittal scanning plane is recommended.

8.2.3 Clinical applications

The main application of MRI for the study of the mediastinum is in cases of
tumoral pathologies, with the aim of obtaining a more accurate characteriza-
tion of the mediastinal masses of various nature.

Primitive tumors of the mediastinum are represented by a heterogeneous
group of neoplastic, congenital, and inflammatory alterations; approximately
2/3 of the lesions are of benign nature. The lesions, sub-grouped according to
their location, are:

- Anterior mediastinum (posterior to the sternum and anterior to the heart
and vessels)
Thymic pathologies, mediastinal goiter, parathyroid adenoma, lymphan-
gioma, dysontogenetic tumors.
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- Medium mediastinum (includes heart and vessels, trachea and bronchi)
Cysts (bronchogenic, henterogenic, pericardial), carcinoma of the esopha-
gus.

- Posterior mediastimun (delimited frontally by the heart and extending to
the thoracic vertebrae) Neurogenic tumors, lymphomas which are ubiqui-
tous in this district.

Tumors of the thymus are the most frequent tumors of the anterior medi-
astinum. There are no characteristic MRI signal features that aid in differen-
tiating these lesions from other mediastinal expansive lesions. In T1-weight-
ed images thymomas have a signal similar to that of muscle and a high signal
in T2-weighted images, sometimes inhomogeneous due to the presence of
cystic, necrotic, or hemorrhagic components (Fig. 8.6). The spreading of the
tumor beyond the capsula and infiltration of neighboring structures are
indicative criteria of malignancy of the lesion (invasive thymoma, Fig. 8.7); a
multinodular aspect of the lesion in T2 is more frequently described with
invasive thymomas.

MRI is sometimes used in the pre-surgical phase and in the posttherapy
follow-up of the tumoral pathology of the thymus, to get a better contrast
resolution than that provided by CT, especially in the evaluation of the inva-
sion of surrounding structures.

Carcinomas of the thymus are a heterogeneous group of malignant
epithelial neoplasias that have a local invasiveness and metastasic potential.
They are masses with scarcely defined limits, infiltrating, often associated to
pleural and pericardial effusion. The differential diagnosis with invasive thy-
moma in absence of metastasis and enlarged lymph nodes is difficult.

Fig. 8.6 a, b. Thymoma. The lesion presents a hemorrhagic component that can be recognized in
the T1-weighted image (a) for its hyperintensity and the presence of a cystic component, which is
well defined in the T2-weighted image (b)
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Fig. 8.7. Invasive thymoma. Voluminous thymic
neoformation that has invaded the mediastinal
fat and extends to the anterior chest wall

The thymic carcinoid is a rare neoplasia with characteristics similar to
those of carcinoids of other districts; endocrine alterations are found in 50%
of cases (often the Cushing syndrome), while the classical form has low inci-
dence. It manifests itself as a lobulate mass with cystic and necrotic areas,
sometimes with pointy dystrophic calcifications, and often tends to local
invasiveness. Metastases of lymph nodes are reported in 73% of cases [3].

The thymolipoma is a rare benign tumor with slow growth, mostly in
young adults. It manifests itself as an encapsulated mass formed by adipose
and thymus tissue that often extends to the antero-inferior mediastinum and
is characterized by the fact it changes shape with movement of the body. MRI
reveals the classical combination of parenchymal and fatty tissue; if the latter
is prevailing, this structure may not be distinguishable from a lipoma.

The use of MRI for the study of thyroidal masses is rare; sometimes the
study of large goiters plunged into the mediastinum is requested to get a bet-
ter picture (than that provided by CT images) of the altered anatomy and on
the relationship between the goiter and the neighboring structures.

A true utility of MRI is found instead in the evaluation of parathyroid ade-
nomas located within the mediastinum, which is a district of difficult explo-
ration by means of echo-Doppler; also CT, which is limited to axial scanning,
provides a less elegant and clear representation of the cervical-thoracic out-
let. The examination of the neck is performed with a surface coil, a small FOV
(16-36 cm), and a thin scanning thickness (3-5 mm) because of the small size
that the ademomas usually have. The study of the mediastinal region implies
the use of larger FOV (28-36 cm) and of coils suitable for this district.
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Fig. 8.8 a-d. Typical parathyroid adenoma. Typical signal features by the retrosternal lesion: low
intensity in T1 sagittal image (a), and a high intensity in the T2-weighted axial image (b). A differ-
ent case with atypical signal features: high signal intensity in T1 (c) and STIR (d) sequences

The “typical” parathyroid adenoma is characterized by a low and high sig-
nal, respectively in the T1- and T2-weighted images (Fig. 8.8a, b), and has a
marked enhancement after administration of the contrast agent. There have
also been cases of adenomas with low signal in T2 [4] or hyperintense in the
T1-weighted images (Fig. 8.8¢, d).

The diagnostic accuracy of MRI reaches high values especially if the
anatomical findings correlate to the functional findings of scintigraphy [5].

Dysontogenic tumors represent 10-15% of the primitive masses in the medi-
astinum and are usually found in young adults. They occur more frequently in
the anterior mediastinum (only 5% in the posterior); in 80% of the cases they
are benign.

A theratoma is a capsuled tumor characterized by the coexistence of solid
areas and cystic areas; it contains elements of various origin: ecto-(teeth and
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hairs), meso-(bone), and endodermic (intestinal and pancreatic tissue). The
presence of solid tissue is described in almost all theratomas; the presence of
liquid component in 76%, and calcium in 54%; these elements together are
present in 36% of cases, while 15% are purely cystic [6]. A liquid/fat level is
considered highly indicative of these lesions, yet quite rare [7]; in these
pathologies it is important to adopt techniques for fat suppression to dis-
criminate the adipose component from a macro-hemorrhagic area, which
are both hyperintense in T1.

In MRI images the aspect varies according to the composition of the
tumor: cystic areas, fat, liquid/fat levels, focal and linear calcifications, and
ossifications are peculiar to these lesions; the pleiomorphic aspects of such
tumors allow a differential analysis with lesions of the thymus or lymphomas.
However, MRI is less reliable in recognizing calcification compared to CT.

Immature tumoral forms (seminomas: malignant tumors of germinal
cells) do not have specific characteristics and their malignancy is hypothe-
sized based on their tendency to infiltrate other surrounding structures and
the presence of metastases. Tumoral masses can be scarcely delimited; calci-
fications are rarer and a capsule enhanced by contrast medium is usually
observed. In these cases it is important that serologic results (such as values
of AFP, B-HCG) and imaging features correlate. Indeed, the values of AFP and
B-HCG are positive in case of malignant tumor of the germinal cells, and only
10% of subjects with seminoma have high values of B-HCG, while AFP values
are always in normal range.

Congenital cystic lesions (bronchogenic, esophageal duplication, neuro-
henteric, pericardial and thymic) represent 15-20% of the mediastinal mass-
es: they are spherical lesions, well delimited by a capsule, with liquid contents,
and delimited by epithelium. In MR images they appear characterized by the
typical signal emitted by liquids (low T1 and high T2). Cysts with non-serous
liquid contents given by the presence of proteins, hemorrhage, calcium, or
mucous can yield higher attenuation values with CT (>20 HU), and perhaps
do not appear in T1-weighted MR images with the typical signal of liquid.
Such lesions preserve however a high intensity in T2-weighted images, which
is extremely useful, together with the feeble wall enhancement by the contrast
medium, for a differential diagnosis with solid masses [8] (Fig. 8.9).

The mediastinal lympho-angioma represents 0.7-4.5% of tumors in the
mediastinum and is typical of the newborn and infants. It is formed by mul-
tiple cyst-like formations, sometimes snake-like, typically located in the
region of the neck or axilla. Approximately 10% later extend to the medi-
astinum [9]. These tumors are grouped according to the size of the lymphat-
ic vessels into: simple (capillaries), cavernous, or with cysts. The latter are the
most common.

In MR images the lympho-angioma is characterized by signal heterogene-
ity in T1 images, the high intensity signal in T2 (indicative of liquid contents),
and by marked enhancement of septa after administration of the contrast
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Fig. 8.9 a-c. Bronchogenic cysts. The lesion has
an intermediate signal in the T1-weighted image
(a); the hyperintensity of the signal in T2 (b) and

o . the missing caption of contrast agent (c) are sug-
PRSP cestive on the cysti f the lesi
== gestive on the cystic nature of the lesion

agent. The recognition of the septa inside the lesion is more immediate with
MRI than with other techniques.

MRI represents the technique of choice in the study of neurogenic tumors
(10% of the mediastinum masses in adults, 30% in children) that are typical-
ly located in the posterior mediastinum, owing to the more sophisticated and
reliable demonstration it offers on the relations of the tumor with the conju-
gation foramens, the spinal canal, spinal chord, and bone [10]. The age of the
patient and the growth pattern are the pivotal elements for establishing the
benign or malignant nature of the lesion. The tumors originating from the
peripheral nerves and from myelin coating are more common in the adult
(schwannoma, neurofibroma and neurogenic sarcoma); those originating
from the sympathetic ganglia are more common in children (ganglioneuro-
ma, ganglioneuroblastoma, neuroblastoma).

The schwannoma or neurinoma grows eccentrically from the nerve of ori-
gin, compressing the fibers of the nerve; it has a pseudo-capsule, and MRI
generally shows a high central signal intensity in relation to the cystic degen-
eration and an outer component with lower signal intensity, in T2-dependant
images; usually the enhancement following the administration of a contrast
medium is marked (Fig. 8.10).

Contrarily to the neurinoma, the neurofibroma grows centrally to the
nerve which remains trapped in the mass; it is non-capsulated and usually
presents a high signal in T2, at times with a ‘salt and pepper’ or ‘target’ aspect;
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Fig. 8.10 a-c. Mediastinal neurinoma. In the T2-
weighted image (a) the lesion presents charac-
teristic in-homogeneous signal with central
hyperintensity in relation to cystic degenera-
tion, and a peripheral component of lower signal
intensity that clearly presents the captation of
contrast agent (c). Coronal T1-weighted pre-con-
trast image (b)

it has a central fibrous area of low signal intensity enhanced after contrast
administration, and a distal area of high signal and a mixed contents that
does not show enhancement after administration of the contrast. This aspect
is not found in all cases and can resemble a neurinoma, but is however a sign
of benignancy. The cystic degeneration is more rare than in the case of neuri-
noma. Both tumors can grow inside the conjunction foramens and extend
into the spinal canal.

Radiological imaging offers a scarce aid in diagnosing the malignant form
of peripheral nerves; criteria suggesting malignancy (dimensions, surround-
ing oedema, hemorrhage-related lack of homogeneity and necrosis, invasion
of the adipose planes, involvement of lymph nodes and bones, pleural effu-
sion) are non-specific and with no absolute value.

The ganglioneuroma is a benign tumor that affects teenagers and young
adults; they are undistinguishable from other neurogenetic tumors even if a
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spiraloid aspect has been described as typical in T1-weighted images, which
corresponds to layers of Schwann cells and collagen fibers, and heteroge-
neous hyperintensity of the signal in T2-weighted images.

The high intensity of the signal in T2 is related to the abundant mixoid com-
ponent, and scarce cellular and fiber component; on the other hand an inter-
mediate signal indicates hypercellularity, an abundant fibrous component and
a scarce mixoid component (Fig. 8.11). In dynamic studies, enhancement is not
homogenous, but rather delayed and gradually increases over time [11].

The ganglioneuroblastoma affects children of older age groups in respect
to the neuroblastoma and is less common. It can appear as a large round mass
or small and elongated. The larger masses show minimal or no signal change
after administration of the contrast medium. Most neuroblastomas occur in
children below 5 years of age and origin in the suprarenal glands, 15-30% in
the mediastinum. The extradural invasion of the spinal canal is frequent,
sometimes asymptomatic and can be accurately demonstrated by MRI.

Lymphomas (especially that of Hodgkin), represent one of the most fre-
quent neoplasias of the mediastinum both as an isolated manifestation and
as a disease associated to a systemic involvement. CT continues to be the
technique of choice in the staging of this pathology as it can also evaluate an
eventual involvement of the pulmonary parenchyma. The use of MRI for

Fig. 8.11 a, b. Ganglioneuroma. The lesion appears markedly in-homogeneous; there is a recogniz-
able mixoid component at the center, and a peripheral portion of fibrous nature, rich of cells with
intermediate intensity. The relationship of the mass with the intervertebral foramen is well visible
in the coronal (a) and the sagittal (b) images
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evaluating the activity of the disease of the lymphomatose residues treated
with chemo- and radiotherapy is still argued and non-reliable.

A study [12] that analyzed the changes of the signal from the masses sub-
jected to treatment after the introduction of a contrast agent demonstrates
that in cases of total remission, enhancement of the residual mass decreases
until reaching the enhancement of muscular tissue; a marked enhancement
and a growth in size represent fundamental points in the diagnosis of per-
sistence or reactivation of the disease.
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9 Thoracic aorta

MASSIMO LOMBARDI

9.1 Introduction

The study of the thoracic aorta represents one of the most frequent
requests to cardiovascular Magnetic Resonance Imaging (MRI) labs. The
study of the vessel can be performed by MRI along its entire coursing with
a detail and accuracy that equals at least that of Transesophageal
Echography (TEE) and spiral Computed Tomography (CT). The relatively
modest use of MRI compared to these other techniques is mainly due to its
scarce diffusion and, consequently, the reduced familiarity of clinicians to
its use.

In the study of the thoracic aorta, MRI represents a very elegant solution,
with some significant advantages over the two techniques mentioned above.

The advantages that MRI has as compared to TEE are the wider field of
view, greater topographical detail, and especially its non-invasiveness.
Transesophageal Echography maintains its supremacy especially in cases of
urgency or with a scarcely collaborative patient, but is less efficient than MRI
in the study of the ascending aorta and the arch of the aorta and requires a
highly skilled operator to follow the tortuous coursing of the vessel, as often
happens. Moreover, TEE is a semi-invasive technique that is usually not well
tolerated by the patient.

The advantages of MRI over CT can be summarized in a better capacity
of visualizing the ascending aorta — which is an important diagnostic detail
as for example in the cases of type A dissection of the Stanford classification
- and in the fact that MRI does not require the use of an iodinated contrast
medium and, obviously, the use of non-ionizing radiation. Compared to spi-
ral CT, MRI still suffers from a somewhat complex execution and, in many
cases, from the lack of collaboration of the patient, in addition to its absolute
and relative contraindications. Obviously the choice of the methodology
strictly depends on the equipment and expertise available.

Altogether, MRI demonstrates excellent diagnostic accuracy and repre-
sents one of the two techniques of choice, along with spiral CT, for the study
in stable patients, while TEE and spiral CT are still preferred in acute cases
or scarcely collaborative patients [1].
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9.2 Patient preparation

The study of the thoracic aorta foresees the use of surface coils, in particular
phased array coils: whenever available, they should be preferred as they yield
a much better Signal-to-Noise Ratio (SNR). In alternative to these two systems,
also body coils may be used. In the case the disease to be examined concerns
an area expanding beyond the thoracic district (as with aortic dissection or an
aneurysmal pathology extending under the diaphragm) multi-station imaging
or surfing techniques can be used. In such cases an “ad hoc” coil is employed;
otherwise, a surface coil is positioned in the station that requires the best SNR,
while the body coil is used for the other remaining stations.

Some sequences (as dynamic sequences) require a cardiac trigger; gener-
ally it is sufficient to use the peripheral pulse on the patient’s finger as trig-
gering, while ECG is used with sequences that expressly require it, or when
the operator plans to visualize the aortic valve during the same session.

9.3 Imaging techniques

In the study of the thoracic aorta, we may rely on both static sequences (Spin
Echo, Fast-Spin Echo, Inversion Recovery) and dynamic sequences such as
SPGR, and, more recently, on ultrafast sequences such as SSFP. Futhermore,
3D angiographic sequences that imply contrast agent administration, such as
contrast enhanced MRA (CEMRA), are relatively easy to obtain and extreme-
ly useful [2-4].

The aims of the static techniques are to establish in detail topographic
relationships and characterize the vessel walls. In the SE Ti-weighted
sequences the presaturation pulse cancels out the signal coming from blood,
thereby producing a clear contrast between circulating blood and the wall
tissue. It is necessary to have an ECG or peripheral pulse trigger. The TE gen-
erally varies between 20 and 30 msec, while TR depends on the heart rate.
With the Fast SE T1-weighted techniques (those suggested today), which pre-
suppose additional RF pulses, it is possible to reduce the acquisition time of
each image to 10-20 sec and, therefore, obtain it in breath-hold, gaining a
marked improvement in image quality. The fast techniques allow to obtain
also T2-weighted images in inversion recovery, a fact which further improves
the capacity of describing anatomical and histopathological details of the
vessel wall. The slice thickness should be between 5-8 mm and the matrix
should allow a high spatial resolution. The sequence must be thoroughly
optimized for each patient and be performed by a skilled operator.

The combination of the images in T1, T2 and IR is the ideal solution for
detecting the presence of intraluminal thrombosis, intra-wall hemorrhage,
or wall oedema as in the case of acute artheritic processes. It is advisable to
associate the images in para-sagittal projection (parallel to the course of
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Fig. 9.1 a, b. (a) Image of the para-sagittal projection of the thoracic aorta with ultrafast dynamic
sequence (SSFP, FIESTA). (b) Short axis images of the vessel at the level of the aneurysm right after
the emergency of the left subclavian artery

the aortic arc) to images orthogonal to the vessel’s major local axis (Fig.
9.1a, b).

Dynamic techniques as GRE (TE 20-40 msec) and especially breath-held
Fast SPGR (TE 2-3 msec, TR 4-8 msec) and ultrafast techniques (SSFP) per-
mit a very useful imaging of the vessel for evidencing flow turbulences or
dynamic wall alterations (as for intimal flaps, which require a high temporal
resolution). In addition, dynamic techniques facilitate the measurement of
the external as well as endoluminal diameters of the vessel.

Phase Contrast (PC) images can be used to quantitatively evaluate endovas-
cular flows, which can turn extremely useful in cases such as aortic coarctation,
aortic dissection, or aortic valvular regurgitation.

Although images obtained with ultrafast techniques like SSFP are more
contrasted and with higher definition, they are much more prone to artifacts,
which sometimes make SPGR preferable.

For sizing, it is better to use parasagittal planes parallel to the aortic arc
(Fig. 9.1a) or planes obtained orthogonally to the longitudinal axis of the seg-
ment being examined (Fig. 9.1b).

Static images, and in part dynamic images, are indispensable for evaluat-
ing wall morphology and details like intraluminal thrombosis that often
accompany aortic pathologies, while dynamic images - and even more so 3D
angiographic images - are suggested for evaluating the lumen, and for iden-
tifying in case of aortic dissection the entrance site (eventually using virtual
navigation techniques) (Fig. 9.2a, b).

Today, CEMRA is considered an indispensable technique in the MRI study
of many aortic pathologies. As in all the “white blood” techniques based on
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Fig. 9.2 a, b. (a) Reconstruction according to the volume rendering approach of aortic dissection
type B. (b) Virtual navigation inside the dissected aorta with evidence of communication between
true lumen and false lumen

the Time Of Flight (TOF) concept, signal intensity of flowing blood is exalted
by the entrance of fresh magnetized spins into the sampled volume, while sta-
tionary tissues are saturated by the rapid application of RF pulses. However,
in CEMRA sequences, signal intensity does not strictly depend on inflow of
blood with a non-null magnetic moment, but mostly depends on the short-
ening effect of T1 induced by the contrast medium. In other words, the pres-
ence of contrast medium can induce a signal increase that is independent
from the velocity of flow. Hence, it is understood that CEMRA presupposes
signal acquisition once the contrast medium has reached an optimal level in
the segment being examined. The coordination between the arrival of the
contrast agent in situ and the beginning of the acquisition is achieved in sev-
eral ways.

In addition to the well-known best guess approach that uses the presumed
time elapsing between the start of the injection of the contrast medium and
the beginning of data acquisition, there are basically three other techniques
for identifying the optimal moment for starting the acquisition. The most
lengthy, but accurate, is based on the preventive calculation of the circulating
time by means of a bolus test (3.4 cc of contrast medium i.v. is sufficient), and
the monitoring of the vessel until the arrival of the contrast agent. The sec-
ond method is more automatic; it is based on computerized algorithms that



9 « Thoracic aorta 323

calculate signal intensity over a sampling volume positioned inside the vessel
and an automatic 3D acquisition start up, once a specific concentration of
contrast medium has been reached inside the sampling volume (Smart Prep).
Finally, there are semiautomatic techniques where the operator visually mon-
itors the vessel until the arrival of the contrast medium, activating the acqui-
sition in an interactive manner.

The calculation of the transit time can be made using several sequences in
Gradient Echo or a sequence that is very sensitive to contrast mediums such
as fast turbo-FLASH, SPGR-ET, and others. Acquiring images in a repetitive
manner over known times allows to easily identify the arrival of the bolus of
contrast medium and its evolution in time.

Once the transit time has been calculated, the next CEMRA scanning is
started taking into account some variables, eventually with the aid of correc-
tion formulas such as:

delay time = (time to peak intensity in the bolus test)/2) + (calculated length of acquisition/2)

where the delay time is the time between the starting of contrast injection
and the starting of acquisition so as to achieve an optimal filling of K-space
[3]. This procedure requires extensive experience on the equipment available.

It guarantees a good result at the cost of a greater effort of execution, and
with respect to the automatic methods is surely preferable in patients with
turbulent flow, as in the case of wide aneurysms or in presence of intimal
flaps, phenomena that may lead to system detection errors of the optimal
intravascular concentration of the contrast medium.

In the case of automatic detection of the contrast medium for the study of
the thoracic aorta, it is suggested to position the sampling volume at the level
of the aortic arc using a short axis of the vessel, as in Figure 9.3a. This method,
which has the advantage of optimizing the scanning starting moment toward
a better SNR, is burdened by a certain number of failures in detecting the
arrival of the contrast medium, even if it guarantees excellent image quality
when well optimized.

The use of an interactive system seems to facilitate the task of the opera-
tor, who must however be somewhat expert to understand when the moment
of optimal increase of signal intensity arrives and set off the real acquisition
sequence.

The injection of the contrast medium, which presupposes an injector, is
generally performed with a speed ranging from 2-4 ml/sec, according to the
MRI scanner available. The dose of contrast medium is generally between 0.2
and 0.3 mmol/kg.

The 3D sequence can be synchronized with the ECG to eliminate the arti-
facts from pulsating flow, determining an improvement of the image at the
cost of some additional work. This option requires, however, an optimal trig-
gering with the ECG signal during the entire acquisition time.
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Fig. 9.3 a-c. (a) Images in short axis of the aortic arc, where the tracker is positioned to guide the
automatic starting of the 3D CEMRA acquisition according to the smart prep procedure; (b) Axial
image at level of the ascending aorta used as a scout for the positioning of the 3D CEMRA volume
(white rectangle in Figure c)

In order to visualize the entire vessel from the aortic root to the diaphrag-
matic aorta the operator positions the acquisition volume in a parasagittal
position taking an axial image as reference (Fig. 9.3b, c). The thickness of par-
titions is 3-3.2 mm. The acquisition is performed with breath-holding, gener-
ally in mild expiration, and the entire aorta up to the diaphragmatic area and
the first tract of the epiaortic vessels are visualized in the volume obtained,
providing important detail if the involvement of the vessels in the pathologi-
cal process needs to be evaluated.
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Fig.9.4 a,b. Acquisition in two consecutive stations to acquire with a single bolus the thoracic aorta
(a), and the abdominal aorta (b) with the 3D CEMRA technique

With the 3D methods available today, it is possible to study the thoracic
and the abdominal aorta, the iliac aa. and femoral aa. during a single injec-
tion of contrast medium, by using methods of sequential acquisition with 2-
3 stations (Fig. 9.4a,b). Whenever the choice is for a multi-station acquisition,
the contrast medium bolus (e.g. 0.2 mmol/kg, 2 ml/sec) can be followed by a
maintenance of 0.1 mmol/kg (0.6 ml/sec).

9.4 Data processing

It is suggested that the vessel dimension be evaluated in two-dimensional
images (static or even better dynamic), taking care of locating the major local
axis to avoid errors of measurement as can happen, for example, with axial
images. For this reason it is advisable to utilize parasagittal images for the
antero-posterior dimensions, and orthogonal planes to the major local axis
for both the anterior-posterior and the lateral-lateral dimensions. The
dimensions usually reported are those of the aortic root, the ascending aorta,
the aortic arc, the isthmic region, and the descending aorta at the level of the
diaphragm.
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Fig. 9.5 a-e. Images of aortic dissection type B
involving the thoracic aorta (a) and the abdom-
inal aorta (b). The analysis of the reconstruction
and of the partitions shows the involvement of
the right renal artery (c), and the iliac bifurca-
tion (d), and evidences the communication
between the true lumen and the false lumen
immediately distal to the emergency of the left
subclavian artery (e)
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While there is no need of postprocessing for static and dynamic images,
the images obtained by CEMRA require a precise reconstruction and evi-
dencing job of the vessel’s entire luminogram (Fig. 9.5a, b). Sometimes, as in
the case of dissection, it can be just as useful to visualize the single partitions
and to perform a Multiplanar Volume Reconstruction (MPVR) in order to
visualize the involvement of the large collaterals and the communication sites
between the true and false lumen (Fig. 9.5¢, d).

9.5 Acquired pathologies of the thoracic aorta

9.5.1 Aneurysms of the aorta

This disease is associated with the aging of the population and is in numeri-
cal expansion. To give a practical definition of what an aneurysm is, we can
say there is an aneurysm when the vessel diameter has stretched by a factor
of 1.5 compared to its expected dimension [4]. The etiology and phys-
iopathology of the aneurysmatic disease is not completely understood. The
correlation with atherosclerotic processes is an important association but
does not have a direct causal relation. Several factors have been hypothesized:
congenital factors such as the degeneration of the tunica media in the syn-
drome of Marfan (alterations of the extra-cellular elastic fibers), and genetic
factors that justify the familiar incidence of thoracic and abdominal
aneurysm. In general, we can state that atherosclerotic processes are more
frequently associated with aneurysms of the descending aorta and less with
those of the ascending aorta where degenerative (such as Marfan) and infec-
tive diseases (as lues) prevail. While research continues along its path toward
understanding the etiopathological aspects, some physiopathological aspects
are quite clear and form the basis for a correct diagnostic pathway. The size
of the aneurysm is the only documented risk factor for rupture (16% for a
diameter between 4 and 5.9 cm, that increases to 31% for dimensions equal to,
or higher than, 6 cm). For this reason the aneurysm must be accurately meas-
ured for its internal, external, anterior-posterior, and lateral-lateral dimen-
sions. Other relevant measurements are the longitudinal extension of the
aneurysm, the dimensions of the proximal and the distal neck, and the dis-
tance from epiaortic vessels, which heavily condition the therapeutic proce-
dure to be chosen, determining whether - for example - an endoprosthesic
therapy can be adopted or not. The presence and severity of the aortic valvu-
lopathy that is eventually associated to dilatation or dissection of the ascend-
ing aorta covers a key role in a future surgical intervention. Altogether, MRI
has demonstrated to be, with its various acquisition techniques, an optimal
and repeatable method for such diagnostic purposes (Fig. 9.6a-d).

In addition, it has recently been demonstrated that minor vessels such as
spinal arteries, in particular the Adamkiewicz artery, can be visualized in a
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Fig. 9.6 a-d. (a) Aneurysm of the ascending aor-
tic arc in fast SE image (“black blood”) obtained in
breath-hold. (b) Aneurysm of the descending aor-
tic arc right under the origin of the left subclavian
artery. (c) 3D CEMRA of a giant aneurysm of the
descendent aorta (11.5 cm in maximum diameter!)
in a patient who already underwent a substitution
of the proximal tract of the descendent aorta. (d)
Same case in SPGR images that visualize modest
endoluminal thrombotic stratification
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diagnostic manner. Data on this issue, however, are limited to small cohorts of
patients and this task is sometimes hindered by the wide anatomical variabil-
ity of the spinal vessels and in particular of the artery of Adamkiewicz [6].

9.5.2 Aortic dissection

This pathology is potentially life threatening to the patient and therefore
requires an immediate and exhaustive cognitive effort that goes beyond the
simple diagnostic confirmation. The involvement of the ascending aorta, or
its non-involvement in the dissection process (respectively Type A and B
according to the Stanford classification) must be evaluated with maximum
accuracy because the involvement of the aortic arc and of the ascending aorta
foresees a definitely worse prognosis and requires an immediate intervention
of corrective surgery (Fig. 9.7a,b). The same accuracy applies to the localiza-
tion of entrance and re-entry sites, and the involvement of the large arterial
collaterals at the level of both the aortic arc and the abdomen (celiac trunk,
renal arteries, mesenteric vessels, iliac vessels). It is recommended to have
precise information on the diameters of the aorta (external and internal), the
degree of flow supply to the false lumen (an important diagnostic index), the
involvement of the aortic valve, and so on.

As we have said earlier, MRI has a diagnostic accuracy equal to that of
multilayer CT and may be employed in alternative when the patient’s condi-
tions allow so [1].

o

Fig. 9.7 a, b. Images of axial projection of aortic dissection type A. The intimal flap is evident both
in the SPGR “white blood” image (a) and in “black blood” SE image (b); in both of them the com-
munication between true lumen and false lumen is evident
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Although it has been stated that the diagnosis of dissection can be per-
formed in a few minutes with dynamic images alone (SPGR, SSFP, etc.), there
is no doubt that phenomena such as perivascolar hemorrhage, pleural or peri-
cardial effusion, as well as the presence of thrombotic material in the true and
false lumens are better described by Fast SE T1-weighted and eventually T2-
weighted images. The quantification of flow in the false lumen (an objective
not easy to achieve) can be done by PC sequences, which add a high degree of
accuracy toward the correct formulation of prognosis [5].

If instead the large aortic collaterals are involved, the exam should be
completed with a CEMRA acquisition (Figs. 9.4a, b, 9.5a-e).

An accurate combination of such sequences obviously requires a compli-
ant patient and an overall scanning time of over 30 minutes.

9,5.3 Aortic intramural hematoma and ulcer of the aortic wall

Aortic intramural hematoma is defined as an aortic dissection with no com-
munication with the lumen. This condition presupposes a process of auto lim-
itation of bleeding without continuity between the true lumen of the vessel and
the hematic collection (Fig. 9.8). According to some authors it should be con-
sidered as a variation of the dissecating aneurysm that may ensue sponta-
neously as a complication of an ulcerating process or trauma. In reality, the evo-
lution of this pathology is unclear as it has the tendency to rupture in the acute
phase and stabilize or even regress during chronic phases. MRI offers the
advantage of allowing to define, within certain limits, the age of the hematoma

Fig. 9.8 a,b. Hematoma of the descending aorta.
(a) Image obtained by a SSFP (FIESTA) sequence

through a parasagittal plane. (b) Image obtained
' by a fast “black blood” SE sequence on an axial
plane through the hematoma
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by exploiting the information obtainable through T1- and T2-weighted images
in regards to the presence of oxyhemoglobin (o0-7 days), or methemoglobin
(sub-acute phase (7-28 days)) or hemosiderin (in older hematomas).

CEMRA has a marginal importance but is an unavoidable completion of
the study, which provides indications on the residual lumen and on the gen-
eral 3D profile of the vessel.

The diagnosis of penetrating ulcer of aorta is based on the visualization of
a “plus” in the aortic profile, almost always in the descending tract of the ves-
sel. It is generally an occasional finding but may require a particular effort in
understanding the patient’s symptoms. The atherosclerotic process that is
often widespread among these patients shows a tendency to evolve locally,
destroying the elastic lamina, causing the local accumulation of blood as a
hematoma, the local phenomena of dissection, and eventually the formation
of perivascular pseudo-aneurysms. The static (Fast SE T1) and dynamic
(SPGR of SSFP) imaging sequences associated to CEMRA images provide an
excellent arsenal for defining the site and the extension of the ulcerating
process in 3D (Fig. 9.9a-d).

In order for the physician to detect future evolutionary tendencies of these
pathologies and engage in a more aggressive therapeutic approach, patients
must undergo a regular follow-up.

9.5.4 Traumas of the aorta

Although MRI, intended as an association of static, dynamic and CEMRA
images, provides a detailed characterization of the aortic trauma, the com-
plexity of the method and the length of the exam, added to a frequent general
compromising of the traumatized patient, suggest to rely on techniques such
as TEE and, especially, multi-slice CT for the diagnosis in the acute phase.

Yet, it must be said that MRI has excellent sensitivity and specificity (prac-
tically 100%) in describing the site of the lesion (usually immediately distal
to the isthmus), its extension, the presence of a periadvential hemorrhagic
phenomena, and the presence of pericardial and/or pleural effusion - the lat-
ter being an indirect sign of an evolutionary tendency of the lesion. In the
sub-acute patient, these characteristics obviously make MRI comparable to
other techniques (Fig. 9.10).

9.5.5 Follow-up of aortic disease

Because MRI is highly reproducible, it is ideal for the follow-up of aortic
pathologies. The frequency at which the exam should be repeated depends on
the dimensions of the vessel, on the tendency of the pathology to evolve, and
on agreements with the interventional cardiologist/radiologist or the sur-
geon. If the dimension of the vessel is over 5 cm the test is repeated every 6



MRI of the Heart and Vessels

Fig. 9.9 a-d. (a) In these images CEMRA evidences a plus at the level of the descending aorta pro-
file, caused by the presence of an ulcerated plaque that is evidenced in detail in the partitions (b)
and in the orthogonal reconstruction of the plaque itself (c, d)
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Fig. 9.10. CEMRA image of
traumatic aneurysm of the aor-
tic arc caused by a pointy
object. The distal segments of
the descending aorta are scarce-
ly evident due to movement
artifacts, which have been
reduced by heavy postprocess-
ing but with a clear reduction of
the SCR

months, every 12 months if the vessel size is smaller. Obviously these indica-
tions are purely for reference and must be optimized for every single patient.

The monitoring of patients who have undergone surgical placement of
vascular prosthesis or intravascular stents, generally requests the first check-
up during the first weeks following surgery and then at three, six, and twelve
months, and after that once a year. In the case of endoprostheses, the fre-
quency of check-up rate is the same, but for precaution the first control is
fixed at 4 weeks after insertion of the device. In this latter case, it is apparent
that the endoprosthesis must be made of a material that does not interfere
with MR images. Particular importance is given to the position of the stent,
the patency of the epi-aortic vessels, the presence of endo-leaks or the exclu-
sion of the aneurysmatic sac. Compared to multi-slice CT, MRI results supe-
rior in evidencing complications such as the presence of thrombi, while
multi-slice CT seems better in the fine demarcation of the proximal and dis-
tal edges of the endoprosthesis [8].
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Fig. 9.11 a, b. Images of a MRI-compatible endovascolar prosthesis (nitinol) obtained with the
CEMRA technique. The image well evidences the metallic design of the stent and the consequent
loss of signal due to the presence of the stent itself

In the case of vascular prostheses, the operator searches the patency of the
prosthesis, the presence of complications arising after the procedure (as per-
haps a peri-prosthesis haematic leak), the correct functioning of the con-
comitant valvular prosthesis if implanted, or of the native valve if recon-
structed, the dimensions of the native vessels upstream and downstream
from the prosthesis, and so on.

Also in this case, the association of static T1- and T2-weighted techniques,
IR, and CEMRA is desirable for a complete description of the underlying
physiopathological phenomena (Fig. 9.11a, b).

9.5.6 Aortitis

It is often a subtle process in which the artheritic process involving the aorta
results in a complex clinical picture. Indipendently from the fact the under-
lying process be of unknown nature, of immunological nature (e.g.
Takayasu, Behget, giant cells aortitis, Horton, etc.), or of secondary nature
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due to infective processes (syphilis), MR has demonstrated an excellent
diagnostic accuracy in detecting vessel wall thickness, thrombotic deposits
on the inside of the vessel, and oedema of the vessel wall itself. The possibil-
ity MRI offers for accurately defining the hystopathological status, makes it
a very refined and recommended technique, apparently superior to other
non-invasive techniques.

The different MRI techniques are in this case absolutely integrating. The SE
weighted images with or without contrast media, and perhaps T2-weighted in
axial projection are necessary for a correct histopathological definition, while
dynamic images (SPGR, SSFP) and even more so CEMRA are extremely useful
for highlighting stenosing processes that often accompany such pathologies.

As the occasional regional location of these processes can make research
of diagnostic details inconclusive, it is useful to integrate the information
obtained by MRI and MRA with those obtained through Positron Emission
Tomography (PET) [9] (Fig. 9.12). This integration allows to address diag-
nostic efforts more appropriately, and greatly increases diagnostic accuracy
(Fig. 9.12a-c).

9.6 Limits of the technique

The limits are mostly linked to the patient’s collaboration, as small move-
ments or the inability to stay in apnea can cause motion or breathing artifacts
(especially in the case of paravalvular segments and in the ascending aorta)
that make the exam useless no matter whether static, dynamic or CEMRA
techniques are used. Likewise applies to ECG triggering, which presupposes a
good ECG graphic signal also during apnea (16-20 sec).

Furthermore, another relevant limitation concerns the necessity of syn-
chronizing in an optimal manner the timings between the injection of the
contrast medium and the beginning of the acquisition. It must be mentioned
that in CEMRA acquisitions, a partition thickness of 3-3.2 mm is still diag-
nostic for the aorta, but is unsatisfactory for secondary vessels (mammary
arteries, the artery of Adamkiewicz, renal arteries, etc.) that require on occa-
sion ad hoc studies with a better spatial resolution.

9.7 Conclusions

MRI and MRA techniques offer excellent diagnostic accuracy, great potential
in defining fine aspects of the pathology being studied, accuracy and practi-
cally no hazard. Therefore, it is not surprising that despite several organiza-
tional obstacles, an increasing number of patients with aortic disease are
being studied with these methods which today give access to very important
diagnostic references.
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Fig. 9.12 a-c. Images in para-sagittal plane of
aortitis of Takayasu. The images (a) evidence
wall thickness of the aortic wall astride of the
diaphragm; in the IR image (b) the flogistic
process is enhanced as a hyperintense band-like
signal at the same level of the thickness; (c) com-
parison with PET with FDG
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10 Renal arteries

Mirco CoSOTTINI, MARIA CHIARA MICHELASSI, GUIDO LAZZAROTTI

10.1 Introduction

The kidney vascular district can be affected by several pathologies: steno-
occlusive disease, artero-venous fistula, aneurysm, and dissecting disease.
Most of these diseases can lead to a progressive decrease in kidney perfusion,
entailing renovascular disease, which can appear under two different clinical
pictures: renovascular hypertension and vascular nephropathy. The most
common causes of these conditions are atherosclerotic stenosis and, second-
ly, fibrodysplasia of the renal artery.

Arterial hypertension represents one of the most important health prob-
lems in developed countries. About 1.5% of the population in western coun-
tries is affected by arterial hypertension [1]. From an etiological point of view,
hypertension is essential in 90-95% of cases, and is secondary to a specific eti-
ological cause in the other 5-10% [2], specifically: 2-3% to renal parenchymal
disease and 1-4% to stenosis of the renal artery; the latter represents a rela-
tively rare cause for hypertension but is potentially the most curable form.
The surgical correction or endovascular treatment of stenoses of the renal
artery prevents or limits complications such as hypertension and kidney fail-
ure; the screening method for those patients with clinical suspicion of reno-
vascular hypertension should be non-invasive and not requiring exposure to
radiation or procedural risks for the patient.

The vascular system can be explored accurately with invasive techniques;
good results can also be achieved with non-invasive methods such as Echo-
color Doppler and angio-Computed Tomography (CT) but they are not as
completely satisfying as those obtained by digital angiography. The continu-
ing technological evolution of the new MR angiographic techniques has
allowed to overcome at least some obstacles in the diagnostics of the vascu-
lar system. Magnetic Resonance Angiography (MRA) in fact allows to obtain
vascular images with a wide Field Of View (FOV), with or without the aid of
contrast agents.

Within the setting of instrumental techniques for evaluating renal ar-
teries, the technological improvement of ultrasound equipment has opened
the way to the study of blood flow in the renal arteries allowing to obtain
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accurate and repeatable velocimetric indices, which are important elements
for the diagnostic evaluation. So far, this technique is among the most prom-
ising in the field of diagnostics of renovascular diseases because of its non-
invasiveness and affordable cost, although it still burdened by some unsolved
problems. Just to cite an example, simple cases of obesity or meteorism can
make the study of some indices like systolic peak velocity or indices derived
from velocities particularly difficult. Echo-color Doppler is not suitable for
the study of accessory renal arteries: as 75-100% go undetected [3]; moreover
the accuracy of the technique depends on the operator’s expertise and quali-
fied skills. A further progress in the identification of renal arteries is provid-
ed by contrast ultrasonography where the presence of microbubbles ampli-
fies the amplitude of the Doppler signal, which allows to sample the signal
also in below-optimal conditions. Moreover, the use of contrast mediums
offers the possibility of identifying accessory vessels that may escape routine
surveys because of their small dimensions.

Thanks to volumetric acquisitions with mono- or multi-layer equipment,
rapidity of performance, and to insensitivity to turbulences, spiral CT can
yield high-quality vascular images that can be reconstructed in two- and
three-dimensional angiograms. Among the advantages of CT, noteworthy are
its ability to identify calcifications [4], poststenotic ectasias, and parenchy-
mographic abnormalities with the same accuracy of conventional angiogra-
phy. Spiral CT, however, is not suitable for routine screening as it employs ion-
izing radiation, it often requires administration of a contrast medium to
patients with reduced kidney function, is expensive and has long reconstruc-
tion times.

The diagnostic gold standard in the study of renal arteries is represented
by Digital Subtraction Angiography (DSA) [5]. The technique is performed in
local anesthesia through transfemoral arterial catheterism, producing a
panoramic aortography that allows the operator to vision the abdominal
aorta and its main branchings. Moreover, it allows to detect eventual acces-
sory renal arteries. Although it has high specificity and sensitivity, this exam
presents a degree of risk, not to mention the risk deriving from the adminis-
tration of a iodinated contrast medium, which would compromise an already
weakened renal function.

The exam is completed with a selective study of the renal arteries and with
the measurement of pressure values downstream the stenosis and in the
abdominal aorta. The aim is to show the hemodynamic significance of the
stenosis as assessed by the presence of a pressure gradient >20% between the
aorta and renal artery.

MRA [6-9] is capable of visualizing the vascular structures selectively by
utilizing either flow related techniques (Time Of Flight, TOF, Phase Contrast,
PC) or sequences capable of detecting the presence of a contrast medium
inside the vessels (ultrafast MRA with contrast bolus “CEMRA”).
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10.2 MRA techniques
10.2.1 Time Of Flight MRA (TOF-MRA)

Time Of Flight MRA is a Gradient Echo sequence that is characterized by a
TR much smaller than T1 of stationary tissues, which leads to saturation of
motionless spins [6]. This phenomenon, known as flow-related enhancement
is the basis of this type of acquisition: the refreshed flow that constantly
enters into a section receives few radio frequency pulses and, therefore, has a
higher signal than stationary tissue, which instead receives a much greater
number of pulses and quickly reaches saturation. When flow is constant, a
higher signal can be obtained by using an additional gradient (flow compen-
sation) which rephases the protons. Otherwise, when flow is turbulent there
is a loss of proton phase coherence with a consequent fall in signal (flow
void).

To obtain diagnostically valid images by TOF MRA, the sections of inter-
est need to be perpendicular to the direction of the vessels so that the opera-
tor can exploit the flow enhancement effect to the most. It is also important
to select the shortest echo time to minimize flow voids, and an adequate size
of voxel. In fact, within a small voxel it is easier to have dephasing phenome-
na among spins with different velocity than within a small voxel, where oth-
erwise a significant reduction of Signal-to-Noise Ratio (SNR) occurs.

Using spatial saturation bands, only the vessels with a preestablished flow
direction can be visualized, thereby discriminating arteries from veins, or
more in general producing selective angiograms. This technique, however,
does not give an optimal suppression of stationary tissues and often gives
motion artifacts, elements that limit the possibility of multiplanar recon-
struction. Yet, the greatest drawback of TOF that discourages its use remains
the ‘in-plane’ effect whereby vessels coursing parallel to the acquisition plane
tend to saturate as stationary tissues doj; this occurs because the protons mov-
ing in the direction of the plane are subject to multiple radio frequency puls-
es that do not allow the recovery of longitudinal magnetization.

10.2.2 Phase Contrast MRA (PC-MRA)

When spins in motion are subjected to a magnetic field gradient, they expe-
rience a shift of phase relative to static spins [6-8].

PC-MRA uses the speed-induced phase shift to separate flowing blood
from stationary tissue. The vector of transversal magnetization induced by a
radio frequency pulse on a system of spins can be represented with an ampli-
tude and a direction or phase. The loss of phase coherence is mainly linked to
in-homogeneity of the static magnetic field.
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The application of a gradient determines an additional change in phase to
the system of spins. The application of a positive gradient provokes an
increase in resonance frequency and a change of phase. When the gradient
interrupts its activity there is a return to the normal precessing frequency,
but the change of phase remains.

PC sequences are built in a way to produce two images: the first image is
obtained by applying a positive gradient to the spin system, determining a
phase accumulation; the second image is obtained by applying the same gra-
dient (as for intensity and time length) but with an opposite direction, deter-
mining a loss of phase. The difference between the two images determines a
phase accumulation equal to zero in the stationary tissue, while in the
dynamic tissues the phase accumulation is given by:

A¢ = yvAM1

where vy is the gyromagnetic constant, v the velocity of the moving spins
and AM1 is the change of the gradient’s first-degree moment.

Therefore, in function of the phase accumulation of the moving spins we
can calculate the spin velocity in a system of reference. In function of the
sign of the velocity in relation to the phase encoding, the intensity of the
pixel can be conventionally identified with black or white pixels so as to
establish the direction of flow. The intensity of the pixel is instead a function
of velocity.

From the above equation we may see that the maximum phase difference
that can be obtained between two spin systems is of 180° for a given AMi,
whose value depends on the amplitude and duration of the gradient. From
this follows that the maximum velocity measurable will be the one that
determines a 180° difference in phase. This velocity is known as Velocity
Encoding (VENC) and is the highest velocity measurable by the sequence,
beyond which the flow goes towards aliasing, i.e. an artifact that does not
allow the measurement of blood flow velocity.

Normally, the VENC can be established by the operator by modifying the
shape of the gradient. As the formula indicates, if AM1 is large, small flow
velocity changes determine great differences in phase; conversely, if AM1 is
small, a large velocity change will be needed to obtain the same difference of
phase. In this manner, we can measure different blood flow velocities, such as
that of artery flow (fast) or venous flow (slow), by simply changing the VENC
and thus using a high VENC for fast flow and a low VENC for slow flow. The
PC sequences used in clinical practice are the 2D PC, and the 3D cine-PC. As
we infer from the principles intrinsic to the technique itself, it is possible to
perform a quantitative analysis inside the vessel if the scanning is done
orthogonal to the direction of flow.

The 2D PC techniques produce velocity maps of the average velocity
inside the voxels. This velocity is a temporal average of instantaneous veloci-
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ties and is determined by the acquisition length, which is equal to the acqui-
sition time for non-synchronized sequences. While this method can be sulffi-
cient for measuring venous flow, pulsing artery flow requires a multiple
measurement in several moments of the cardiac cycle. For this reason the 2D
PC technique has been substituted by the combined technique of 2D PC with
cine, which allows to acquire a velocity map over time in the transverse sec-
tion of a vessel.

Because the accuracy of flow analysis is strongly influenced by the shape
of the flow wave, it is necessary to have the best temporal resolution possible.

In the cine-PC technique, acquisition time is linked to the number of phase
encodings for each heartbeat; therefore the duration of the acquisition is deter-
mined by heart frequency and by the number of phases. Hence, a sequence
acquired with a 256x256 matrix has an average duration of 8-9 minutes. The
length of acquisition does not allow to perform the test in breath-hold; there-
fore, motion artifacts induce an overestimation of the vessel diameter [10].

The limited spatial and temporal resolution of cine-PC can be overcome by
implementing fast sequences with the segmentation of K-space. Fast
sequences utilize a short TR (5-10 msec), and differently from cine-PC, acquire
more phase encodings per cardiac cycle (views per segment); therefore the
acquisition time is reduced by a factor equal to the number of views per seg-
ment (usually 4-8 for a cardiac sequence between 60-129 bpm) [11].

The calculation of flow is made multiplying the mean velocity inside the
pixel times the surface of the pixel. If the image is obtained in a plane orthog-
onal to the vessel we can have an accurate measure of the flow in function of
time. The 3D PC sequences are obtained positioning the acquisition plane in
coronal position and adopting as a scout an axial image through renal vessels.
Typical acquisition parameters are TR 28 msec, TE 8.1 msec, matrix 128 X256,
FOV 24X17 cm, thickness 2 mm, 28 partitions, inferior saturation band, VENC
50 cm/sec, acquisition time 3-6 min.

The 2D fast PC scanning synchronized with the heart beat is performed
on a plane perpendicular to the renal vessel, about 1 cm from the ostium or 1
cm downstream the stenosis (with TR depending on the R-R interval), TE 3.6
msec, matrix 128x256, FOV 24x17 cm, thk 5 mm, flow compensation, phase
difference, view per segment 4, n. phases 30, VENC 155 cm/sec, acquisition
time 18-25 sec in function of heart rate. In vitro and in vivo studies have
demonstrated that an accurate measurement of flow is only possible on
breath-held acquisitions [10].

The 2D fast PC sequences are later reconstructed using an independent
workstation in order to obtain graphics representing the shape of the veloci-
ty and flow wave in function of time by means of a program of automatic
detection of the area of the renal arterial vessel (Fig. 10.1).

Flow maps seem to overcome the limit of many techniques in predicting
the hemodynamic significance of a lesion and may be employed as a comple-
ment to the morphological image of the renal artery.
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Fig. 10.1 a, b. Collapsed image on the axial plane of a 3D PC sequence of the normal renal arteries.
(a) the white line indicates the positioning of the 2D fast PC sequence set perpendicular to the axis
of the renal vessel for a quantitative measure of velocity and blood flow. The slope of average flow
wave (b) in function of the time achieved: there is an evident early systolic peak at 234 msec and a
middle-systolic peak at 310 msec, followed by a diastolic plateau. The average value of the arterial
flow is 652,39 ml/min

10.2.3 Contrast Enhanced MRA (CEMRA)

The 3D CEMRA substantially differs from the previous sequences for the fact
that it uses a contrast agent which makes the technique relatively independ-
ent from flow [7, 12]. A gadolinium-based contrast agent injected i.v. deter-
mines the shortening of blood T1, which in turn translates into hyperintensi-
ty of the flow signal in relation to the surrounding tissues.

The first 3D contrast enhanced acquisitions that were used with conven-
tional gradients had a scanning time in the order of 3-5 minutes, were per-
formed in free-breathing and did not give an adequate resolution, especially
for small-sized vessels.

The introduction of high performance gradients has allowed us to sample
the volumes of interest in few seconds so that acquisitions in apnea could be
made, with the result of a much better image quality (without artifacts due to
breathing). Optimization of image quality is now achieved reducing TR to 3-
7 msec and TE to 1-3 msec, and using a flip angle between 30°-50°. Space res-
olution is improved through elevated matrixes, increasing the number of par-
titions and applying interpolation algorithms in the direction of layer and
frequency. To maintain the acquisition time sufficiently low, a rectangular
FOV is used; the variable band is increased, and the Half-Fourier Transform
is applied [9].

The visualization of the vascular structures is further optimized when the
contrast medium inside the district of interest is at its maximum concentra-
tion at the moment the central portion of K-space is being acquired. The
acquisition of the central part of the K-space depends on the construction of
the sequence. In sequential acquisitions, where the K-space is filled from the
periphery in a sequential manner, the information on contrast resolution will
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be located in the central portion (1/3 of total space); with the centrical
sequences in which the covering of K-space starts from the central data, the
information on the contrast are the first to be gathered. Once the acquisition
method of the sequence is acknowledged, it is relatively easy to calculate the
delay necessary to make the contrast bolus peak match the acquisition of the
center of K-space. In particular if the system has a sequential acquisition of
K-space as in most cases, the scanning delay will be SD = CT - 1/3 ST, where
ST is the sequence scanning time. The only unknown is the contrast
Circulation Time (CT), calculated using the bolus test. The bolus test is per-
formed by injecting minimum amounts of contrast medium (1-2 ml) and
evaluating the maximum enhancement inside the vessels under exam [13]
through the execution of a fast T1-weighted sequence such as SPGR conduct-
ed on an axial plane passing at the level of the renal arteries, repeated for a
total of 50 sec with the following parameters: TR 22 msec, TE 2,6 msec. FA 60°
matrix 256x128, FOV 40x28, layer thickness 20 mm, NEX 1. To date, there are
automatic methods for detecting the arrival of the contrast bolus by which
the operator positions the sampling volume on the vascular district of inter-
est; the sequences turn on automatically the moment the contrast bolus
arrives so that the center of the K-space is filled at contrast peak concentra-
tion (Smart-Prep). There are interactive fluoroscopic methods where the
operator must detect the arrival of the bolus by a real time monitoring
sequence and start the 3D acquisition when the optimal increase in signal
intensity is reached.

The CEMRA is a 3D fast SPRG sequence performed on the coronal plane.
Typical acquisition parameters are: TR 5.5 msec, TE 1.6 msec, FA 30°, matrix
128-160%256-320, FOV 35-38 cm, phase FOV, thk 1.6 mm, 38 partitions, zero
filling in the direction of layer and frequency, NEX o0.5-1, selective pulse for fat
saturation, acquisition time 19-22 sec.

In addition to the technique above, a dynamic multiphase time-resolved
contrast-enhanced MRA acquisition technique has also been developed; the
method allows to repeat the acquisition of the volume of interest over time so
to obtain images before, during, and after artery peak enhancement [14, 15].
This technique is based on the 3D fast SPGR scannings, that are so short that
they can be repeated during the respiratory apnea, allowing the operator to
follow the path of the contrast medium both inside the arterial and venous
vascular district and obtain images in the early arterial phase, in the arterial
phase with maximum enhancement of the main renal arterial vessels, in the
parenchymographic phase with low enhancement of the venous vessels, in
the early venous phase and in the late venous phase with maximum enhance-
ment of the venous system [15]. The consecutive acquisition of sets of images
helps overcome the relevant problem of perfect timing with the arrival of the
contrast medium inside the vascular district being studied and allows to
obtain a better visualization of the distal portion of the renal arteries and of
the intrarenal vessels. Using this technique, the venous contamination no
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longer affects the arterial visualization, allowing the operator to easily see
stenosing pathologies of the distal tracts that develop with fibromuscular
dysplasia. Moreover, the multiphase technique allows the study of the venous
vascular district through the subtraction of images obtained in the arterial
phase from the images with perfect venous enhancement.

The multiphase techniques are 3D Fast SPGR sequences performed on the
coronal plane with the parameters: TR 3.2 msec, TE 1.1 msec, FA 30°, matrix
128-160%256, FOV 35-38 cm, phase FOV, thk 1.8-2.5 mm, 30-35 partitions, zero
filling in the direction of layer and frequency, NEX 1, selective pulse of fat sat-
uration, acquisition time 28 sec (4 sets of 3D data each lasting 7 seconds).

The 3D images obtained using both the single phase technique and the
dynamic multiphase one have to be reconstructed on independent work sta-
tions with multiplanar methods utilizing the Maximum Intensity Projection
(MIP) algorithm with the option of obtaining images oriented on any plane.

10.3 Technical features

The protocol for the study of renal arteries foresees the acquisition of scout
images obtained by a coronal GRE sequence in coronal plane, so the following
three-dimensional PC sequence is positioned on the axial plane. Furthermore,
a 2D fast PC sequence can be acquired for the quantitative evaluation of the
hemodynamics. Finally, a 3D fast SPGR with contrast bolus (0,2 mmol/kg of
contrast agent in bolus at the speed of 2 ml/sec) is performed in apnea in coro-
nal plane.

The typical technical characteristics of the equipment for performing
such sequences are: magnet 1-1.5T, gradient intensity >30 mT/m/msec and
rise time <200 ps, specific phased-array coil for abdomen, and an automatic
injector MR compatible.

10.4 Clinical applications

10.4.1 Stenosing pathologies

The most frequent cause for stenosis of the renal artery (66% of cases) is the
atheromasic plaque located at the origin of the artery itself [1]. The second
most frequent type of stenosing affection is fibromuscular dysplasia.
Atherosclerosis and fibromuscular dysplasia account for 90% of the stenoses
of the renal artery; in the remaining cases the etiology can be reconducted to
congenital abnormalities (malformations and artero-venous fistulas), neu-
rofibromatosis (in children), aneurysms of the renal artery stretching the
artery itself, atheritis and extrinsic obstructions (muscular structures such as
the pillars of the diaphragm, sympathetic ganglia, etc.) [2].
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The atheromasic stenosis is observed prevalently in males and the inci-
dence rises with age and in patients affected by diabetes mellitus. Generally,
the plaque is eccentric with an overlapping thrombosis, and in 80% of
patients is associated to atherosclerotic injuries in other districts. In 1/3 of
cases it is bilateral. The atherosclerotic lesion may evolve towards complete
occlusion, which inevitably leads to kidney failure.

However, the stenosing plaque of a renal artery is not necessarily cause for
hypertension; in fact the plaque is frequently found among elderly persons
without hypertension and in many subjects with a hypertension that is not
due directly to the plaque itself.

The second most frequent stenosing pathology of the renal artery is the
fibromuscular dysplasia. This is a group of heterogeneous lesions of unknown
pathogenesis, characterized by a fibrous or fibromuscular thickening of the
intima, media, or adventitia. Such lesions are thereby classified as intimal,
medial, and adventitial hyperplasia, of which the medial lesion is the most fre-
quent. Differently from artheriosclerosis, muscular fibrodysplasia mainly
affects young women, in average about 30 years of age [16]. From an anatomo-
pathologic view the pathology may consist of a single well-defined stenosis, or
of a number of narrowings of the medium or distal portions of the renal
artery, at times involving the segmental branches and becoming bilateral.
Fibromuscular dysplasia interests the renal arteries bilaterally in 2/3 of
patients. In addition, it is associated to a progression toward complete closing
with a frequency varying between 16-66% of cases [16]. Fibromuscular dys-
plasia can be distinguished from artherosclerosis on arteriographic images in
which the vessel appears with an irregular profile of wider segments alternat-
ed to narrowed ones (“bead-thread”).

The physiopathological mechanism responsible for renovascular hyper-
tension is linked to hypoperfusion, chronic ischemia that settles in the kidney
supplied by the stenotic artery, and to the consequent activation of the renin-
angiotensin system (the homeostatic mechanism that works to maintain ade-
quate glomerular filtration). Renin causes an increase in arterial pressure
directly through the vaso-constricting action of angiotensin II and indirect-
ly through the suprarenal production of aldosterone, which stimulates sodi-
um tubular uptake and consequently water uptake. In the initial phases of the
disease the increase in pressure values is uniquely mediated by the hemody-
namic effects of ischemia. With the evolving of the disease, if the factor
responsible for hypertension is not removed and this condition is kept stable,
the hypertensive state induces the development of arteriolar injuries in the
systemic vessels and in the controlateral renal artery that worsens or main-
tains the hypertensive status [16].

The diagnosis of renovascular hypertension is based on clinical and labo-
ratory findings listed by the Working Group on Renovascular Hypertension
[2] and on the demonstration of the presence of a stenosis in the renal artery,
either indirectly through abnormalities of renal function or directly through
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the visualizations of the vessel’s caliber. In clinical practice there are several
tests that aim to uncover alterations in renal function consequent to the pres-
ence of a stenosis of the renal artery; among these are the Captopril test that
allows to evaluate to what degree the pressure increase depends on the renin
plasmatic levels and the dosage of renin from the renal vein, and the renal
sequential scintigraphy with the Captopril provocative test. In consideration
of its invasiveness and the high number of false positive results, the dosage of
renin from the renal vein is seldom performed.

MRA is considered, especially after the introduction of CEMRA, a power-
tul tool for evaluating renal arteries directly [9] (Fig. 10.2). As with digital
angiography, CEMRA is a luminography, and as such provides exclusively
morphological data. Data documented by a recent meta-analysis indicate that
CEMRA has a 97% sensitivity and a 93% specificity in the grading of the renal
artery stenosis, which are higher values than those that can be obtained by
flow based MRA techniques, which respectively yield a sensitivity and speci-
ficity of 94 and 85%. Moreover, CEMRA has an 82% sensitivity and a 95%
specificity in detecting accessory arteries [17] (Fig. 10.3).

However, it has a tendency to overestimate the stensosis, as has been docu-
mented in several other vascular districts. The causes of this are the limited
spatial resolution as compared to digital angiography, which remains the gold
standard, and artifacts of bad timing of the contrast bolus (blurring and ring-
ing), and an intravoxel dephasing component that also affects CEMRA.
Another factor contributing to the overestimation of stenosis can come from

Fig. 10.2 a, b. Patient with para-ostial stenosis of the left renal artery. Multiplanar reconstruction of
the renal arteries evaluated by CEMRA (a), that allows the physician to identify the grade of stenosis
of the renal artery with a good overlapping of the result, as compared to the digital angiographic
method of reference (b). Noticeable, also a good visualization of the peripheral branches of the renal
arteries can be obtained
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Fig. 10.3 a-c. Compared with other non-invasive
methods, CEMRA has demonstrated to be useful
in the detection of the accessory renal arteries,
thanks to its landscape view. Coronal (a) and
axial (b, ¢) reconstruction that give an optimal
view of both the principal renal and the accesso-
ry districts

image postprocessing methods. If, indeed, the set of acquired images is not
perfectly void of venous overlapping, it may well happen that during recon-
struction the vein be included with the renal artery in the voxels on which the
MIP algorithm is being applied. In such cases the presence of a stenosis is
overestimated (Fig. 10.4). Hence, by overestimating the stenoses, CEMRA may
lead to unjustified digital angiographic procedures — notwithstanding its high
diagnostic accuracy. In order to avoid these errors of overestimation, these
purely morphological studies can be completed by MR techniques, which pro-
vide hemodynamic information on flow inside the vessel.

The techniques providing hemodynamic information are those sensitive
to flow; among these, the 3D PC that shows directly the flow alteration inside
the renal artery through the absence of signal in the angiogram obtained: the
grading of the stenosis can be made according to the presence and length of
signal loss [18]. A stenosis over 60% causes a segmentary loss of signal (sig-
nal void) more or less extended in function of its severity, until flow signal
completely disappears, while with stenosis under 60% there is no signal loss
downstream.

The quantitative and qualitative analysis of the curves obtained with cine-
PC is another additional method for evaluating hemodynamic abnormalities
in the stenosis of the renal arteries and limits the overestimation of morpho-
logical techniques [19] (Fig. 10.5). Hemodynamic parameters such as the
reduction of the mean flow and reduction and delay of flow at systolic peak,
have a 90% sensitivity and a 94% specificity in detecting stenoses of the renal
arteries.

The combination of morphological and functional studies has been
reported by several authors as an efficient method for evaluating the renal
vascular district [15, 19, 20]. Literature reports studies that evaluate the varia-
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Fig. 10.4 a-d. CEMRA has demonstrated to be a technique with an elevated concordance with di-
gital angiography in the evaluation of stenosis of the renal artery, despite its tendency to overesti-
mate the stenosis. In this example, the stenosis visualized with CEMRA (a) referencing to the para-
ostial tract of the left renal artery is overestimated compared to the grading made by digital angio-
graphy (b). One factor contributing to overestimation, which is not caused by factors inherent to the
methods, derives from a mistaken reconstruction of the set of 3D data on behalf of the MIP algo-
rithm, in occurrence of venous overlapping. Panel (c) shows a stenosis >50% of the proximal seg-
ment of the superior branch of the right renal artery. The MIP reconstruction has been done includ-
ing the renal vein, which is partially filled by the contrast agent. In (d) the stenosis is no longer vis-
ible because the MIP was performed taking care of not including the renal vein in the volume of
reconstruction, thus allowing the visualization of the normal renal vessel

tion of specificity and accuracy, combining the various techniques of angio-
MR. Integrating the algorithms obtained by 3D TOF with those obtained by
3D PG, the specificity and accuracy in the evaluation of renal artery stenoses
of over 50% increase respectively to 9o and 92% [21]. More recently the com-
bination of CEMRA and 3D PC has demonstrated an increase in sensitivity
up to 100% in detecting a stenosis of the renal artery over of 50% [22]. For
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Fig. 10.5 a-c. The tendency of CEMRA to overestimation can be reduced by its integration to MRA
flow-based methods, such as the 3D-PC or the 2D fast PC, which determine an increase in the diag-
nostic accuracy of the MRA as a non-invasive technique. Above is an example of aid provided by
hemodynamic data in the diagnosis of a non-significant stenosis. MRA (a) with contrast bolus of
the left renal artery demonstrates the presence of a paraostial stenosis to which the observing radi-
ologist must still assign the degree of significance. The flow graph (b) in function of time, obtained
downstream from the stenosis: no alterations of the morphology can be appreciated in the graph
for the average flow (497,48 ml/min), or the average and maximum velocity, which result overlap-
ping to the results of the non stenotic artery. The hemodynamic analysis obtained with 2D fast PC
technique is indicative of a non-significant stenosis. Digital angiography (c) confirms the presence
of a modest narrowing of the left renal artery. In this case, the use of the angio-MR PC has added
useful information to a doubtful morphological MRA result

these reasons, in the diagnostic protocols of renal arteries it is advisable to
couple the CEMRA acquisition to at least the hemodynamic information
obtainable with 3D PC. Sometimes the hemodynamic findings may be
obtained through the quantitative evaluation of flow and velocity with the
Fast PC. Yet, it remains that in several studies, breath-held CEMRA has
demonstrated to be more sensitive and more specific in the study of renal
arteries than flow-sensitive techniques [23, 24].

In relation to what has been said on the physical principles of MRA
sequences, the techniques based on flow have a limited role in case of dyspla-
sia of the renal artery. The alterations of the vessel wall in fibrodysplasia may
or may not cause a significant stenosis of the vessel wall, therefore in analogy
to what can be detected by Echo-color Doppler, PC techniques may not detect
an alteration of hemodynamics whenever a fibrodysplastic wall alteration
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Fig. 10.6 a-c. CEMRA is based on a shortening of the T1 of blood induced by the paramagnetic con-
trast agent and shows little trace of the intravoxel dephasing effect, which allows a good evaluation
of the wall profile of the renal vessels and demonstrates its usefulness in the evaluation of the fibro-
dysplasia. (a) The typical “bead-thread” aspect of the medium distal region of the right renal artery,
and the aneurysmatic stenosis of the predicotomic tract of the left renal artery in a patient with
fibro-dysplasia valued by CEMRA, which corresponds to the clinical picture produced by digital
angiography (b). Three-dimensional reconstruction (c) of the 3D set of data of CEMRA

does not provoke a stenosis of over 60%. On the contrary CEMRA, like DSA,
evidences the “bead-thread” aspect also when there is no hemodynamically
significant stenosis (Fig. 10.6). If we consider that fibrodysplasia prevalently
affects the distal tracts of the renal arteries - a district difficult to evaluate with
MRA flow-based techniques — we may presume that, thanks to the capacity of
detecting wall profile changes, CEMRA covers an important role as a non-
invasive method for this pathology. Yet, to date, there are no systematic stud-
ies regarding the diagnostic accuracy of CEMRA in fibrodysplasia reported in
literature.

10.4.2 Non-stenosing pathologies

Aneurysms of the renal artery affect 1% of the population and are rarely
symptomatic, if not for the high-pressure values found in 70% of cases. Most
aneurysms are found by chance in patients who undergo angiography. From
an etiological point of view they can be caused by atherosclerosis, fibromus-
cular dysplasia, congenital abnormalities, traumas, and poliarteritis nodosa.
Therapeutic intervention is indicated for aneurysms over 1.5 cm in diameter
and symptomatic aneurysms associated with hypertension. The use of mag-
netic resonance in the evaluation of both aneurysmatic pathology and vas-
cular abnormalities has assumed an important role in the presurgical evalu-
ation of these patients. The detection of aneurysms of the renal artery by PC
techniques yields variable results — in relation to the size of the aneurysm -
of sensitivity, specificity, and accuracy [12, 25]. With CEMRA, which is rela-
tively affected by dephasing phenomena induced by turbulence, the aneurys-
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Fig.10.7 a-c. Anastomosis at the level of the external iliac left artery in a patient who has undergone
a renal transplant. CEMRA (a) shows a significant stenosis in proximity of the anastomosis, conse-
quence of a vascular complication of the transplant; the finding was confirmed by invasive angiog-
raphy (b). With an accurate evaluation of MRA it is possible to visualize an early clouding of the iliac
vein and of the lower cavity upstream from the anastomosis, without the further opacification of
either the downstream segment of the anastomosis of the left iliac vein, or of the controlateral iliac
venous axis. The digital angiography (c) shows that the finding evidenced by CEMRA is due to the
presence of an iatrogenic artero venous fistula

matic sac is usually completely filled by contrast agent, with a presumed diag-
nostic gain. As masking effects of the aneurysmatic lesion have been report-
ed in MIP reconstruction, it is also advisable to perform an evaluation of the
single partitions.

Artero-venous fistulas between the renal artery and vein are rarely con-
genital and are often caused by percutaneous biopsies. The evaluation of this
pathology by CEMRA has not been reported in relevant cohorts of patients;
yet in those few cases reported, the evaluation has not been easy, since the
lack of temporal resolution does not allow a direct visualization of the fistu-
la. The pathology can be hypothesized in the occurrence of early opacifica-
tion of the renal vein during the arterial phase of the angiogram, however the
rapidity of the renal circulation that often causes venous overlapping makes
this sign poorly reliable (Fig.10.7). Probably the time resolved CEMRA will be
able to provide more accurate evaluations.

10.4.3 Kidney transplant

The transplanted renal artery is usually anastomised to the internal iliac
artery when the transplant is performed from a living donor; while it is anas-
tomised between the renal artery of the transplanted kidney and the common
or external iliac artery of the receiver when the transplant is from a cadaver.
The incidence of complications arising after the kidney transplant is 15%, and
from a clinical point of view it is important to distinguish the vascular com-
plications from those caused by rejection in view of the different therapeuti-
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cal implications. Thanks to use of non-iodinated contrast agents and the large
field of view, MRI can be considered a powerful tool in the evaluation of the
vascular situation of the transplanted kidney especially if the kidney function
is partially compromised (Fig. 10.7) The most useful sequences foresee the
combination of CEMRA, and postcontrast GRE T1-weighted images [26]; this
allows the evaluation of both eventual stenoses of the renal artery and defects
of renal perfusion linked to renal ischemia, cortical necrosis, or hemorrhage
of the transplanted organ.

In the evaluation of a stenosis of the transplanted artery, free-breathing
high resolution CEMRA (since the iliac fossa in which the transplanted kid-
ney is usually positioned, is hardly affected by respiratory motion) has shown
to be a useful non-invasive screening technique as compared to digital
angiography, with a sensitivity and specificity respectively of 100% and 75%
in detecting stenosis exceeding 50% [27]. One of the main problems in the
evaluation of a stenosis of a transplanted artery concerns a possible overesti-
mation caused by the presence of metal clips in the transplant area, which can
induce artifacts.
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11.1 The technique

11.1.1 Ultrafast technique with contrast bolus

Magnetic Resonance Angiography (MRA) with ultrafast techniques with
contrast bolus such as Contrast Enhanced Magnetic Resonance Angiography
(CEMRA) represent the elected technique for MR studies of the great vessels,
and in particular of the abdominal aorta. The introduction of this technique
has allowed to overcome major obstacles in this study, particularly the long
acquisition times and artifacts of the Time Of Flight (TOF) and Phase
Contrast (PC) techniques, which are at present seldom employed in the study
of the abdominal aorta.

Thanks to MRA’s intrinsic capacity for examining wide regions of interest
in a single breath-hold, this technique has appeared, right from its first appli-
cations, particularly adequate for the study of the great arterial abdominal
vessels, as it permits to obtain images with high diagnostic value with the
visualization of the entire aortic artery, iliac arteries and main collateral
branches in short time spans.

From a morphological standpoint, the information obtained is compara-
ble to that of an angio-Computed Tomography (CT), while the multiplanari-
ty, tridimensionality, and especially the non-invasiveness of this technique-
make MRA preferable to Digital Subtraction Angiography (DSA) [1-2].

11.1.1.1 Patient preparation

In the study of the abdominal aorta by CEMRA, the patient is previously pro-
vided with a brachial venous access and put in a dorsal position, possibly
with arms under the head or gathered over the chest. The patient is invited
to remain motionless during the exam, and in the case of breath-held
sequences the patient is asked to hyperventilate and then stay in apnea for
about 20-30 seconds.

The choice of the coil is linked to the patient’s body structure: above all
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phased-array coils are preferred for their excellent Signal-to-Noise Ratio
(SNR), while the body coil is preferred for patients with a hefty body struc-
ture. Cardiac gating, or more simply peripheral and respiratory gating is also
advised. In the case of patients with intestinal bloat, it is best to administer
glucagon intravenously to reduce the artifacts linked to bowel peristalsis [3].

11.1.1.2 Data acquisition

Images are generally acquired on the coronal plane. In rare cases, when there
is the need to have an aimed evaluation of the celiac trunk, or of the superi-
or mesenteric a.and of its branches, a specifically oriented acquisition may be
requested.

The volume of the 3D acquisition must cover the entire abdominal aorta
and the iliac arteries with the upper limit above the origin of the celiac trunk,
under the heart, in order to reduce artifacts linked to cardiac movement; for
this purpose a wide FOV (40-48 cm) is generally employed.

To verify the complete coverage of the volume of interest and the absence
of aliasing, it is best to perform also a 3D acquisition before contrast agent
injection; this acquisition can then be used later as a mask for the elaboration
of subtraction images.

When the acquisition is performed with fat signal saturation, image sub-
traction is not necessary.

The exact synchronization between the administration of a bolus and the
sequence represents a pivotal point for obtaining high quality images; as a
matter of fact, acquisitions that occur too early or too late compromise the
quality of the test causing, respectively, a low signal intensity of the artery dis-
trict, or an overlapping of the venous structures and the enhancement of sta-
tionary tissues (Fig.11.1). Furthermore, the synchronization between adminis-
tration of the bolus and the start of the sequence is fundamental so that the
maximum intravascular concentration of the contrast agent is reached during
the filling of the central portion of K-space. Indeed, it is known that the data
relative to the signal intensity and to contrast resolution are stored at the cen-
ter of K-space, while the information on the spatial resolution of the image is
stored at its periphery.

Therefore, it is necessary for the operator to be familiar with the kind of
filling of K-space the machine is equipped with (sequential, central, or
elliptic) and choose the most appropriate. If the filling is sequential, from
the bottom upwards, the filling of the central lines occurs in the middle of
the acquisition; the centrical filling begins from the center outward to the
peripheral regions so that the central lines are acquired early; the elliptic
filling performs a centrical filling and continues in the peripheral area, pro-
viding images with high spatial resolution and with an intrinsic suppres-
sion of the veins; this method is chosen for the studies of those districts
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Fig. 11.1 a, b. Importance of the correct synchronization of the test in function of the administra-
tion of the contrast agent in the study of the abdominal aorta with CEMRA. Acquisitions made at a
premature phase (a) detect a low signal intensity at the level of the arterial vascular compartment
with scarce representation of the abdominal aorta and its collaterals. Acquisitions made in a late
phase (b) evidence overlapping venous structures (inferior vena cava, iliac vessels, renal veins) that
obstacle an optimal visualization of the abdominal aorta

that present problems of venous overlapping, as in the area of inferior
limbs.

The synchronization between the acquisition and the moment of maxi-
mum concentration of the contrast medium inside the vessels within the vol-
ume of interest can be achieved in several ways [4-5]. The most empiric one
(best guess) presumes a standard circulation time, and a scanning delay time
that is applied accordingly (in the case of the abdominal aorta, a scanning
delay of 30 seconds) [6]. This method is easy to execute but presents a high
degree of approximation linked to the interpersonal variability of the circu-
lation time, caused by a number of factors (age, hydration status, conditions
of cardiovascular apparatus, etc.).

A more accurate method is that utilizing a preliminary bolus for estab-
lishing the time of circulation (bolus test). See Chapter 2 for methodological
details.

At present, companies offer signal-intensity tracking systems that detect
the arrival of the contrast medium in real time and allow the operator to opti-
mize the start of the acquisition. The fluoroscopic trigger for example allows a
real time detection of the arrival of the contrast, leaving the operator the task
of starting the acquisition at the most appropriate moment; otherwise there
are also automatic signal-intensity detection systems that start the acquisition
automatically (Smart Prep) once the threshold value of concentration has
been reached in a sampling volume positioned in the vessel of interest [7-8].

By means of an automatic injector (preferred over manual), 0.05-0.3
mmol/kg of contrast medium are administered at an infusion rate of 2-3 ml/sec.
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In selected cases, it can be useful to complete the study with axial acquisi-
tions SE Ti-, T2-weighted and IR with fat suppression; indeed these tech-
niques allow an accurate analysis of the vascular wall and of the endoluminal
thrombosis. In fact when there is the suspicion of a complicated or inflam-
matory aneurysm, such acquisitions have a very high diagnostic significance.
In order to have a better evaluation of the wall, Fast SE “black blood” acqui-
sitions can also be used (see Chapter 9).

11.1.1.3 Data postprocessing

The raw data of the 3D acquisitions are bound to an off-line processing work-
station through the use of dedicated software that yield 2 and 3D images in rel-
atively short times, and with valuable additional information. In particular,
although 3D MIP (Maximum Intensity Projection) reconstructions are highly
diagnostic, the employment of Multiplanar Volume Reconstructions (MPVR)
performed at the level of the origin of the main branches of aorta or of iliac
aa. can further increase the value of the exam. The availability of software that
can elaborate surface and volume reconstructions (Surface and Volume
Rendering) has allowed to create extremely suggestive 3D images; yet, the high
iconographic value of these images does not always truly match the increase
of diagnostic information.

Thanks to the recent application of virtual angioscopys it is now also possible
to “surf” inside the lumen of the aorta and its main collateral branches obtain-
ing endoscopic-like images with 3D visualization of the internal vessel surface.

During the reconstruction, undesired structures can be erased from the
images by digital subtraction of unnecessary data and by increase of contrast
resolution. In reality, the application of this technique is particularly trouble-
some for studies inside the abdomen, as acquisitions in respiratory apnea
generate inevitable discrepancies between the two acquisitions responsible
for artifacts and the following subtraction phase [9, 10]. Generally, the fat sig-
nal saturation is used with a minimum time increase, with a significant trade-
off in terms of signal and contrast/noise ratio.

11.1.2 Phase Contrast MRA (PC-MRA)

The information provided by CEMRA can be further enriched by acquisi-
tions with cardio-synchronized 3D PC images, and especially with 2D PC.
These allow to plot flow and velocity on time curves that produce precise
quantitative evaluation of vascular hemodynamics [3] (see Chapter 10).

In reality, although this technique has found important applications in the
study on stenosing pathology of the kidney artery, its application in the eval-
uation of the abdominal aorta remains, to date, quite limited.
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11.2 Clinical applications

11.2.1 Atherosclerotic and inflammatory aneurysms

Most aneurysms in the abdominal aorta are of atherosclerotic origin and are
usually located below the origin of renal arteries. They usually have a
fusiform shape and, in rare cases, have a saccular morphology. A correct
presurgical evaluation foresees the exact measurement of the vascular diam-
eter in the point of maximum dilation of the vessel and of the superior neck,
and the precise definition of the longitudinal extension of the aneurysm.
Another important parameter is the measure of the caliber of the patent
lumen in cases of thrombotic wall deposit (Fig. 11.2).

Multiplanar reconstruction allows to make very precise measurements
and is extremely useful in the planning of a future surgical intervention [11].

The dimensional characterization of the aneurysm requires that the meas-
ures performed on CEMRA images be integrated with those of the conven-
tional images that allow a better acknowledgment of the external dimensions
of the vessel. It is important to underline that the prognosis of the aneurysm
depends more on the total dimensions of the lesion rather than on the dimen-
sions of the patent lumen, and that the measurements must be taken along a
plane perpendicular to the vessel’s local major axis and not on pure axial
images. In addition, serial investigations must be performed over time to
assess the lesion’s growth rate, which is a decisive factor for evaluating the
risk of rupture.

Presurgical evaluation also requires an evaluation of the spatial relations
among the aneurysm, renal arteries, visceral aa. and iliac aa. and of the pres-
ence of a concomitant steno-occlusive disease of such vessels (Fig. 11.3). Data
concerning the presence of renal accessory arteries (which require a revascu-
larization when the diameter is over 2mm), kidney anomalies, peri-aneurysm

Fig. 11.2. Measurement of the
diameter of an aneurysm and of
the patent lumen. Such meas-

tance: 27.9 m "*30 Distance: 5( urements must be performed

on images perpendicular to the
longitudinal coursing of the
aneurysm
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Fig. 11.3 a, b. Aneurysm of the abdominal aorta: CEMRA acquisition, MIP reconstruction. The
exam documents the site, extension, and relationships of the aneurysm with the renal arteries in an
optimal manner. (a) Aneurysm distal to renal arteries. (b) Aneurysm involving the origin of renal
arteries and of iliac arteries

inflammatory tissue and wall calcifications are indispensable to plan the
proper intervention. A correct evaluation of the presence and extension of
calcifications requires a CT exam (Fig. 11.4).

As to general considerations on the prognostic index, recent studies doc-
ument that the risk of rupture is approx 1% for aneurysms with a diameter of
less than 5 cm, 1.4 % for aneurysms between 5 and 6 cm, and 14-22% for diam-
eters over 6 cm [12]. Another feature of aneurysms that conditions the thera-
peutic choice is the presence of calcifications within the wall that can obsta-
cle clamping and suturing and impair the mechanical support provided to an
endoprosthesis [2, 3].

In view of a percutaneous treatment of the aneurysm with the positioning
of an endoluminal prosthesis, the complete study of the iliac-femoral vessels
is particularly useful, since eventual tortuous courses or stenoses can com-
promise the technical outcome of the operation. Other critical factors are the
length of the neck and its inclination with respect to the more cranial tract of
the vessel, the presence of thrombosis, and calcifications at the level of the
neck where the prosthesis should be anchored.
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Fig. 11.4. The CT scan (a)
demonstrates the presence of a
wide calcified plaque in the
abdominal aorta. At MRI such
calcification is hardly visible in
SE T1-weighted images (b). The
use of cine-GRE acquisitions
allows to define the size of the
patent lumen and the calcified
plaque, which appears markedly
hypointense (c)
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Fig. 11.5 a-d. Axial GRE Ti-weighted image (a) of endoluminar wall thrombosis: the structure
appears in-homogeneous yet hypointense and hardly distinguishable from blood which shows an
intermediate intensity signal due to slow flow. The same image in T2 (b) and FSE-IR (c) better evi-
dences the patent lumen; in the context of the thrombotic material the image evidences a liquid-like
stratum, located on the anterior plane, which is indicative of a recent dissection inside the throm-
bus. Conversely, the non-complicated wall thrombosis shows a hypointense signal. Image (c) also
evidences the oedema of the peri-aortic tissues extended to the left renal recess and its relationship
to the incipient rupture, which was later confirmed by surgery. In a different case the SE T1-weight-
ed sagittal image (d) demonstrates a voluminous aneurysmatic formation of the abdominal aorta,
which shows anteriorly the markedly hyperintense signal due to the presence of met-hemoglobin
within the hematoma in sub-acute phase



11 « Abdominal aorta 365

MRA findings integrate those provided by conventional sequences, and
are absolutely indispensable in occurence of this disease as they allow to
characterize and date the thrombotic component, evidence complications in
the formation of the aneurysm and the eventual involvement of the para-vas-
cular space (Fig. 11.5). A low signal intensity in T1- and T2-weighted images
suggests a non-recent fibrotic thrombosis; the inhomogeneous aspect of the
thrombus is often in relation to bleeding and dissection of the thrombus
which can be dated according to semiological criteria that allow to identify
the different catabolites of hemoglobin (Table 11.1).

The use of Gradient Echo (GRE) sequences can increase the sensitivity in
locating wall calcifications, which however remains much below the sensitiv-
ity given by CT.

Five to twentythree percent of all aneurysms are inflammatory of the
abdominal aorta. With the term “inflammatory” we refer to several
histopathological findings: thickening and fragmenting of the elastic lamina,
loss of smooth muscle cells from the media, presence of dense neovascular-
ized connective tissue surrounding the aortic wall and seeping of lympho-
cytes, plasma cells, and histocites; furthermore, there may be adherences to
visceral organs (duodenum, ureters) [13]. The opinions on the etiology of
inflammatory aneurysms differ. Some authors attribute it to an immunolog-

Table 11.1. MR Signal characteristics of Hemoglobin catabolites

Hemoglobin (Hb) catabolites T1 T2
Oxy-Hb hyper acute phase (0-12 hours) hypo hyper
Deoxy-Hb acute phase (12-72 hours) hypo hypo
Intracellular met-Hb early sub-acute phase (3-5 days) hyper hypo
Intracellular met-Hb late sub-acute phase (7-15 days) hyper hyper
Hemosiderin cronic phase (15 days) hypo hypo

The signal characteristics of hemorrhage depend on the onset and the intensity of bleeding.

At 1.5T, the acute hematoma has an intensity similar to that of muscle in T1, and hypointensity in
T2 owing to the presence of intracellular deoxy-Hemoglobin - a feature that is even more marked
in GRE images.

The sub-acute hematoma shows a hypointense rim produced by hemosiderin, high peripheral
adipose-like intensity, and a small internal nucleus that represents the retracted coagulum. In T2,
the central nucleus increases the signal compared to the peripheral area and the peripheral rim
maintains a low signal. As the internal coagulum matures, its dimensions decrease and the injury
becomes homogeneously hyperintense in T1 and T2 (due to further formation of extra cellular
met-Hb), and appears as surrounded by a hypointense ring.

In the case of effusion, the hemorrhage cannot establish an organized pattern: the blood mixes
with the serous liquids and becomes visible only after the hemorrhage has already become pro-
fuse without, however, manifesting the characteristic features of an intraparenchimal hematoma.
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ical mechanism: antibody reaction to atherosclerotic material, or aspecific
immunological factors towards which the atheromasic and dilated aorta wall
would become permeable; other authors believe there is a relationship with
retroperitoneal fibrosis.

The correct diagnostic picture of this pathology has important implications
on the therapeutic level, since the surgical treatment of aneurysms that have
not been diagnosed correctly is burdened by a high mortality and morbidity
rate compared to the noncomplicated aneurysmatic pathology. Opinions con-
cerning presurgical steroid therapy are contrasting: although the therapy does
reduce the inflammatory reaction, there also seems to be an increased risk of
rupture.

In MR images, the aneurysmatic inflammatory reaction can be recognized
by the elevated signal intensity in T2-weighted images, which can be better
appreciated by fat suppression, and by the marked enhancement following
the administration of a contrast agent.

11.2.2 Dissection

The involvement of the abdominal aorta in a process of wall dissection is, in
the vast majority of cases, a progression of a descending process originating
from the thoracic aorta (see Chapter 9).

When there is a suspicion of aortic dissection, the study by CEMRA
involves the entire aorta, thoracic and abdominal, and can either be per-
formed with a single contrast bolus using multi-station techniques (general-
ly two), or performed in separate studies for the two districts. Technically, the
multi-station technique performed in a single session foresees the use of a
mobile table and the simultaneous use of a surface coil or phased array for
one location, and of the body coil for the other.

Recently, the whole-body angiographic technique has been introduced;
such technique visualizes the entire artery tree of the body with a conse-
quential acquisition utilizing a mobile coil that moves over the patient.

The CEMRA study allows to evidence and approximately evaluate the dif-
ferences in flow of both lumens, if present, and eventually identify the true
lumen. In reality, the differentiation between the true and false lumen is not
always easy and often cannot be determined on the basis of difference in sig-
nal intensity alone. Frequently, the two lumens are distinguished according to
their disposition as the true lumen is often compressed and located backward
and to the left [3,14].

Usually, CEMRA allows to establish the relationships between the true
lumen and the emergence of the splanchnic, iliac, renal arteries, and to eval-
uate the perfusion of the abdominal organs (Fig. 11.6).

The use of appropriate reconstruction algorithms (MIP and MPVR) imple-
ments the informative contents of the exam with an excellent documentation
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Fig. 11.6 a-d. Dissection of the thoracic and
abdominal aorta. Demonstration of the intimal
flap with evidence of true and false lumens in a
3D image (a), in the surface rendering recon-
struction (b), and in the MPVR on the axial (c)
and the sagittal (d) plane that show the emer-
gence from the true lumen of the celiac trunk,
superior mesenteric a. and left renal a.
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on the cranial-caudal extension of the dissection, location of the intimal flap,
and the demonstration of the possible involvement of lateral branches.

Using the MPVR images, it is also possible to differentiate a type B dissec-
tion where thrombotic material has collected inside the false or the true
lumen from an aneurysm with intraluminal thrombosis based on morpho-
logical characteristics: indeed, the interface between flow and the thrombus
appears sharp and, usually, has a spiraling aspect. In some cases endoscopic
reconstruction can provide a better definition of the anatomical details with
high values of sensitivity in identifying of the true and false lumen and their
relationship with the epi-aortic, splanchnic and renal vessels. The virtual
endoscopic images can provide an immediate perception of the dissection,
visualizing location and extension of the intimal flap and of the two lumens.

Lastly, thanks to the employment of 2D cardio-synchronized PC sequences,
it is possible to perform a direct quantification of the blood flow inside the two
lumens.

With no doubt, the main limit to the MRA exam as compared to the angio-
CT, is linked to the scarce sensitivity in detecting calcifications in the aortic
wall, or in the dissected intimal flap. On the other hand, MRA presents an
important advantage of not employing nephro-toxic contrast agents an ele-
ment which must not be underestimated for the high concomitance of
patients with altered kidney function or involvement of renal arteries.

11.2.3 Steno-occlusion

The steno-occlusive pathology of the abdominal aorta finds its main etiolo-
gical factor in atherosclerotic disease. The site typically affected is located
below the renal artery with frequent extension to the iliac arteries and in its
most severe cases, to the femoral arteries (Fig. 11.7). The syndrome of
Takayasu, other non-specific kinds of arteritis, and congenital malformations
represent other causes (definitely more rare) of aortic steno-occlusion. As it
is known, atherosclerotic disease can determine wall alterations (atheroscle-
rotic plaques of large dimensions or complicated by thrombosis) that can
cause severe reductions of the lumen caliber of the aorta. Diabetes, and ciga-
rette smoke can dramatically worsen the picture.

The Leriche’s syndrome is a disease of the infrarenal aorta and common
iliac arteries that sometimes becomes complicated with the complete occlu-
sion of these vessels. The symptomatology of this syndrome is characterized
by the absence of femoral pulses, by gluteal claudication, impotency, and
when the picture persists over time by hypotrophy of muscular masses of the
lower limbs.

In the case of Leriche’s syndrome complicated by occlusion, MRA can
document stenoses and irregularities in the abdomen wall and the bifurcation
providing useful information on the degree, site and extension of the obstruc-
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Fig. 11.7 a, b. The CEMRA test with MIP documents the atheromasic engagement of the abdomi-
nal aorta with medium-severe stenoses at the origin of the left common iliac a., which is well visi-
ble in the coronal image (a), and engagement of the celiac trunk, which is visible in the reconstruc-
tion obtained on sagittal plane (b)

tive disease; in addition MRA allows to visualize possible compensative col-
lateral circles and vessels of the distal vascular run-off (Fig.11.8). CEMRA can
diagnose vascular occlusions correctly with sensitivity and specificity values
of 100% at the level of the juxta-renal aorta, and of 100 and 98% at the levels
of the common iliac aa. The protocol for the MR study on patients with aor-
tic steno-occlusive disease also foresees the employment of late T1-weighted
axial acquisitions that not only allow to document the presence and the loca-
tion of the atherosclerotic plaques, but also to unveil the possible etiology of
the inflammatory obstruction (e.g. arteritis of Takayasu) showing a charac-
teristic, pathologic, late peri-aortic contrast enhancement. For what concerns

Fig. 11.8. Leriche’s syndrome: CEMRA, MIP and
reconstruction on axial plane. The abdominal
aorta appears completely occluded immediately
after the origin of the renal aa. More distally, the
iliac axes are visible in proximity to the bifurca-
tion through collateral circulation
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the characterization of the wall thrombosis, the use of T1- and T2-weighted
basal acquisitions allows to discriminate organized (low signal intensity both
in T1 and T2), disorganized (high signal in T1 and T2), and mixed thrombotic
material.

11.2.4 Control of vascular stents/prostheses

The role of MRA and in particular of CEMRA in the control of vascular stents
and prostheses used in revascularization interventions and in the treatment
of the steno-occlusive and aneurysmatic pathology of the abdominal aorta is
still to be clearly defined. The artifacts of magnetic susceptibility generated
by the ordinary metallic endoprotheses (Fig. 11.9) and the risk of complica-
tions linked to a dislocation or deformation of the prosthesic device during
MRI exam have with no doubt contributed to delaying the large-scale appli-
cation of angio-MR methodologies in the follow-up of patients who have
undergone stenting procedures.

Nonetheless, the recent introduction of prostheses made of MR-compati-
ble materials (e.g. nitinol) has demonstrated the degree of safety and reliabil-
ity of CEMRA in evaluating the positioning of aortic prostheses (Fig. 11.9),
particularly in the more complicated cases in which an invasive procedure
with DSA would be unfeasible [15-17].

The visualization of stents and graft-stents is indeed linked to the geome-
try and metallic composition of the device: nitinol stents do not provoke sig-
nificant distortions of angio-MR signal and are, therefore, well identified in
SE-T1 and FSE-T2 acquisitions and do not disturb the CEMRA image; con-
versely, steel stents cause a total lack of signal because of the artifact by mag-
netic susceptibility that makes the direct visualization of the device and of
the flow inside it impossible. In the case of nitinol stents, which can be visu-
alised by MRA, the use of particularly short echo times (TE <2 msec) for 3D-
Fast SPGR acquisitions, further reduces magnetic susceptibility artifacts,
with a significant increase of the diagnostic confidence values of the CEMRA
exam.

The protocol for the MRI study on the control of prostheses and stents
positioned at the level of the abdominal aorta foresees axial acquisitions SE
T1-weighted and FSE T2-weighted images obtained at the level of the abdom-
inal aorta and of the iliac arteries,a CEMRA study of the aortic-iliac district
performed in double arterial and venous acquisition, and lastly a late SE T1-
weighted axial image.

The use of axial sequences performed before and after the administration
of contrast agent allows to evaluate retroperitoneal peri-aortic tissues and to
have a correct diagnostic picture of any future complications (periprosthesic
hematoma, abscess, thrombosis, pseudoaneurysm). The CEMRA studies fea-
ture high sensitivity values in the evaluation of the patency and in the docu-
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Fig. 11.9 a-c. Follow-up on aortic prostheses
using CEMRA. Steel aortobisiliac prosthesis (a,
b): the complete lack of signal, prevents the visu-
alization of the prosthesic device and of the flow
inside it. Aortobisiliac prosthesis in MR-compat-
ible material (c): the lack of artifacts due to mag-
netic susceptibility allows an optimal visualiza-
tion and demonstration of the regular patency of
the device. The image also documents the paten-
cy of the bypass between the aorta and the left
renal a.

mentation of deformations of the prosthesis; in addition they provide a com-
plete visualization of the entire aorto-iliac axes and collaterals. CEMRA is
also accurate in the demonstration of eventual periprosthesic supply
(endoleaks). The endoleak, defined as flow inside the aneurysmatic sac out-
side the lumen of the endoprothesis, represents the major limit to the techni-
cal success during endoluminal treatment of the aortic aneurysms.
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Fig. 11.10 a, b. Patient with endoprosthesis for
aortic aneurysm. Type 2 endoleak. The lumbar
branch supplying the aneurysmatic sac can be
recognized in the sagittal (a) and axial (b)
reconstruction

According to White’s classification, endoleaks are distinguished in four
different types: type 1 is caused by a defect in the proximal (1a) or distal (1b)
anchorages; type 2 has the sac supplied by collateral branches of the aorta
(Fig 11.10); type 3 is caused by defects of the prosthesis or by incomplete
anchoring (sealing) between the components of modular prostheses; and
lastly, type 4 is linked to the microporosity of the prosthesis.

Recent studies documented in literature have underlined the particularly
high sensitivity values of angio-CT and CEMRA, which are virtually similar
in the demonstration of proximal migration retraction or disconnections of
the prosthesis wall, typical in endoleaks of type 1 and 3; such studies also
report higher sensitivity on behalf of the CEMRA technique as compared to
the CT techniques in the documentation of small type 2 endoleaks [18]. The
employment of late T1-dependant acquisitions provokes a further increase in
diagnostic confidence values.

With no doubt, the major drawbacks of this methodology, compared to
angio-CT, are linked to the less-than-optimal visualization of the prostheses
in terms of morphology and structure, which is accompanied by a sometimes
difficult definition of the proximal and distal anchorages. In addition, the CT
exam provides a better evaluation of the aneurismal sac, allowing to docu-
ment more precisely any morphological or volume changes of the sac.
Conversely, angio-MR offers remarkable advantages linked to the absence of
ionizing radiations and nephro-toxic contrast mediums.
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Thanks to the ever growing availability of MR-compatible prostheses, the
scarce invasiveness of the methodology, and the high sensitivity in evaluating
the patency parameter and in reporting eventual complications, it is likely
that CEMRA may be inserted in the follow-up of patients who have under-
gone stenting procedures [19]. To date, however, the standards of all follow-up
protocols foresee evaluation by echo-Doppler and angio-CT exams.

11.2.5 Retroperitoneal fibrosis

This is an insidious pathologic process characterized by the proliferation of
fibrous tissue on the posterior side of the retroperitoneus, which tends to
envelope vessels and ureters. Although approximately two thirds of cases are
idiopathic, there is a recognized association between some drugs (methy-
sergide), mechanical trauma (pulsating aneurysm, surgical intervention),
autoimmune diseases (mediastinic fibrosis, arteritis) and primitive or
metastatic tumors.

Characteristically, such tissue involves the peri-aortic soft tissue that is
delimited antero-laterally by the peritoneum, saving the posterior vascular
wall and extending bilaterally; the unilateral aspect must be considered as
an evolutionary phase of the process. Usually the fibrotic tissue is found in
the lumbar region extending to the aortic bifurcation embracing the aorta
and vena cava without dislocating them; frequently the iliac vessels are
involved, as are the ureters that are attracted medially and compressed by
the fibrosis with consequent hydronephrosis. The lateral extension, which is
often asymmetrical, reaches the external edge of the psoas muscle while
more widespread forms may involve the root of the mesenteric a. and the
bordering organs or go beyond the diaphragm hiatus and reach the chest
where the process become visible under the form of mediastinic fibrosis.
The extension can reach the pelvic area determining contraction of the rec-
tus-sigma. Histologically, there are different possibilities that vary from an
inflammatory tissue in florid phase to a fibrotic hyaline acellular tissue reac-
tion.

In agreement with different histological pictures, MRI findings also vary:
a low intensity of the T1 and T2 signal reflects a mature and quiescent fibro-
sis stage , formed by collagen and few cells, while hyperintensity in T2 indi-
cates a florid phase with hypercellularity and vascularization of the diseased
tissue. Likewise, the detection of the contrast agent will depend on the stage
of the pathological process (Fig. 11.11). The study of angio-MR documents any
aortic-iliac dilatations or narrowing and, whenever appropriate, an MR uro-
graphy of the urinary excretory tract is performed.

The added value of MRI compared to other imag