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Foreword

Indirect angiography following intravenous bolus injection of iodinated contrast media 

entered clinical practice as an alternative less-invasive method to direct (arterial) 

angiography  when digital substraction X-ray techniques became available.

Because of its technical shortcomings, IVDSA was later replaced by CT angiography 

as another less-invasive modality for vascular imaging. The introduction of multislice 

CT scanners and rapid progress in electronic image reconstruction allowed CT angiog-

raphy to become the actually well-known, highly performing, and reliable radiological 

modality.

MR angiography offers better patient safety than CT angiography because of the 

absence of ionizing irradiation. As compared with ultrasound vascular imaging, it offers 

and superior accuracy as well as better contrast resolution.

This book offers a comprehensive overview of the latest technological advances in 

MR angiography, including up to date image acquisition techniques as well as optimal 

sequences. Special attention is given to fl ow-based angiography, optimal and safe use of 

MR contrast media, rapid and reliable image procession, as well as to the correct inter-

pretation of  common artifacts.

The main section of this book is devoted to the current clinical applications of MR 

angiography in the different body organs and anatomic regions as well as to the impor-

tant role of this method in the managing of transplant patients. The book is exquisitely 

illustrated with multiple high-quality demonstrative cases and as always presented in 

technically  impeccable printing and lay out

The editors are internationally well known for their superior and longstanding 

knowledge in MR angiography and image procession. They are supported by a group of 

distinguished collaborating authors, who are also experts in the fi eld.

I am very much indebted to the editors and especially to E. Neri for preparing this 

outstanding volume in a record short time period, which enabled them to include the 

latest technical advances in this rapidly evolving important radiological method.

It is highly recommended to general and organ specialized radiologists as a most 

welcome update of their knowledge and as a practical guide in their daily practice. I am 

convinced that this volume, which nicely completes the list of topics dealt with in our 

series, will meet appropriate interest and  success with our readers.

Leuven, Belgium Albert L. Baert



Preface

Magnetic resonance angiography, in short MRA, is a fast growing imaging procedure 

that fi lls many sessions of our busy MR suites.

However, at early introduction, when only unenhanced sequences could be acquired 

by using phase contrast and time-of-fl ight, MRA was considered just an optional tool 

that could be used to complement a standard MRI examination.

Nowadays, the technique is a well-established noninvasive angiographic examina-

tion, substitutive of conventional diagnostic angiography and of paramount importance 

in many clinical situations.

The use of contrast-enhanced sequences has improved both contrast and spatial res-

olution, making MRA a key imaging tool in the study of abdominal aorta and peripheral 

vessels, where it plays a signifi cant role in the planning of interventional procedures.

Moreover, MRA is increasingly moving toward the study of more complex clinical 

situations, as in the case of transplantation surgery.

This book was made possible because of the valuable contributions of many out-

standing experts in this fi eld, and it covers all the relevant clinical applications of MRA 

in the study of the whole body. Starting from the basic imaging techniques, it moves to 

a detailed description of the vascular anatomy and deals with the most appropriate 

strategies for the diagnosis of vascular pathology.

We hope that this book may help practicing radiologists in making the best use of 

this exciting methodology, and encourage referring physicians to include MRA in the 

diagnostic work-up of their patients.

Pisa, Italy Emanuele Neri

 Mirco Cosottini

 Davide Caramella
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In the evaluation of vessel lumen, MR sequences can 
be applied in order to detect fl ow. These sequences 
are based mainly on three principles: (a) using the 
infl ow into the slab of fresh spins, which are not sub-
jected to all the radiofrequency pulses, unlike the sta-
tionary tissue: time-of-fl ight phenomenon; (b) 
detecting the phase changes of moving spins sub-
jected to a gradient: phase contrast; (c) optimizing an 
ultrafast spin echo or gradient echo sequence, in 
order to obtain bright signal from blood due to its T2 
properties.

In all three techniques, the signal and resulting 
image are produced by physiological fl ow, and these 
methods will be degraded by artifacts in case of com-
plex or turbulent fl ows [1].

In general, the MR angiography techniques use 
sequences derived from T1-weighted gradient echo 
sequences. In fact vessels generally appear as hypo-
signals in spin echo sequences because of the outfl ow 
effect. The spins in the blood are excited during the 
slice selection pulse. At time TE/2, the fl owing spins 
move out of the slice and are not subjected to the 
180° pulse: therefore they do not give any signal in 
the original voxel (signal void). When the fl ow is tur-
bulent and not laminar, some spins are back in the 
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Angelo Vanzulli

Angelo Vanzulli, MD
Niguarda Cà Granda Hospital, Piazza Ospedale Maggiore 3, 
20162 Milano, Italy

ABSTRACT

MR imaging is particularly suited to depict vessels 
and this can be obtained using sequences that 
highlight fl ow. In the era of nephrogenic sistemic 
fi brosis these unenhanced sequences are used 
more frequently than in the past.

These sequences are based on three principles: 
time of fl ight, phase contrast, and fresh blood 
acquisitions. The physical principles of these 
acquisitions are explained in order to understand 
the basis of MR angiography.
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original voxel at the time of the echo refocusing and 
give some signal (artifact) [2].

1.1

Time of Flight (TOF) MR Angiography

In time-of-fl ight MR angiography [3],  gradient-echo 
sequences are optimized to favor the vascular signal 
over that of the surrounding tissues by saturating 
the stationary tissue signal with very short TR (TR 
largely inferior to the tissues T1). The longitudinal 
magnetization of these tissues does not have time to 
regrow after some 90° pulses and after their signal 
weakens. The fl owing spins coming into the slice 
volume have not been saturated yet, giving high sig-
nal intensity. The strength of the vascular signal is 
proportional to the fl ow velocity (faster fl ow gives 
higher signal intensity) and depends on the length 
and orientation of the vessel (the vascular signal 
will be higher if the slice is perpendicular to the axis 
of the vessel) due to shorter travel of the spins into 
the slice volume. In the case of a long vessel tract 
traveling into the slice, fl owing spins will receive 
many saturating pulses, lowering the signal they 
can return from them. The shorter the TR and the 
higher the fl ip angle, the stronger is the stationary 
tissues suppression, but slow fl owing spins can also 
be suppressed. A longer TE causes dephasing of the 
fl owing spins, lowering vessel signal intensity. An 
increased slice thickness also causes a longer travel 
of the fl owing spins into the imaging plane with 
some degree of vessel signal loss due to the progres-
sive saturation of the spins.

The main limitations of time-of-fl ight MRA are 
signal loss linked to spin dephasing when the fl ow 
is complex or turbulent (stenosis), when the fl ow is 
too slow or oriented parallel to the slice plane and 
poor signal suppression of the stationary tissues 
when substances with very short T1 relaxation time 
are present (fat, blood degradation products) [4]. 
Vascular contrast can be improved by suppressing 
the signal coming from static tissues, by means 
of a magnetization transfer preparation pulse or 
by selective excitation of water, or by fat satura-
tion [5].

To selectively visualize arterial or venous fl ow, 
presaturation bands can be applied upstream to the 
selected slice (arterial suppression to detect venous 
fl ow only) or downstream to the selected slice (venous 
suppression).

Time of Flight MR angiography can be obtained 
in 2D or 3D mode.

In 2D acquisition, single thin slices are obtained 
in sequential order while in 3D acquisition, a thicker 
slice is excited and many single partitions are recon-
structed from this thick slab by different phase 
encoding steps. The main advantage of the 2D tech-
nique is better sensitivity to slow fl ows (shorter travel 
of the moving spins into the slice), with the possibil-
ity of using higher fl ip angles (giving better station-
ary tissue saturation). The main drawback of 2D 
acquisition is poor through plane spatial resolution 
due to the thickness of the slices.

Contrary to the 2D TOF and 3D TOF, volumetric 
imaging gives good spatial resolution in all spatial 
directions, with a better signal-to-noise ratio, but 
the fl owing spins travel through a thick volume, 
with progressive signal loss due to in-plane satura-
tion. The slowest fl ows are more sensitive to this 
artifact. Flow saturation can be reduced by (a) 
dividing 3D acquisition into thinner slabs (MOTSA: 
multiple overlapping thin slab acquisition), (b) by 
using a variable excitation angle that is lower as the 
fl ow enters the volume and higher as it leaves the 
volume (TONE: tilted optimized nonsaturating 
excitation), thus compensating relaxation of short 
T1 tissues.

1.2

Phase Contrast (PC) MR Angiography

Phase contrast angiography relies on dephasing the 
moving spins submitted to a bipolar gradient in 
gradient echo acquisitions. In the presence of a 
bipolar gradient of a given intensity and time, the 
moving spins will dephase in proportion to their 
velocity while stationary spins will be dephased and 
rephased by the opposite gradients, returning to 
their original status. So the fl ow velocity is propor-
tional to the phase shift and the stationary tissues 
phase shift is null.

Similar to spatial encoding in the phase direction, 
the possible phase values range from −p to +p. 
Beyond this range of values, aliasing occurs, causing 
wrong velocity encoding [6].

The encoding gradient characteristics are thus 
defi ned in order to encode fl ows within a certain 
velocity range from −venc to +venc; this range has to 
be determined by the user before acquiring the data. 
Any velocity outside this range will be poorly encoded 
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(similar to what happens in pulsed and color Doppler 
with pulse repetition frequency-PRF). The bipolar 
gradients are applied in a particular axis (x, y, or z) 
and the dephasing of the spins moving along the gra-
dient axis is proportionate to their velocity, gradient 
intensity and the application time of a gradient lobe. 
Magnetic fi eld heterogeneities can cause stationary 
spin dephasing. To compensate for these dephasings, 
a second acquisition is obtained, reversing the order 
of the encoding gradient lobes, and subtracting the 
two acquisitions: the moving spins will cumulate 
dephasings in the opposite direction, while dephas-
ing of stationary spins due to fi eld heterogeneities 
will be identical for both acquisitions, disappearing 
in subtraction.

To depict the movements in all the directions 
of space, the acquisitions are repeated with fl ow-
encoding gradients in each of the three spatial direc-
tions. An additional acquisition with no fl ow-encoding 
gradient will serve as a reference.

The images acquired with fl ow-encoding gradient 
are summed to depict fl ow in all directions and sub-
tracted from the reference image without encoding 
gradient. With this subtraction only vessels are depicted, 
as well as those that run parallel to the imaging plane.

Phase data allow the measurement of fl ow velocity 
and direction [7].

The limitations of this technique relate to intra-
voxel dephasing in case of complex or turbulent fl ow 
with loss of fl ow signal in the presence of vascular 
loops, bifurcations, or stenoses.

Phase contrast MRA can be obtained from a thick 
slab 2D acquisition, allowing synchronization with 
ECG pulse (cine MR phase contrast angiography) or 
allowing to test different fl ow velocities for further 
3D longer acquisitions.

To obtain a quantitative evaluation of fl ows, the 
slice plane has to be perpendicular to fl ow direction. 
Thus a fl ow velocity curve can be obtained as a func-
tion of time, which, when coupled with the area of the 
vessel section, will permit one to calculate fl ow rate.

In phase contrast 3D MR angiography, each parti-
tion is encoded in three directions, resulting in long 
acquisition time.

The 3D acquisition gives thinner partitions 
with better image quality than in 2D single-slice 
technique.

Because Phase Contrast MR Angiography is more 
sensitive than time-of-fl ight to slow fl ow, its main 
application is cerebral venous imaging. The scan 
time of these sequences can be greatly reduced by 
parallel imaging [8].

1.3

T2-Based MR Angiography

These MR angiography techniques are based on two 
different sequences: a very short TR-TE gradient echo 
acquisition called balanced fast gradient echo (or tru-
FISP) and a 3D half-fourier fast spin echo sequence 
prospectively synchronized with ECG pulse.

The fi rst technique (balanced fast gradient echo) 
relies on an ultrafast gradient echo sequence in which 
the TR value is exactly equal to 2TE. This causes the 
production of a stimulated spin echo signal every three 
gradient echo read-out which gives a particular high 
signal for fl uids and blood (proportional to T2/T1).

This sequence allows the detection of the vessel, 
but fl uids also have the same high signal intensity, 
preventing one from obtaining MIP images.

The other MRA technique based on T2 relaxation of 
blood is based on a 3D ultrafast half Fourier spin echo 
acquisition with prospective ECG synchronization and 
fat suppression with an inversion pulse (STIR) [9].

The half Fourier spin echo sequence is fast (less 
than 1 s per slice) and its movements are insensitive. 
The center of k-space is fi lled by precocious echo 
(short effective TE) in which the fl ow-induced dephas-
ing has not reduced the vascular signal yet. The acqui-
sition plane is parallel to the axes of the vessels. The 
phase encoding direction is chosen parallel to the 
axes of the vessels in order to prevent the read-out 
gradient from weakening the vascular signal.

Prospective ECG synchronization triggers acquisi-
tions at the same moment in the cardiac cycle. The 
optimal interval between R wave of the ECG and 
acquisition is determined by a prior calibration 
sequence and optimized for the vessel of interest. This 
interval is chosen with different 2D images obtained 
with different time delays.

A 3D acquisition with a time delay adjusted to 
obtain signals from slow fl owing venous vessels can 
be used as a reference and be subtracted from the 
arterial acquisition to depict only arteries.

STIR preparation reduces the signal from the sur-
rounding fat tissues.
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Contrast agents for magnetic resonance imaging reached clin-
ical validation in 1988 and were initially employed for the vi-
sualization of diseased tissues. MR angiography imaging was 
related to fl ow-based phenomenon until the introduction of 
MRA with contrast agents in early 1990s (Creasy et al. 1990).

2.1

Magnetic Properties

MR contrast agents are represented by molecules 
endowed with not-null magnetic properties, which act 
by affecting the relaxation times of the surrounding 
water protons.

ABSTRACT

Gadolinium-based agents are the most widely 
employed agents for CE-MR angiography. They act 
as positive paramagnetic substances, thus they 
increase the vascular signal by strongly reducing 
the T1 relaxation time of blood. Several Gd-based 
agents have been approved for clinical application 
to date. On the basis of their distribution, Gd-agents 
are subdivided into extra-cellular fl uid (ECF) and 
blood-pool agents.

Conventional ECF agents have been employed 
for long time in vascular imaging. Given their 
brief plasma half-life, they require a careful tim-
ing of the MRA acquisition in order to properly 
sample the contrast bolus fi rst pass. 

Blood-pool agent have been recently intro-
duced. They are characterized by high relaxivity 
constants. Since they persist in the vascular com-
partment for a quite long time, blood-pool agents 
allow the steady state acquisition of angiograms 
with higher spatial resolution. 

MR Angiography Contrast Agents 2

Ilaria Pesaresi and Mirco Cosottini

Ilaria Pesaresi, MD
Diagnostic and Interventional Radiology, Department of 
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The magnetic property of a substance derives 
from the existence of unpaired electrons within the 
externals orbitals, a typical characteristic of transi-
tional metal (e.g., iron, manganese) and lanthanide 
ions (e.g., gadolinium). The number of unpaired elec-
trons infl uences the magnetic moment of a substance, 
which refl ects the effi ciency of that substance to 
modify the environmental magnetic fi eld (magnetic 
susceptibility).

Substances with not-null magnetic properties 
are divided into paramagnetic, ferromagnetic, and 
superparamagnetic. Paramagnetic substances acquire a 
net magnetism only when exposed to an external 
magnetic fi eld. They are made of multiple ions 
which act as isolated magnetic dipoles without 
reciprocal magnetic interaction, so that the overall 
net magnetization is given by the sum of single ion 
magnetizations.

Ferromagnetic and superparamagnetic materi-
als are characterized by a cooperative interaction 
among the constituting magnetic elements so that 
the resulting magnetic fi eld is much higher than the 
sum of the single dipoles. While superparamagnetic 
materials acquire a net magnetic fi eld only when 
submitted to an external magnetic drift, ferromag-
netic ones maintain a net magnetism even under 
neutral external conditions. Iron oxides may exhibit 
either superparamagnetism (when arranged in 
small particles) or ferromagnetism (when orga-
nized in large crystals).

2.2

Relaxivity

All contrast agents shorten both T1 and T2 relaxation 
times of surrounding protons. This effect on proton 
relaxation is ruled by the relaxivity constant, which 
indicates the contrast agent’s ability to decrease the 
T1 (longitudinal relaxivity, r1) and T2 (transversal 
relaxivity, r2) relaxation times of the water protons 
per unit (mM) concentration of metal ion.

The relaxation effect differs for paramagnetic, super-
paramagnetic, and ferromagnetic contrast agents.

2.2.1
Paramagnetic Contrast Agents

The relaxation effect of paramagnetic substances in 
solution is mainly realized through dipolar interac-
tions between the paramagnetic ions and the  hydrogen 

molecules of water belonging to the so-called inner 
sphere. Indeed, paramagnetic contrasts can be mod-
elled as isolated ions surrounded by an inner and an 
outer sphere of interacting water molecules. While the 
energetic transfer between the metal ion and inner 
sphere water molecules is explained by dipolar inter-
actions, the relaxation effect on outer-sphere mole-
cules is explained by the Curie-spin relaxation theory 
(Gueron 1975; Muller et al. 2001; Caravan and 
Randall 2006).

The relaxation effi ciency (i.e., relaxivity) of para-
magnetic materials is governed by many factors such 
as the magnetic moment of the ion, the number of 
water molecules within the inner-sphere and the rate of 
exchange among the inner sphere and the bulk solvent. 
Moreover, the local magnetic fi eld generated by the ion 
must fl uctuate at a rate (w

i
) close to the hydrogen 

Larmor frequence (w
H
) in order to stimulate hydrogen 

relaxation.
As free metal and lanthanide ions are embedded 

into chelates to avoid in vivo toxicity, contrast agent 
relaxivity is infl uenced by both paramagnetic ion and 
molecular ligands properties.

In particular, ligands infl uence the number of water 
molecules within the inner sphere and the fl uctuation 
rate of the ionic magnetic fi eld w

i.
.

Paramagnetic agents modify proton relaxation 
according to the following equations:

 1/T1 = 1/T1
0
 + r1 × C (2.1)

 1/T2 = 1/T2
0
 + r2 × C (2.2)

where T1 and T2 identify the fi nal relaxation times in 
the presence of the contrast agent, T1

0
 e T2

0
 the initial 

relaxation times, C the molar concentration of the 
contrast agent, r1 and r2 the longitudinal and trans-
versal relaxivity respectively of the contrast agent.

For all medically used paramagnetic contrast agents 
r2 is higher than r1. However, as 1/T1

0
 is lower than

1/T2
0
, a dominant effect on T1 relaxation is observed.

2.2.2
Superparamagnetic and Ferromagnetic 
Contrast Agents

The relaxation effect of superparamagnetic and fer-
romagnetic agents is not based on direct dipolar inter-
actions. These agents are constituted by particles of 
variable dimension which form a stable suspension. 
As no water molecules are admitted within the parti-
cles, direct interactions between ions and water mole-
cules are prevented. The relaxation effect is exerted on 
water molecules diffusing near the particles (the outer 
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sphere) through the Curie-spin relaxation (Muller 
et al. 2001; Gueron 1975).

Most superparamagnetic and ferromagnetic agents 
are made of iron oxide crystals enveloped by a dextran 
or siloxan coating which prevents agglomeration. 
Each crystal is made of several thousands of magnetic 
ions which interact cooperatively so that the  magnetic 
moment of the entire crystal tends to align with the 
external magnetic fi eld.

Ultrasmall particles of iron oxides (USPIOs) con-
tain a single iron oxides crystal within the particle 
core and show a superparamagnetic behavior. Small 
particles of iron oxide (SPIOs) contain multiple iron 
oxide crystals within the particle core and behave as 
ferromagnetic agents.

Relaxivity constants are strictly infl uenced by the 
particles core dimension. In particular, r2/r1 ratio 
increases with increasing particle size; thus smaller 
particles are much better T1-shortening agents than 
larger ones (Roch et al. 1999).

USPIOs show high r1 and r2 values, so they can be 
employed to either increase signal intensity on T1- 
weighted images or decrease signal on T2-weighted 
images.

SPIOs are characterized by the highest r2 con-
stant, and then they cause a dramatic signal drop on 
T2-weighted images.

To sum up, paramagnetic substances are classifi ed 
as T1 agents or positive agents because they relevantly 
increase signal intensity on T1-weighted images. 
Ferromagnetic agents (SPIOs) are classifi ed as T2 
agents or negative agents as they cause a signal drop 
on T2-weighted images. Superparamagnetic agents 
(USPIOs) can be classifi ed as T1 or T2 agents as they 
can either increase signal intensity on T1-weighted 
images or decrease signal on T2-weighted images.

2.3

Susceptibility Eff ect

Even if contrast agents are generally exploited for 
their effect on proton relaxation, they can also exert a 
relevant susceptibility effect (T2* agents).

All contrast agents locally increase the static mag-
netic fi eld (effective magnetic fi eld). If fi eld inhomoge-
neities reach a suffi cient strength, they can signifi cantly 
affect signal intensity by broadening the Larmor fre-
quency and fastening the protons dephasing within 
a voxel. This effect is most evident with long TE (on 
T2-weighetd images) as intravoxel dephasing and 

 diffusion of water molecules through regions of vari-
able magnetic fi eld become more evident (Caravan 
and Randall 2006).

The existence of strong fi eld inhomogeneities sub-
sequent to contrast agent administration can be due 
to crystals aggregation, as observed with SPIOs, or 
due to compartmentalization.

Ferromagnetic, superparamagnetic, and paramag-
netic agents can all undergo compartmentalization in 
tissues or vessels and manifest a medically relevant 
susceptibility effect.

2.4

Contrast Agents for Vascular Imaging

Vascular MR contrast agents for clinical application 
are mainly represented by positive paramagnetic 
agents. Few studies have dealt with superparamagnetic 
iron oxides for vascular imaging, however, to date these 
agents have generally been restricted to the investiga-
tion of the reticulo-endothelial-system (RES).

2.4.1
Paramagnetic Gadolinium Agents

Most contrast agents approved for human applica-
tions are gadolinium-based. Gadolinium is a lan-
thanide ion endowed with a high magnetic moment 
and a proper magnetic fi eld fl uctuation rate which 
result in a high relaxivity constant. Given its high 
toxicity, gadolinium needs to be embedded into che-
lates to be administered in vivo. Different gadolinium 
chelates show different relaxation properties and dif-
ferent biodistribution and must be subdivided into 
extracellular fl uid (ECF) and blood-pool agents.

2.4.1.1
Extracellular Fluid Agents

ECF agents represent the fi rst generation of clinically 
approved gadolinium contrast-agents and their role 
in contrast-enhanced magnetic resonance imaging is 
well established. They are characterized by a brief vas-
cular phase, then they rapidly equilibrate in the extra-
cellular space (distribution half-life of about 5 min) 
reaching roughly the same concentration in the vas-
cular and interstitial compartments.

Given their brief vascular phase, the adoption 
of ECF agents for MR angiography implies a careful 
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 timing and a fast imaging in order to capture the con-
trast bolus fi rst pass in the arterial district.

The clearance of ECF agents is mainly mediated 
by the renal system, with an elimination half-life of 
about 80 min.

All gadolinium ECF agents are characterized by an 
eight-coordinate ligand binding to gadolinium (III) 
to prevent the release of ions in solution. Gadolinium 
ligands are represented by small molecules (polyamin-
ocarboxylate/phosphonate derivatives) which differ 
in their electrical charge, either neutral or negative, 
and in their chemical structure, either cyclic or linear 
(Table 2.1 and Fig. 2.1).

Neutral chelates allow lower osmolarity in solu-
tion with respect to the ionic ones and can be formu-
lated at high-concentration.

Linear chelates have been reported to present a 
slightly lower thermodynamic stability with respect 
to cyclic complexes and they might theoretically facil-
itate the release of gadolinium ions because of bio-
chemical competitions for the binding site (Wiginton 
et al. 2008). However, no evidence of relevant effects 
in vivo has been reported.

Despite different chemical structures, ECF agents 
are characterized by almost the same relaxation 
properties, biodistribution, and plasma half-life.

ECF agents are employed in contrast-enhanced 
MRA for bright blood imaging. Their effect on T1 
relaxation is ruled by (2.1) and thereafter, it linearly 
depends on the concentration of contrast agents. 
While performing CEMRA examination, the concen-
tration of contrast media within the vessel depends 

Fig. 2.1. Chemical structure 
of gadolinium-based extra-
cellular fl uid (ECF) agents
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Table 2.1. Gadolinium-based extracellular fl uid contrast agents approved for marketing

Type Generic name Trade name Chemical 
abbreviation

Chemical 
structure

R1 
(0.5 T, 37°C) 
(1/mM/s)

R2 
(0.5 T, 37°C) 
(1/mM/s)

Osmolaritya 
(Osm/Kg)

Ionic Gadopentate 
dimeglumine

Magnevist 
(Bayer Schering)

Gd-DTPA Linear 3.8 3.8b 1.96

Gadoterate 
meglumine

Dotarem (Guerbet) Gd-DOTA Cyclic 3.6 4.8 1.35

Neutral Gadodiamide Omniscan 
(GE Healthcare)

Gd-DTPA-BMA Linear 3.9 4.3b 0.79 − (1.90)

Gadoteridol Prohance (Bracco) Gd-HP-DO3A Cyclic 3.7 4.8b 0.63 − (1.91)

Gadobutrol Gadovist 
(Bayer Schering)

Gd-BT-DO3A Cyclic 3.6 0.57 − (1.39)

Gadoversetamide OptiMARK 
(Mallinckrodt)

Gd-DTPA-BMEA Linear 4.7 1.11

aOsmolarity values at 0.5 M concentration, except those in parentheses (1 M concentration)
bRelaxivity at 0.5 T
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not only on contrast media formulation but also on 
physiological parameters as well as the injection rate 
and the contrast amount, as detailed in Chap. 7.

Contrast agents formulated at high concentration 
potentially allow higher relaxation effects. However, 
they modify the bolus geometry by reducing the bolus 
length and are thus particularly suited for fast angio-
graphic imaging.

2.4.1.2
Blood-Pool Agents

While ECF agents rapidly leak out from the vascular 
compartment, the blood-pool agents (BPAs) are con-
fi ned within vessels for a quite long time.

In order to keep gadolinium contrast complexes 
within the vascular compartment, two main approaches 
have been adopted. The fi rst approach consists in 
increasing the size of gadolinium ligands (large-size 
BPAs) and the second one in utilizing small gadolinium 

ligands reversibly bound to plasma proteins (small-
size BPAs).

Large-size BPAs were initially obtained through 
covalent binding of gadolinium to macromolecules 
such as polylysine, dextran, or modifi ed bovine serum 
albumin. These compounds showed a negligible leak-
age in the extravascular compartment and provided 
optimal vascular imaging. Moreover, they were asso-
ciated with very high gadolinium relaxivity because 
large-size ligands lessen the gadolinium magnetic 
fi eld fl uctuation rate and favor energetic exchange 
between the protons and gadolinium. Despite such 
promising features, large-size BPAs did not achieve 
clinical approval as they were limited by a very-slow 
blood clearance and by potentially dangerous immu-
nologic effects.

To overcome these problems, a second generation 
of large-size BPAs has been developed. This new class 
of BPAs agents (Table 2.2 and Fig. 2.2) is made of gad-
olinium complexes large enough to persist within ves-
sels for long time but small enough to be excreted 

Fig. 2.2. Chemical struc-
ture of some gadolinium-
based blood-pool agents
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Table 2.2 Gadolinium-based blood pool agents approved for marketing or under clinical investigation

Type Generic name Trade name Chemical 
abbreviation

Affi nity for 
albumin

Bound-
fraction 
(%)

R1 
(0.5 T/37°C) 
(1/mM/s)

R2 
(0.5 T/37°C) 
(1/mM/s)

Large-size
BPAs

Gadomer 17,24 Gadomer-17 
(Bayer Schering)

Gd-DTPA-17 
cascade polymer

– – 11.9a 16.5a

Gadomelitol Vistarem 
(Guerbet)

P792 – – 45 50

Small-size 
BPAs

Gadobenate Multihance 
(Bracco)

Gd-BOPTA Weak 10 Buffer: 4.4 
Plasma: 9.7

5.6

Gadofosveset 
trisodium

Vasovistb (Bayer 
Schering)

MS-325 Strong 91 Buffer: 6.6 
Plasma: 50

Gadocoletic 
acid

B22956 (Bracco) B22956 Strong 95 Buffer: 39 
Plasma: 44.5

aRelaxivity at 1 T
bApproved for marketing in Europe and USA
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through glomerular fi ltration. They are still character-
ized by high relaxivity. An example is repre sented by 
Gd-DTPA-17 cascade polymer (Gadomer-17, Bayer 
Schering), a macromolecular complex with a  dentritic 
architecture which includes multiple gadolinium ions. 
Gadomer-17 does not show signifi cant affi nity for 
plasma proteins and undergoes renal clearance.

Biodegradable macromolecular complexes which 
decompose through disulfi de-thiol exchange, facili-
tating the excretion of gadolinium chelates, are cur-
rently under development (Lu et al. 2004).

Small-size BPAs (Table 2.2) are designed to revers-
ibly bind to plasma proteins, in particular to albumin 
which represents the protein with the highest concen-
tration in plasma (about 0.67 mM). The not-covalent 
binding to albumin is mediated by hydrophobic moi-
eties attached to the chelating agents.

This class of contrast agents can be further subdi-
vided on the basis of the level of affi nity for plasma pro-

teins. Low-affi nity BPAs (e.g., Gd-BOPTA, Multi hance) 
are characterized by bound-fractions of about 10% 
while high-affi nity BPAs (e.g., Gadofosveset trisodium, 
Vasovist or B22956) reach bound-fractions of 90–95%.

Similar to large-size BPAs, small-size BPAs have r1 
relaxivity that is much higher than ECF agents, because 
of the lower fl uctuation rate of gadolinium magnetic 
fi eld secondary to the albumin binding.

It should be noted that neither large nor small-
size BPAs can be considered pure blood-pool com-
pounds, as they show a minimal diffusion into the 
interstitial space (Bremerich et al. 2007).

Contrast enhanced MR angiography may take 
advantage from BPAs. Given the extended imaging 
window (concentration of BPAs in plasma remains 
stable for over 1 h), BPAs minimize the problem of 
sequence temporization and temporal resolution. 
Furthermore, they potentially allow higher spatial res-
olution with acquisitions at the steady-state (Fig. 2.3) 

Fig. 2.3. Contrast-enhanced MR angiography with a gado-
linium blood-pool agent (Gadofosveset trisodium, Vasovist, 
Bayer Schering). First pass contrast-enhanced angiograms 
(a) correctly classify the patient as having severe stenosis 
(>70%). Nevertheless, the stenosis is overestimated with re-

spect to the gold standard DSA (c) and the residual patent 
lumen is poorly defi ned. The high spatial resolution MRA at 
steady state (b) increases the vessels’ sharpness and allows 
a more clear depiction of the stenosis morphology (ulcer-
ated plaque)
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and extend the investigation from the arterial to the 
venous district. All gadolinium-based BPAs, due to 
their high r1 relaxivities, provide potentially higher 
vessel-to-background signal ratio than ECF agents 
allowing the utilization of lower concentrations and 
doses. Nevertheless, the effective signal gain on fi rst 
pass magnetic resonance angiograms with BPAs, 
with respect to ECF agents, is controversial. Indeed, 
according to both literature (Klessen et al. 2007) 
and personal data (Fig. 2.4), BPAs may show a reduced 
 vessels-to-background relative contrast. This fi nding 

could be explained by the nonlinear relationship 
between the T1 relaxation effect and the concentra-
tion of small-size BPAs. Indeed, the relaxivity of 
small-size BPAs is strongly infl uenced by the albu-
min-bound fraction. The reversible reaction between 
contrast complexes and albumin reaches equilibrium 
after a time interval, which depends on the reciprocal 
affi nity constant. During the contrast agent’s fi rst 
pass in the arterial district, the equilibrium between 
bound and unbound fractions may not be achieved 
yet. Therefore, the fi rst pass contrast relaxivity may 
be lower with respect to the steady-state one 
(Caravan and Randall 2006).

To date the only gadolinium blood-pool agent 
approved for marketing is Gadofosveset trisodium 
(Vasovist, Schering).

2.4.2
Superparamagnetic Ultrasmall 
Iron Oxide Particles

USPIOs (Table 2.3) represent true BPAs, as they are 
too large to leak out from vessels. While SPIOs 
(Table 2.3) are rapidly removed from the blood 
stream by endocytosis in liver, spleen, or lymp nodes 
through the reticulo-endothelial system (vascular 
half-life of about 10 min), USPIOs persist within ves-
sels for quite a long time so that they can be exploited 
to obtain high-resolution steady-state angiograms. 
Subsequent to RES clearance, iron oxide agents are 
incorporated in the body iron pool.

To date, SH U555 C (Supravist, Bayer Schering) 
is the only USPIO agent which has completed the 
 clinical trials, even though it has not achieved FDA 
approval. It is a derivative of ferucarbutran with 
smaller dimensions with respect to Resovist, Bayer 
Schering (particle diameter of about 20 nm vs. 
50 nm).

While SPIO agents and some USPIOs (e.g., Sinerem, 
Guerbet) can be administered only by slow intrave-
nous infusion, SH U555 C admits bolus injection, so it 
can be employed for both fi rst pass and high- 
resolution steady state angiography (up to 42 min 
postinjection) (Bremerich et al. 2007).

Given their superparamagnetic properties, USPIOs 
can be adopted as T1 agents to perform bright blood 
contrast-enhanced angiography. To avoid signal loss 
due to rapid intravoxel dephasing (high r2 values and 
susceptibility effect), angiographic sequences with 
very low echo times are required (Bremerich et al. 
2007).

Fig. 2.4. Vessels-to-background relative contrast on fi rst 
pass CEMRA with gadolinium blood-pool and ECF agents. 
The signal enhancement of a blood-pool agent (Gadofosveset 
trisodium, Vasovist, Bayer Schering) is compared with that of 
ECF agents on fi rst-pass MRA. Vessels’ signal is measured by 
placing regions of interest in the aortic arch, in the subclavian 
and in the carotid arteries. The relative vessels-to-background 
contrast (RC) is calculated by the ratio (SV − SF)/(SV + SF), 
where SV is the signal into the vessels and SF the signal of the 
background. Gadofosveset shows a signifi cantly lower signal 
enhancement in two regions



14 I. Pesaresi and M. Cosottini

2.5

Safety

ECF gadolinium agents have been widely employed in 
clinical setting and their safety profi les have been 
deeply investigated. For example, Gd-DTPA (Magnevist) 
has been used in more than 45 million magnetic reso-
nance imaging procedures since 1988 and is currently 
used globally in more than 5 million applications annu-
ally. The broadest category of spontaneously reported 
adverse events, that is subjective symptoms, occurs in 
less than 0.01% of procedures. Within the total number 
of adverse events reported, the distribution of serious 
and non-serious reports was 9.3 and 90.7% respec-
tively (Knopp et al. 2006).

With regard to blood-pool gadolinium agents, in 
particular Gadofosveset trisodium (Vasovist), phase 
II and phase III clinical trials report a safety profi le 
comparable to that of conventional ECF gadolinium 
agents (Shamshi et al. 2006).

As gadolinium agents require very low doses to 
ensure adequate contrast enhancement compared to 
iodinate contrast agents, for many years they were 
considered safe compounds to be used in patients 
with renal function defi ciency. In the last years, an 
increasing alert on gadolinium-related nephrogenic 
systemic fi brosis (NFS) has arisen.

NFS is a sclerosing disorder clinically character-
ized by indurated dermal plaques, mainly distributed 
in the lower extremities, and by fi brosis in other tis-
sues such as striated muscles, myocardium, lungs, 
and dura mater (Wiginton et al. 2008).

The fi rst case of NSF was reported by Cowper 
et al. in 2000.The association between NSF and gado-
linium contrast agents relies on the identifi cation of 
gadolinium deposits in skin biopsies (Wiginton et al. 
2008). Up to now, the number of reported cases in the 
USA (about 130) is extremely small when compared 
with the millions of patients who have been exposed 
to gadolinium-based agents, which makes the over-
all risk of developing NSF very low (Geraldes and 
Laurent 2009). NFS has been exclusively identifi ed 
in patients with severely impaired renal function. In 
these patients, the longer half-life of the contrast 
agents potentially increases the risk of trans- metallation 
with the release of free gadolinium ions in tissues 
(Bongartz 2007).

Although there is currently evidence of a strong 
association between gadolinium exposure and the 
development of NSF in patients with severe renal 
failure, the causative role of gadolinium in the patho-
genesis of the disease can not be stated with absolute 
certainty (Kurtkoty et al. 2008).

On 23 May 2007 the U.S Food and Drug Adminis-
tration has asked manufacturers to include a new boxed 
warning on all gadolinium-based contrast agents, 
stating that patients with severe kidney insuffi ciency 
are at risk of developing NSF. FDA has assessed that all 
gadolinium-based contrast agents marketed in the 
United States should be equally treated in this regard 
as it is not possible to know the extent of risk associ-
ated with each agent (Kanal et al. 2008).

Given the great concern on gadolinium-related 
NSF in patients with renal function impairment, an 
increasing interest has been addressed to iron oxide 

Table 2.3. Iron oxides-based contrast agents approved for marketing or under clinical investigation

Particle 
type

Generic name Trade name Chemical 
abbreviation

Crystals 
diameter 
(nm)

Particle 
diameter 
(nm)

R1 
(0.5 T, 37°C) 
(1/mM/s)

R2 
(0.5 T, 37°C) 
(1/mM/s)

USPIOs Ferumoxtran Sinerema (Guerbet) 
Combidex (AMAG 
Pharmaceuticals)

AMI-227 4.3–4.9 50 22.7 53.1

Feruglose Clariscan (GE Healthcare) NC 100150 4–7 20 21.8 35.3

Ferucarbotran Supravist (Bayer Schering) SH U555 C 3–5 20 22 45

SPIOs Ferumoxide Endoremb (Guerbet) 
Feridexb (AMAG 
Pharmaceuticals)

AMI-25 4.3–4.8 200 24 107

Ferucarbotran Resovistb (Bayer Schering) SH U555 A 4.2 62 20 190

aWithdrawn from market
bApproved for marketing in Europe and/or USA
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agents. Indeed, USPIOs clearance is mediated by the 
reticulo-endothelial system and their safety profi le 
is not altered in patients with kidney insuffi ciency 
(Neuwelt et al. 2009).

2.6

Future Perspectives

2.6.1
Contrast Agent Use at High Field

Even though most contrast-enhanced MR angiogra-
phy studies are currently performed with clinical 1.5 T 
scanners, higher magnetic fi elds (from 3 up to 7 T) 
are getting more and more widespread. By increasing 
the external static magnetic fi eld (B

0
) both the relax-

ation properties of hydrogen protons and of contrast 
agents get modifi ed.

Indeed, as B
0
 increases, water protons lessen their 

longitudinal relaxation and fasten their transversal 
relaxation. The dependence of contrast agent relaxiv-
ity from B

0
 strength varies on the basis of the mag-

netic and chemical properties of the compounds.
Gadolinium ECF compounds manifest a minimal 

relaxivity fi eld-dependence, while blood-pool gado-
linium agents show relevant r1 variations at different 
B

0
. Such discrepancy between ECF and BPAs agents is 

mainly determined by the different fl uctuation rates of 
gadolinium magnetic fi eld (w

g
). Indeed, BPAs ligands 

(both large-size and small-size ligands) slow down 
molecule tumbling and reduce w

g
. This effect may 

strongly enhance r1 with a variable effectiveness 
depending on the external magnetic fi eld B

0
.

Iron oxide agents dramatically increase their trans-
versal relaxivity (r2) together with their susceptibil-
ity effect at higher magnetic fi elds. As a consequence, 
a confounding T2* shortening may affect the signal 
intensity on bright-blood angiograms so that the 
signal-to-noise ratio from blood is similar at 1.5 and 
3 T (Bremerich et al. 2007).

2.6.2
Other Contrast Agents

A huge variety of new contrast agents are currently 
under development. In some cases they represent a 
further evolution of traditional paramagnetic and 
superparamagnetic agents, while in other cases they 
exploit completely different principles.

2.6.2.1
Gadolinium-Based Particulate Agents

Gadolinium (III) can be employed in numerous 
particulate contrast agents in order to improve their 
relaxation effi ciency (Geraldes and Laurent 
2009). For example, Gd3+ ions can be bound to 
amphiphylic chelates in micelles or liposomes, or to 
porous materials like zeolites. Gadolinium oxide 
nanoparticles can also be formed. Although promis-
ing, none of these agents has passed the preclinical 
status to date.

2.6.2.2
Hyperpolarized Contrast Agents

The signal intensity on magnetic resonance imaging 
is related to the number of protons which align to 
the external magnetic fi eld. At 1.5 T approximately 
0.0006% of protons are polarized.

In order to increase signal intensity, contrast 
agents made of hyperpolarized nuclei have been 
designed. Hyperpolarization is obtained by using a 
high-power laser on noble gases (3He, 129Xe) or 
13C-enriched molecules. In order to be exploited as 
contrast agents, these compounds require T1 relax-
ation times long enough to allow imaging before the 
recovery of the equili brium status. 13C-labeled water-
soluble compounds have been employed for contrast-
enhanced magnetic resonance angiograms in rats 
(Caravan and Randall 2006).

2.6.2.3
Chemical Exchange Saturation Transfer (CEST)

Chemical exchange saturation transfer (CEST) 
agents contain exchangeable hydrogen atoms (-NH, 
-OH, etc) which resonate at a Larmor frequency 
different from that of the bulk water. CEST protons 
can be saturated by an off-set RF pulse and can 
transfer their magnetization to water molecules. 
This effect results in water signal loss and negative 
image contrast. By utilizing proper pulse sequences 
a positive-contrast effect can also be obtained 
(Caravan and Randall 2006; Geraldes and 
Laurent 2009). CEST agents currently require a 
very high dose to obtain a relevant effect on signal 
intensity, so further development is needed for in 
vivo applications.
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ABSTRACT

Although MR angiography (MRA) can be per-
formed using either black-blood or bright blood, 
wich have the disvantage of high sensitive to fl ow 
related-artifacts, in-plane saturation, and fi eld 
inhomogeneity, and are also limited by the long 
acquisition times. Currently, the use of contrast 
medium for imaging of most vascular districts, 
agrees to obtain images of high diagnostic accu-
racy, that can be acquired in seconds rather than 
minutes with few fl ow-related artifacts. Such 
introduction explains the reason, Currently, MR 
angiography has proven to be  the best approach 
for imaging of most vascular districts is the use of 
contrast-enhanced (CE-MRA), offering the oppor-
tunity to detect vascular disease rapidly and early 
in the course of the disease. 

CE-MRA is based on the principle of shortening 
the T1 relaxation of blood by intravenously inject-
ing Gd-chelate contrast agents, wich results in a 
signifi cant difference in signal intensity between 
fl owing blood and stationary tissue, in T1 arterial 
or venous phase. Further advantage is shorter scan 
duration.

Contrast administration should be optimized 
in order to concentrate the highest amount of gad-
olinium in the acquisition temporal window within 
district of interest, and imaging should be ideally 
performed at the peak of vascular enhancement, 
when a maximum difference exists between signal 
intensity of the target vessel and the surrounding 
overlapping structures.

Three different techniques are currently avail-
able for this purpose: the test bolus scan, the auto-
mated bolus detection, and the MR fl uoroscopic 
trigger. 



18 M. Francone, M. Anzidei, I. Iacucci et al.

3.1

Introduction

Although MR angiography (MRA) can be per-
formed using either black-blood (i.e., dark signal of 
blood-fl owing spins) or bright blood sequences 
(time-of-fl ight, phase contrast and steady-state free 
precession), these techniques are highly sensitive to 
fl ow related-artifacts, in-plane saturation, and fi eld 
inhomogeneity, and also limited by the long acqui-
sition times (i.e., minutes).

As a result, unenhanced MRA have progressively 
shown limited clinical impact for the assessment of 
many vascular territories (Prince et al. 2003).

Currently, the best approach for imaging of most 
vascular districts is the use of contrast-enhanced 
MRA (CE-MRA) techniques, which have rapidly 
evolved over the past decade as a consequence of 
the continuous hardware development (i.e., scan-
ners and gradients), and implementation of new 
sequences that brought signifi cant improvements in 
contrast-to-noise-ratio, temporal resolution, and 
reliability of the examinations.

Compared with unenhanced techniques, CE-MRA 
has proven to be highly accurate, robust, and repro-
ducible, and can be performed in seconds rather than 
minutes with few fl ow-related artifacts (Zhang et al. 
2007).

This chapter will specifi cally focus on the basic 
principles, and different techniques of CE-MRA with 
particular emphasis on three-dimensional gradient 
echo (3D-GRE) imaging, time-resolved MRA, and 
the role of parallel imaging. Some practical aspects 
of contrast media administration optimization and 
k-space fi lling strategies will also be reviewed.

3.2

Basic Principle of CE-MRA

CE-MRA is based on the principle of shortening the 
T

1
 relaxation of blood by intravenously injecting 

Gd-chelate contrast agents. This results in a signifi cant 
difference in signal intensity between fl owing blood 
and stationary tissue at heavily T1-weighted arterial-
phase imaging, leading to the high signal intensity of 
blood on post-Gd T1-weighted sequences.

Signal intensity (i.e., T1-weighted shortening) 
within the target vessel obviously depends on the 
amount of gadolinium concentrated within the vas-
cular bed at the moment of acquisition; therefore, 
imaging should be ideally performed at the peak of 
vascular enhancement, when a maximum difference 
exists between signal intensity of the target vessel 
and the surrounding overlapping structures.

Unlike time-of-fl ight (TOF) or phase contrast (PC) 
imaging, signal of vessels in CE-MRA is based on the 
intrinsic T

1
 signal of blood, and rather less on fl ow 

effects; therefore, as already mentioned above, this 
technique is less fl ow sensitive, which means that vas-
cular signal is not hampered by the numerous fl ow-
related artefacts that may occur during acquisition 
such as signal loss from spin saturation, or slow-fl ow 
phenomena potentially mimicking a signifi cant steno-
sis or vascular occlusion particularly in small vessels 
caliber-like carotid arteries (Prince et al. 2003).

A further relevant advantage of CE-MRA is that 
the usual loss of signal-to-noise ratio (SNR) from 
faster scanning with most MR pulse sequences can 
be compensated for by injecting the same dose of 
contrast faster over a shorter scan duration. In this 
way, faster scanning can attain higher-quality 
images with less motion artifacts (Prince et al. 
2003; Zhang et al. 2007).

Obviously, to deliver the best contrast, k-space 
center-fi lling must correspond to the moment of 
peak intravascular contrast; for this purpose, the 
acquisition of central k-space data is timed to the 
contrast bolus arrival within the target vessels

The sequences best suited to CE-MRA imaging 
are:

Fast 3D-GRE sequences (e.g., spoiled gradient  ●

echo SPGR-General Electric Medical Systems, 
Waukesha, WI);  fast low-angle shot FLASH-Sie-
mens Medical), used to obtain high spatial reso-
lution and a good signal-to-noise. 
Parallel imaging that results in accelerated image  ●

acquisition while maintainingfull spatial resolu-
tion and image contrast.
Time-resolved  CE-MRA acquisition techniques,  ●

providing dynamic information along with high-
resolution, extended anatomical coverage, and 
without contamination by the venous signal.
Steady-state imaging, which enables one to take  ●

advantage of the long temporal window during 
the equilibrium phase of the contrast material 
administration.
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With CE-MRA, the pause between arterial enhance-
ment and the onset of venous enhancement (i.e., arte-
riovenous window) offers an opportunity for arterial 
phase imaging that shows only the arteries. When this 
selective arterial phase is too short, simple additional 
maneuvers such as thigh compression with tourniquets 
infl ated to a pressure intermediate between arterial and 
venous (e.g., 60 mmHg) delays onset of venous enhance-
ment in the last station of a single-injection, multista-
tion peripheral or whole-body MRA. This can 
compensate for the fact that acquisition speed is still too 
slow to keep up with the bolus, and eliminates venous 
superimposition within the legs, one of the last remain-
ing hurdles to routine implementation of peripheral 
and whole-body CE-MRA into clinical practice.

3.3

Contrast Administration Strategy

Contrast administration should be optimized in order 
to concentrate the highest amount of gadolinium in 
the acquisition temporal window within district of 
interest. This simple concept emphasizes the impor-
tance of contrast administration in CE-MRA as vas-
cular visualization relies heavily on timing – i.e., the 
moment in which imaging is actually performed.

It is obvious that delay between contrast adminis-
tration and image acquisition is highly variable, and 
depends on various factors including patient’s indi-
vidual characteristics (i.e., cardiac output and vascu-
lar anatomy), injection parameters (i.e., fl ow rate, 
monophasic vs. biphasic injection, use of saline), and 
intrinsic characteristics of the Gd-chelate adminis-
tered (i.e., concentration, relaxivity, viscosity).

Optimal timing for image acquisition should be 
therefore individually determined, and three differ-
ent techniques are currently available for this pur-
pose, i.e., the test bolus scan, the automated bolus 
detection, and the MR fl uoroscopic trigger; all these 
methods permit reliable and time-effi cient CE-MRA 
acquisitions (Huston et al. 1999). Briefl y, optimal 
delay in test bolus scan is usually calculated by 
administering a 1–2 mL dose of Gd-chelate contrast 
agent prior to main MRA acquisition, using the same 
injection rate of the main bolus, and measuring its 
arrival time in the vessel of interest; the automated 
bolus detection is based on the concept that contrast 
bolus arrival and initiation of the MRA data acquisi-
tion are automated and integrated into a single pulse 
sequence (Ho and Foo 1998) whereas real time 

CE-MRA timing utilizes a fl uoroscopic trigger 
(Riederer et al. 2000) in which monitoring is per-
formed by the operator visually using a continuous 
fast 2D spoiled gradient echo pulse sequence in with 
imaging centered over the vascular bed.

The rate of injection infl uences the peak of 
Gd-concentration, and thus the achievable arterial 
SNR. Generally, a faster injection rate will result in 
higher arterial SNR, but shorter bolus duration and 
earlier venous enhancement (Kopka et al. 1998). 
Injection rates of 2 mL/s are ideal for most CE-MRA 
applications, with little benefi t shown for higher rates. 
Slower injection rates result in lower overall Gd con-
centrations, but extend the plateau phase of arterial 
enhancement and delay venous enhancement. Slower 
injection rates (e.g., 0.8–1.0 mL/s) have generally 
been used for multistation CE-MRA in order to pro-
long the arterial phase, and delay venous enhance-
ment, both of which are desirable to ensure adequate 
arterial signal for multistation coverage (Meaney 
et al. 1999).

3.4

Imaging and Acquisition Technique

3.4.1 
Fast 3D Gradient Echo Sequences 
and Acquisition Technique

The sequences best suited to CE-MRA imaging are 
fast 3D-GRE sequences (e.g., spoiled gradient 
echo (SPGR), General Electric Medical Systems, 
Waukesha, WI; fast low-angle shot (FLASH), Siemens 
Medical Solutions, Erlangen, Germany; T1-fast fi eld 
echo (T1-FFE), Philips Medical Systems, Best, The 
Netherlands), with short TR (≤5 ms) to maximize 
T1-weighting of images and short TE (1–2 ms) to 
minimize T2* effects (Table 3.1). They are strongly 
T1-weighted sequences with destruction of residual 
transverse magnetization. Given that echo time is 
very short, the gradients are not fl ow compensated.

Three-dimensional acquisition is used to obtain 
high spatial resolution and a good signal-to-noise; a 
fat signal suppression method is also recommended 
to weaken the background signal.

It is important to note that fl ip angle signifi cantly 
affects gradient echo signal intensity and should be 
of 30–45° when performing CE-MRA at 1.5 T. Also, 
fl ip angle infl uences the desired degree of contrast 
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between vessels and background tissue; the higher 
the fl ip angle the greater the background suppres-
sion although signal from gadolinium contrast may 
also become attenuated.

Using state-of-the-art MRI scanners, high resolu-
tion images could be obtained using isotropic or 
almost isotropic voxels up to 0.8 mm3 with an image 
matrix of 384 × 384 mm; as already stated above, 
acquisition time should be ideally tailored according 
to patient’s individual hemodynamic characteristic, 
contrast administration parameters adopted and 
obviously the length of the vascular district assessed.

To obtain high-quality images, it is important to 
have specialized coils overlying the patients to ensure 
a high signal to noise ratio. Image acquisition should 
be ideally performed 3 times.

A precontrast 3D MRA acquisition is recommended 
to determine proper anatomic coverage, positioning of 
the 3D volume, and also to potential unwanted aliasing 
artefacts. It is also recommended that precontrast 3D 
MRA acquisition should be performed in an identical 
fashion to the actual CE-MRA acquisition, as this will 
familiarize the patient to both the breath holding pro-

cedure and the expected length for the breath hold. In 
addition, the precontrast scan can serve as a mask for 
subsequent image subtraction; subtraction techniques 
allow to subtract background signal, and maximize the 
SNR of the images (Yuji Watanabe and Akira 2000).

For the CE-MRA, acquisitions are typically per-
formed in both the arterial and delayed phases. The 
addition of the second delayed phase acquisition will 
ensure proper visualization of vessels with slow fl ow 
or depiction of a late fi lling false channel in the case 
of an aortic dissection. Additionally, the second 
acquisition can often distinguish artefacts from true 
vascular fi ndings. Finally, the inclusion of the second 
postcontrast 3D MRA acquisition may provide addi-
tional venous depiction that may be of clinical impor-
tance in certain specifi c clinical situations.

Images can be further postprocessed with maxi-
mum and minimum intensity projections and vol-
ume rendering to generate more visually appealing 
images, but it should be noted that these images 
should not typically be used for image interpretation 
as manipulation of the original data can lead to over- 
or underestimation of critical dimensions (e.g., in 

Table 3.1. Schematic representation of different manufacture’s 3D GRE sequences with corresponding scanning parameters

Imaging parameters General electric Philips Siemens

Pulse sequence 3D FSPGR 
Imaging options 
Repetition time (TR)

3D FSPGR (Fast, GX)
–
(e.g., 4–6 ms)

3D FFE Contrast enhancment - T1
Minimum 
(e.g., 4–6 ms)

3D FLASH
Minimum
(e.g., 3–5 ms)

Echo time (TE) Minimum 
(e.g., 1–2 ms)

Minimum 
(e.g., 1–2 ms)

Minimum 
(e.g., 1–2 ms)

Flip angle (FA) 
Bandwidth

45° ±32.25 kHz 
(option: ±62.5 kHz)

40° WFS = 0.9 
(at 448 matrix = +57 kHz)

25° Variable 
(± 590 Hz/pixel)

Field of view (FOV) 30–40 cm (option: 0.8 FOV) 400 mm, RFOV = 0.75 400 mm

Matrix 
Number of partitions 
Partition thickness 
k-space

256 or 512 × 192–256 
40–60 
1.0–2.5 mm
Elliptical centric 
Centric 
Reverse sequential (with 
partial Fourier or 0.5 NEX)

448 × 258 
40–60 
1.0–2.5 mm
CENTRA low_high linear half 
scan (=partial Fourier)

256–512 × 192–384 
60–80 
1.0–2.5 mm
Elliptical centric ± 
partial Fourier

Number of excitations 
(NEX or NSA) Timing

1 (option: 0.5) 1 (option: 0.5) 1 (option: 0.5)

SMARTPREP, Flouro 
trigger or test bolus

Bolus trak or test bolus Care bolus 
or test bolus

Misc. options ZIP × 2
ZIP 512 1024 
ASSET

Overcontiguous slices 
Reconstruct 256, 512, 1024 
SENSE

Reconstruct 256, 512, 1024 
SENSE, GRAPPA
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the context of stenosis, extravascular pathology may 
also be obscured or overlooked).

3.4.2 
Parallel Imaging

With the gain in speed that it entails, parallel imaging 
is particularly well suited to CE-MRA. Parallel  imaging 
techniques (e.g., sensitivity encoding or SENSE (Van 
den Brink et al. 2003) and simultaneous acquisition 
of spatial harmonics or SMASH (Maki et al. 2002; 
Sodickson et al. 2000) ) use the spatial-encoding pro-
prieties of multiphase array coils elements to reduce 
the number of spatial-encoding steps required to gen-
erate an image, thereby overcoming the gradient hard-
ware performance limits imposed by on conventional 
MRA techniques. In this way only a fraction of phase-
encoding steps have to be acquired directly which 
result in accelerated image acquisition while main-
taining full spatial resolution and image contrast.

Besides increased temporal resolution at a given 
spatial resolution, the time savings due to parallel 
imaging can also be used to improve the spatial reso-
lution in a given imaging time.

3.4.3
Time-Resolved CE-MRA

Conventional static 3D GRE MRA techniques create 
high-spatial-resolution structural studies, but fail to 
provide physiological information inherent in the 
delivery of blood or contrast; as a consequence, 
dynamic assessment of contrast media bolus pro-
gression through a vascular territory, or vascular 
lesion has long been an essential, and exclusive fea-
ture of conventional X-ray angiography, especially 
X-ray digital subtraction angiography (DSA).

However, the recent development of faster MR 
scanners with improved gradient performances and 
innovative software has enabled the performance of 
analogous dynamic viewing of Gd-chelate contrast 
media using fast 2D and/or 3D MRA acquisitions 
(Zou et al. 2008; Du et al. 2007; Brauck et al. 2007).

The clinical availability of temporally enhanced 
time-resolved acquisition techniques such as TRICKS 
(time-resolved imaging of contrast kinetics) revolu-
tionizes the way that MRA is performed in the clini-
cal setting, providing dynamic information along 
with high-resolution, extended anatomical coverage, 
and without contamination by the venous signal 
(Fig. 3.1) (Du and Bydder 2007).

Conversion of an MRA acquisition from single-
phase high-resolution to time-resolved generally 
involves serial scan repetition as the contrast agent is 
delivered to the target object or organ. Protocol 
modifi cations typically include reduction in spatial 
resolution and anatomical coverage (fewer and/or 
thicker slices) in the interest of faster cycling of the 
image capture. The trade-off in quality inherent in 
this brute force approach with conventional imaging 
techniques is suffi ciently severe to limit applicability 
in clinical practice.

Modern time-resolved techniques reduce these 
negative trade-off aspects by creatively altering the 
way in which image k-space is captured. With TRICKS 
and its variants, the center of k-space is sampled 
more often than the periphery (see next paragraphs). 
This produces multiple physiologic snapshots per 
each full pass through k-space, and typically delivers 
a four-fold increase in temporal resolution without a 
reduction in the SNR. The addition of parallel imag-
ing to a time-resolved protocol increases by twofold 
or more the temporal resolution, although with the 
typical reduction in SNR.

3.4.4
Steady-State Imaging

The use of blood-pool contrast agents, in addition to 
conventional fi rst-pass arterial phase imaging, also 
enables the use of steady-state acquisitions (Parmelee 
et al. 1997; Caravan et al. 2002; Rohrer et al. 2005; 
Grist et al. 1998). With use of this technique, which 
enables one to take advantage of the long temporal 
window during the equilibrium phase of the contrast 
material administration the imaging protocols are 
adjusted virtually without time limitations owing to 
the use of preparation pulses, smaller fi elds of view, an 
increased in-plane resolution, and extra-thin three-
dimensional partitions (Anzidei et al. 2009). The 
technique usually applied for steady state imaging is a 
modifi ed three-dimensional high-spatial-resolution 
(up to 0.7 mm section thickness, 512 × 512 matrix, 
voxel size of 0.7 × 0.7 × 0.7 mm) spoiled gradient-echo 
sequence. Using this technique, two approaches can 
be chosen in order to compensate for reduced SNR, 
which is associated with smaller voxel size: either the 
use of a short TR (4–7 ms), low fl ip angle, and multiple 
excitations or a longer TR (8–15 ms), higher fl ip angle, 
and using lower bandwidths (Figs. 3.2 and 3.3). The 
initial observations suggest that the second strategy 
provides higher SNR.



22 M. Francone, M. Anzidei, I. Iacucci et al.

Fig. 3.1. Time-resolved MRA of a large artero-venous mal-
formation (AVM) of the pelvis in a 50-year-old male with 
abdominal discomfort and a palpable mass. Dynamic MR 

imaging shows early and progressive fi lling of the AVM 
nidus, with evidence of an aneurismatic left internal iliac 
artery and dilated draining veins
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Fig. 3.2. Eighty percent stenosis (NASCET grade IV) of the 
left internal carotid artery (ICA) due to a long and slightly ir-
regulae plaque. Images show good correlation between DSA 
fi ndings and thin-MIP (a) reconstruction from FP (b) and 

steady state (c) CE-MRA. Multiple partition from coaxial re-
construction of steady state dataset offer a high resolution 
view of the plaque surface and residual lumen, confi rming 
stenosis grading (d)

3.5

k-Space Filling Strategies

To deliver the best contrast, k-space center fi lling 
must correspond to the moment of peak intravas-
cular contrast as the center of k-space contains the 
signal-to-noise, and contrast information for the 
image (also called low spatial frequency data), so it 
represents the major structures of the image, and 
thus most of the gross image form and contrast. 
Also, a high rate of change of the contrast agent 
concentration during the acquisition of central 
k-space must be avoided to prevent ringing arti-
facts, arising in the Fourier transform (Zhang 
et al. 2007).

k-Space fi lling should be therefore optimized (spi-
ral or elliptical centrifugal trajectory, partial refi lling, 
shared data on the k-space periphery) in CE-MRA to 
rapidly acquire its center (image contrast), and meet 

the constraints of the transient passage of the con-
trast agent.

Traditional k-space acquisition schemes are linear 
in that k-space data is fi lled sequentially from top to 
bottom (sequential k-space fi lling), and the central 
portion of the k-space is fi lled in the middle of the 
acquisition period.

Contrast agent arrival and imaging however are 
best synchronized if the acquisition of central k-space 
data is timed to the contrast bolus arrival within the 
target vessels. For this purpose, centric and more 
recently elliptical centric phase ordering schemes 
have been introduced for CE-MRA (Flamm and 
Muthupillai 2004). In centric phase ordering, the 
central lines of k-space are fi lled in the fi rst half of 
the acquisition period. With elliptical centric phase 
ordering the most central points (i.e., radial distance 
from center) are acquired fi rst, resulting in a short-
ened and more compact imaging period for the 
acquisition of central k-space data (Fig. 3.4).



24 M. Francone, M. Anzidei, I. Iacucci et al.

Fig. 3.4. Figure shows 
alignment of preferential 
arterial-phase enhancement 
for different k-space fi lling 
schemes used for CE-MRA. 
It is important to remark 
that central k-space data 
(i.e., low spatial frequency 
data) should be acquired 
during the plateau phase of 
arterial enhancement. In 
the conventional  sequential 
k-space scheme, the central 
k-space data is acquired 
during the middle of the 
data acquisition period 
whereas in both conven-
tional centric and elliptical 
centric acquisition schemes, 
central k-space fi lling 
 occurs at the beginning 
of imaging

SIGNAL
INTENSITY

SEQUENTIAL

CENTRIC

ELLIPTICAL CENTRIC

PARTIAL FOURIER
REVERSE SEQUENTIAL

CENTRE OF
K-SPACE

VEIN

ARTERY

TIME

K
-S

P
A

C
E

 S
C

H
E

M
E

Fig. 3.3. Discrepancy of grading ICA stenosis (arrow) between 
the different CE-MRA reading modalities. DSA shows a 75% 
stenosis (NASCET grade IV) of the left ICA; on thin-MIP (a) 

reconstruction from fi rst pass dataset (b) stenosis was under-
estimated at 66% (NASCET grade III), while on steady state 
images it was correctly measured as a NASCET grade IV (c)
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3.6

Conclusions

MRA has evolved rapidly since the early studies by 
Prince et al. (1993), becoming a reference technique 
for noninvasive assessment of vascular anatomy, and 
hemodynamic signifi cance of stenoses, particularly 
suited in pediatric patients.

Currently, the optimal quality for MRA image can 
only be achieved administering contrast agents, 
which allow to overcome many of the limitation of 
unenhanced MRA techniques; the recent develop-
ment of blood-pool agent has further improved 
image quality enabling acquisition of high resolution 
submillimetric images during steady state imaging.

Furthermore, faster imaging speed can also be 
used to improve the temporal resolution of CE MRA, 
and time-resolved MRA has emerged an interesting 
application in selected diagnostic situations allowing 
the possibility to dynamically assess progression of 
contrast bolus through the vascular bed.

Safe, accurate mapping of vascular anatomy 
with MRA offers the opportunity to detect vascu-
lar disease rapidly and early in the course of the 
disease, while there is time to salvage end-organ 
function. It gives both anatomical and functional 
information, and can image multiple fi elds of view 
for a more comprehensive assessment of systemic 
vascular disease.
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4.1

Introduction

Artifacts often corrupt MRI images and can be gen-
erated using basic MR sequences as well as more 

ABSTRACT

Artifacts represent potential pitfalls in MR- 
angiography: radiologists should be aware of 
them to prevent their appearance. They can be 
classifi ed according to the mechanism responsible 
for their genesis. Flow Artifacts are strictly related 
to modifi cation of signal intensity induced by 
dephasing proton mechanism when the blood 
fl ow loses the characteristic laminar pattern; they 
are turbulence’artifact and artefact due to satura-
tion. Hinge artefact, typical of 3DTOF sequence, is 
characterized by alternating hyper-hypointense 
punctiform images. Geometrical artefacts are caused 
by wrong geometric positioning of angiographic 
sequence or saturation bands; they are called 
hypointensity linear horizontal artefact and the 
artefact due to non-inclusion of the vase in the 
excited volume. Artifacts related to wrong acquisi-
tion time with respect to contrast medium bolus 
arrival are maki artefact and vascular blurring. 
Voluntary and involuntary movement are the pri-
mary cause of patient artifacts like the gost  artifact. 
The main artifacts from post-processing consist 
of the artifact from projection of the background 
noise and the step artifact. Magnetic susceptibility 
artifacts are caused by paramagnetic external 
substances. Finally we remember radiofrequency 
artifacts, due to the instability of radiofrequency 
or nonhomogeneity of magnetic fi eld or instabil-
ity of the the system receiver-trasmitter.
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 complex MR applications like MR-angiography 
(Arena 1995). Artifacts represent false image without 
any rela tionship with the patient’s anatomy. They have 
many causes and consequences on image appearance 
due to complex technical reasons. Artifacts may repre-
sent potential pitfalls in MR-angiography. Radiologist 
and radiographers should be aware of them to prevent 
their appearance and recognize the diagnostic pitfalls 
they can mimic (Patton 1994; Carriero et al. 1994, 
1995; Pusey et al. 1986; Glockner et al. 2005; Foo 
et al. 2005; Bradley and Stark 1992; Colagrande 
and Pazzaglini 2007). The better the understanding 
of MR images built, the better the dealing with arti-
facts. Some artifacts that usually affect basic MR 
acquisition such as aliasing, chemical shift, cross-talk, 
and ghost are less important in Angiographic applica-
tion of MRI. In this chapter we will focus our attention 
on artifacts in MR-Angiography.

4.2

Classifi cation

Artifacts in MR-Angiography can be classifi ed accord-
ing to the mechanism responsible for their genesis in:

Radiofrequency artifacts (instability of radio- ●

frequency, inhomogeneous magnetic fi eld, insta-
bility of the system receiver-transmitter)
Flow artifacts ●

Hinge artifacts ●

Geometrical artifacts ●

Magnetic susceptibility artifacts ●

Artifacts related to wrong acquisition time with  ●

respect to contrast medium bolus arrival (Maki 
artifact, blurring)
Artifacts related to the patient (voluntary and  ●

involuntary movement)
Postprocessing artifacts ●

4.3

Radiofrequency Artifacts

Instability of radio frequency or nonhomogeneity of 
magnetic fi eld, or instability of the system receiver–
transmitter may determine artifacts in basic MR 
sequences as well as in MR-angiography (Glockner 
et al. 2005; Foo et al. 2005). Radiofrequency Artifacts 
may, however, be eliminated and prevented, thanks 

to strict and constant technical maintenance of the 
various components constituting the hardware since 
they are operator and patient independent. The most 
common radiofrequency artifact is due to the con-
tamination of magnetic bore by radiofrequency 
waves originating outside the faraday cage that lead 
to multiple lineary artifacts, each one of them involv-
ing very few number of pixels.

4.4

Flow Artifacts

Sequence Artifacts are related to the adopted technique 
and the choice of angiographic sequence (Foo et al. 
2005; Penman et al. 1986). These artifacts especially 
affect non-contrast-enhanced-MRA sequence and are 
strictly related to modifi cation of signal intensity 
induced by dephasing protons mechanism when the 
blood fl ow loses the characteristic laminar pattern.

4.4.1
Turbulence’s Artifact

Turbulence’s artifact generates an absence of signal 
of the spins of blood because of their whirling and 
turbulent motion (arterial fl ow), which is accentuated 
near physiological shrinkage or pathological stenosis 
(Penman et al. 1986).

The distribution speed of spins in the turbulent 
areas changes at every excitement, causing, in this way, 
dependence from the time of intravoxel coherence 
that leads to a further loss of signal. The result is an 
overstatement of stenosis or a pronounced reduction 
in the caliber of the vessel.

For example, in MR-A of carotid arteries we can 
fi nd diagnostic traps that lead to the diagnostic sus-
pect of occlusion in patients with carotid stenosis 
>70% (overstatement) and the diagnostic suspect of 
stenosis of 50% in patients with stenosis of 70% 
(understatement) (Fig. 4.1).

The negative infl uence of this artifact can be reduced 
by the use of “infl ow-effect”; for this reason MR-A of 
carotid is actually performed using a multislab tech-
nique acquired on the perpendicular plane of the ves-
sel in relation to the pattern of blood fl ow. In addition, 
the signal of turbulent spins can be fully recovered 
using a short TE variable between 4 and 6 ms.

In relation to MR-A of vertebral arterials, the 
same phenomenon of turbulence can determine the 
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suspicion of an occlusion of one of the two arteries in 
patients with spinal stenosis of 70% (overstatement). 
Also in this case, the modalities to avoid diagnostic 
pitfalls are similar to those already suggested for the 
carotid vessels and consist of applying multislab 
techniques with short TE acquired in a perpendicu-
lar plane in relation to the vessel’s course that allow 
visualization of turbulent spin with high speed.

4.4.2
The Artifact Due to Saturation

The artifact due to saturation is more common with 
the time of fl ight 3D technique and occurs with 
reduction and/or disappearance of the signal inten-
sity from the mobile spins; this artifact is due to the 
accumulation of RF pulses by the spins that move 
with the excited volume (Foo et al. 2005). It has been 
estimated that the total loss of signal of the mobile 
spins occurs in this sequence after about 10–20 
pulses of radio frequency. In relation to MR-A of 

 vertebral arterials, this pitfall can determine  mistaken 
diagnosis of occlusion of one of the two arteries. 
Therefore the mis-visualization of a vertebral artery 
with acquisition of volume according to the coronal 
plane cannot lead to a diagnosis of occlusion but 
should suggest the presence of the “theft of succla-
via” syndrome. This suspicion can be confi rmed by 
integrating 3D TOF sequence with 2D TOF acquisi-
tion: the visualization of vertebral vessel in 2D TOF 
and its absence in 3D TOF is suggestive of the diag-
nosis of “theft.”

In the study of renal arteries, the diagnostic trap 
that determines suspect occlusion in patients with nor-
mal renal arteries is the artifact due to saturation: there 
is loss of signal of mobile spins which accumulate 
15–20 RF impulse during 3D TOF acquisition; this phe-
nomenon is responsible for nonvisualization of the dis-
tal part of renal arteries (Carriero et al. 1994, 1995).

To optimize sequences, the reduction of fl ip angle 
with increase of TR, mount up the depth to which the 
mobile spins can penetrate the selected volume with-
out being unduly affected by saturation artifact for 
accumulation of radio frequency.

4.5

Hinge Artifact

Another artifact typical of 3D TOF sequences, is the 
“hinge artifact” that occurs along the direction of 
the coding frequency; It is characterized by alter-
nating hyper-hypointense punctiform images. The 
genesis of the “hinge artifact” is caused by the pres-
ence of “stimulated echoes” which occur when 
sequences with multiple impulses of radio frequency 
are used (Arena 1995; Glockner et al. 2005; Foo 
et al. 2005).

For example in the study of intracranial circle, this 
diagnostic trap could lead to a wrong diagnosis of 
venous angioma in patients with small intraparen-
chymal spots of methemoglobin; the high signal of 
methemoglobin is not discriminated from the high 
signal of mobile spin by post processing algorithms. 
Spin echo sequences and the careful analysis of MR-A 
during the acquisition process allow to correctly 
identify methemoglobin.

This kind of artifact is common when a head coil 
with linear polarization is used. In this situation 
hyperintense pixels near the vessel can be incorrectly 
confused with small aneurysm of a cerebral artery; 
this is because of a sub-optimal signal noise to ratio.

Fig. 4.1. MIP reconstruction based on time of fl ight MR 
angiography of carotid artery showing an overestimation of 
degree of stenosis due to turbulence’s artifact. The artifact 
is generated by the turbulent motion of fl owing blood at the 
level of the stenosis
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In angio-thoracic-MR, this pitfall could cause 
wrong diagnosis like thoracic aneurysm of the aorta. 
In cases of suspected diagnosis of aneurysm, it is 
possible to fi nd structures that are already hyperin-
tense before the acquisition (thrombus or chesty 
process with chronic bronchiectasis), which, being in 
contact with major thoracic vessels, may simulate an 
aneurysm.

These diagnostic traps can be avoided using Phase 
Contrast or Magnitude Contrast sequences; the sub-
traction allows canceling this hyperintensity in both 
moments of acquisition.

4.6

Geometric Artifacts

Sometimes MRA may be affected by artifacts because 
of wrong geometric positioning of angiographic 
sequence or saturation bands. These artifacts are the 
so called Hypointensity linear horizontal artifact and 
the artifact due to noninclusion of the vase in the 
excited volume (Glockner et al. 2005; Foo et al. 
2005; Bradley and Stark 1992).

4.6.1
The Hypointensity Linear Horizontal Artifact

The Hypointensity linear horizontal artifact consists 
of a linear signal void present in 2D or 3D acquisi-
tions acquired using a presaturation impulse. The 
genesis of this artifact is due to a wrong position of 
the saturation band positioned too close to the excited 
stratum. The additional radiofrequency can saturate 
even the spins around the volume excited.

This diagnostic trap can lead to interpretation of 
a signal vacuum as thrombus especially during MR-A 
of peripheral vessels.

One or more dark longitudinal stripes can be seen 
within the aortic lumen simulating the presence of a 
dissection.

4.6.2
The Artifact Due to Noninclusion of the Vase 
in the Excited Volume

The artifact due to noninclusion of the vase in the 
excited volume is frequent in anatomical districts 
where there is an abnormal course of the vessels 

(coiling, kinking); it is an exclusive prerogative of 
3D technique and it is the result of wrong position-
ing of the acquisition volume compared to the course 
of the vessel.

All the sequence artifacts described can be 
removed by optimizing the use of MR-A sequences, 
and in particular their intrinsic parameters. Echo 
times as short as possible (4–6 ms) and variable fl ip 
angle allow to recover artifacts from turbulence and 
saturation. Elimination of the layer, which has the 
hinge artifact, before postprocessing allows to delete 
it completely without degrading the fi nal quality of 
the image. A proper positioning between presatura-
tion impulse (FRODO technique) and the layer or 
volume excited and a wide safety margin in place 
acquisition volumes, help respectively to prevent lin-
ear and horizontal hypointensity artifact and the 
artifact owing to complete noninclusion of the vase 
in the excited volume.

4.7

Magnetic Susceptibility Artifacts

Magnetic susceptibility artifacts are not an absolute 
prerogative of MR-A sequences and can be caused by 
paramagnetic external substances (dental prosthe-
ses, clips, etc..) which alter the geometry of the main 
magnetic fi eld or by interfaces between different tis-
sue sensitivity for the magnetic fi eld (i.e., air-vessel) 
(Glockner et al. 2005; Foo et al. 2005; Bradley and 
Stark 1992).

The fi rst ones determine a distortion of the image 
bounded by a small hyperintense edge, while inter-
faces artifacts are responsible for the presence of a 
hypointense board of a few millimetres thick. These 
artifacts are minimized, but not completely elimi-
nated using short TE sequences or 3D contrast MR-A. 
To get the shortest possible TE, it should be used as 
the widest band-width available on the imaging sys-
tem used. Intravascular stents can be particularly 
problematic depending on the stent composition. The 
most MR compatible stents are nitinol or platinum, 
which are totally nonmagnetic. Even nonmagnetic 
stents may obscure the artery lumen by attenuating 
the radiofrequency signal. This can be at least par-
tially overcome in platinum and nitinol stents using a 
higher fl ip angle.

Artifacts caused by external paramagnetic sub-
stances may be partially removed by a thorough 
medical history of the patient.
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4.8

Maki Artifact

Maki artifacts may occur using contrast-enhanced – 
MR-angiography. Maki artifact appears as a double 
contour of the vessel wall with low signal intensity of 
a central zone within the vessel.

This artifact depends on a too early acquisition of 
MR sequence with respect to the arrival of contrast 
medium bolus in the target vessel (Zhang et al. 2007; 
Maki et al. 1996).

Therefore contrast medium reaches the ideal con-
centration into the target vessel during the later part 
of sequence acquisition. In other terms, central lines 
of k-space are sampled before the arrival of contrast 
medium into the vascular district, while the good 
concentration of contrast medium is reached during 
peripheral k-space sampling where information of 
image contour is collected.

This mechanism explains the low grade of vascu-
lar enhancement as well as the effect on vessel wall 
contours (Fig. 4.2).

To prevent this artifact a strict monitoring of the 
contrast medium arrival into the target vessel using 
bolus-tracking system is essential. Moreover it is 
essential to start image acquisition immediately when 
contrast medium has reached the entire vascular dis-
trict, especially if a central sampling of the k-space is 
used to prevent the maki artifact in the distal portion 
of the vascular district while obtaining an excellent 
enhancement in the proximal portion.

4.9

Vascular Blurring

This artifact may affect CE-MRA and is easily recog-
nizable like a blurring of vessel wall (Carriero et al. 
1994, 1995; Pusey e al. 1986; Glockner et al. 2005; 
Foo et al. 2005; Penman et al. 1986).

Similar to Maki artifact, the vascular blurring is 
also due to a suboptimal synchronization between 
acquisition of central k-space lines and the arrival of 
contrast medium bolus into the target vessel. This 
artifact depends on the variation of signal intensity 
of target vessel during the central k-space sampling 
due to the usage of a too short bolus of contrast 
medium. Usually this artifact may occur when a lim-
ited dose of contrast medium is used or when injec-
tion fl ow is high as well as when the acquisition of 

CE-MRE sequence starts before the vascular peak 
enhancement of the target vessel.

In other terms if the signal intensity of the vessel 
lumen shows relevant variation during the central 
k-space sampling with increasing signal intensity over 
time, the central portion of k-space will fi nally refl ect 
inhomogeneity. This k-space inhomogeneity will lead 
to signal blurring (Fig. 4.3).

The vascular blurring can be prevented by avoid-
ing high fl ow rate injection for contrast medium and 
an underdosage of contrast medium as well by opti-
mizing the image acquisition using bolus tracking 
system.

4.10

Patient Artifacts

Patient artifacts are common in Magnetic Resonance 
and particularly frequent in MR-A; the voluntary and 
involuntary movement (hyperperistalsis, throbbing 

Fig. 4.2. Maki artifact: MIP reconstruction based on CE-
MRA acquisition. Image shows a good contrast enhancement 
of pulmonary arteries while abdominal aorta presents double 
contour with low signal intensity of the central vessel area. 
This artifact is due to mis-registration of central k-space line 
with respect to contrast medium bolus arrival. (Reprint with 
permission by manuale di RM addominale, Poletto editore)
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of the arterial blood vessels) are the primary cause of 
the ghost artifact. Ghost artifact manifests itself with 
the presence of hyper or hypointense bands with 
monotonous repetition of anatomical region consid-
ered along the phase encoding. This causes a quality 
decay of the image both in the layer and volume 
acquisition. Motion artifacts are particularly fre-
quent in the study of thorax-abdominal vessels where 
it is not possible to maintain the apnoea (Arena 
1995; Foo et al. 2005).

The change of position following a voluntary 
movement can lead completely to off-axis blood ves-
sels so during the reconstruction for example, if it is 
a 2D acquisition, the image shows a typical segmented 

profi le of vascular lumen especially evident in coro-
nal reconstruction of axial acquisitions.

In 3D instead, you get an out-of-focus image in 
general because it establishes a causal dependence 
on the time between the various phases concerning 
the various repetitions of the sequence. We must 
bear in mind that there is an interval time between 
the encoding phase and the frequency and also in 
recording of x and y positions which helps to pre-
vent the artifact from moving, leading to an errone-
ous recording space.

The tortuosity inherent to the thoracic aorta and 
its branches may result in the inadvertent exclusion 
of important portions of the arterial anatomy from 
the 3D imaging volume. To prevent this artifact, a 3D 
data set can be collected initially without contrast to 
assure that the relevant anatomy is encompassed 
within the imaging volume.

4.11

Artifacts from Postprocessing

The main artifacts from postprocessing consist of 
the artifact from projection of the background noise 
and the step artifact (Foo et al. 2005; Bradley and 
Stark 1992; Maki et al. 1996).

4.11.1
The Artifact Due to Projection 
of Background Noise

The artifact due to projection of background noise 
has its rational in a limited or wrong contrast to 
noise; spins in motion, which have a signal intensity 
equal to or even lower than that of stationary tissues 
are not in fact found by postprocessing algorithm 
and will not be represented in the angiogram after 
reconstruction.

In addition, MIP reduces the size of the vessel 
because of different phase precession of spins with 
different speed; spins at the centre of the vase have 
the same speed, so will have a homogeneously hyper-
intense signal; spins that fl ow behind the wall have on 
the contrary, a different phase of precession that leads 
to a decay of the signal, when it approximates to 180.

On the other hand basic signal of hyperintense 
tissues such as methemoglobin is not differentiated 
from hyperintensity of mobile spins by postprocess-
ing algorithm; it follows that tissues of nonvascular 

Fig. 4.3. MIP reconstruction based on CE-MRA acquisition. 
Note the blurring artifact at the level of abdominal aorta. 
The artifact is due to the wrong synchronization between the 
contrast arrival and the k-space sampling. During the cen-
tral sampling of the k-space, the contrast medium reaches a 
good concentration into the vessel lumen while a poor con-
centration is achieved during peripheral sampling of the 
k-space leading to a loss of spatial resolution
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origin can be represented on defi nitive angiogram 
simultaneously to those of vascular.

4.11.2
Step Artifact

This artifact is exclusive of 2D sequences acquired 
according to the axial plan it is characterized by an 
irregularity of vascular profi le evident after post-
processing. Its genesis is to be searched, especially, 
in nonperfect alignment of the profi le of vases. It is 
frequent in MR-A of peripheral arterial blood ves-
sels in which the axial acquisition without cardiac 
synchronization can happen at any stage of the car-
diac cycle, resulting in signal acquisition during the 
top of the sphygmic wave that conditions the axial 
diameter of vessel and the nonperfect alignment of 
their profi le.

In order to prevent the artifact from postprocess-
ing (MIP) which causes the disappearance of the vases 
with intensity signal like that of background noise, or 
the representation of stationary tissues with signal 
intensity overlap or greater than that of the vases, it is 
necessary in the fi rst case to improve the contrast to 
noise, and in the second case, use MR-A techniques to 
subtract as the technical phase contrast. Acquisitions 
synchronization with the cardiac circle for peripheral 
circle and correction factors in the development of 

postprocessing, permit fi nally, to prevent and correct 
the artifact by step.
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5.1

Introduction

Magnetic resonance angiography (MRA) sequences 
generate an amount of data that represents the signal 
intensity of voxels from the image volume, distributed 
on consecutive slices and oriented on a user-defi ned 
plane. In particular, the availability of wide anatomic 
coverage coils and high-fi eld scanners, together with fast 
sequences and high relaxivity contrast media, allows to 
easily obtain MRA series formed by a high number of 
thin slices, usually partially overlapped on each other. 
This poses the problem to achieve a synthetic view of 
such a large quantity of analytical information, as derived 
from each single partition, through either a panoramic 
or a targeted visualization of a given vascular territory. 
The demonstration of a particular vascular anatomy 
may also raise the issue of separating or eliminating 
other structures contained in the same image volume 
(such as veins in an MR arteriogram, superimposed ves-
sels or stationary tissues with contrast enhancement).

In this chapter, the following main techniques 
for the postprocessing of MRA images will be 
illustrated:

Multiplanar reformation (MPR) ●

Maximum intensity projection (MIP) ●

Shaded surface display (SSD) ●

Volume rendering (VR) ●

Virtual endoscopy (VE) ●

5.2

Multiplanar Reformation (MPR)

The MPR technique allows creating a bidimen-
sional image on an arbitrary plane from a dataset of 
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 complanar images. More precisely, the information 
about position and signal intensity of voxels belong-
ing to a stack of images acquired on parallel planes 
with a given spatial orientation (for example, a series 
of axial images) is used to produce an output image 
where voxels are geometrically projected on a user-
defi ned plane with a different inclination (e.g., a 
coronal, sagittal, or oblique plane), as a function of 
position and signal intensity of voxels from source 
images (Lell et al. 2006). In this way, it is possible 
to obtain an integrated representation of structures 
located on planes different from the native one, 
which is usually chosen so to optimize technical 
parameters such as image acquisition time or to 
minimize artifacts.

A typical vascular imaging application of the MPR 
algorithm is the continuous reconstruction of vessels 
which are not entirely included in single sections of the 
image volume, in particular of those with an anatomi-
cal inclination different from that of the acquisition 
plane. In this sense, it is noteworthy that the majority 
of workstations and image processing software appli-
cations allow to automatically perform MPR on stan-
dard planes (axial, coronal, sagittal: orthogonal MPR) 
by generating additional stacks of reformatted images 
spanning from a given initial to a given fi nal limit of 
the source dataset that can be saved in DICOM format 
as independent image series. The thickness and spac-
ing of reformatted images are user-defi nable; in par-
ticular, increasing slice thickness can be useful in order 
to increase signal-to-noise ratio (SNR) and/or to reduce 
total image number, and is a good practice if the data-
set does not contain fi ndings that do not require the 
highest available spatial resolution in order to be rec-
ognized. More generally, the user is free to defi ne 
oblique reconstruction planes arbitrarily by orienting 
and moving an electronic caliper on the three standard 
orthogonal planes, on which vessels are identifi ed 
based on their anatomical course. In this way, it is pos-
sible, for example, to create images on planes perpen-
dicular to the longitudinal axis of the vessel in order to 
measure its diameter or section area, thereby avoiding 
the measurement error due to the geometric distortion 
that occurs whenever such measures are taken on 
native images from vessels coursing nonperpendicu-
larly to the acquisition plane. This is of particular 
importance, for example, for the evaluation of condi-
tions associated with widening or narrowing of the 
vessel lumen, such as aneurysms or vascular stenoses, 
for which the exact measurement of dimensional 
parameters may affect treatment planning.

It is intuitive that the quality of MPR reconstruc-
tions is optimal when the dataset is composed of 
isotropic voxels. Yet, this condition, which is easily 
fulfi lled on modern MDCT scanners, is still seldom 
accomplished in MRA owing to limitations related 
to prolongation of imaging time and worsening of 
SNR and contrast-to-noise ratio (CNR). In fact, the 
need for low section thickness in phase direction 
poses a penalty on acquisition time (proportional to 
the number of phase encoding steps and image 
averages), which forces the user to reduce matrix 
size in phase direction and use single averaging or 
k-space undersampling techniques in order to keep 
acquisition time down to a reasonable level, usually 
resulting in lower spatial resolution in phase direc-
tion and/or increased image noise (Prince et al. 
2003). A practical method for  increasing spatial res-
olution in phase direction is represented by acquir-
ing partially overlapped slices (typically, with 50% 
overlap), which also leads to reduction of partial 
volume effects with preserved SNR as compared 
with nonoverlapped sections.

A variant of the MPR algorithm is CPR (curved pla-
nar reformation), that allows to project native images 
from a succession of planes lying on a user-defi ned 
polygonal trajectory. CPR is particularly useful to dis-
play vessels with a tortuous course in the three spatial 
directions, such as coronary arteries or the arteries of 
the celiac district. This operation can be carried out by 
selecting a series of points aligned along the center of 
the lumen (centerline) on one or more MPR projec-
tions, thus obtaining a continuous rectifi ed represen-
tation of the vessel course (Fig. 5.1). With CPR, it may 
also be easier to perform measurements of vessel size, 
as the selected vessel is visualized continuously with-
out distortions of its lumen contour.

MPR and CPR have the advantage of preserving 
the whole spatial and contrast information of the 
dataset with relative computational simplicity, as well 
as being relatively operator-independent, because it 
is not necessary to perform any segmentation of 
source images prior to reconstruction. On the other 
hand, the 2D nature of MPR and CPR images and 
their projective character do not allow to achieve a 
panoramic depiction of multiple vessels and, in par-
ticular, of branch vessels oriented on multiple planes. 
For these reasons, as illustrated below, “raw” MPR 
and CPR tools are usually associated to the MIP algo-
rithm, which can yield a simultaneous representation 
of multiple vessels located inside a user-defi ned spa-
tially oriented slab.
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5.3

Maximum Intensity Projection (MIP)

With this algorithm, a slab with a defi ned thickness 
and a given spatial orientation is selected, and for each 
set of voxels aligned along the chosen direction, only 
that with the maximal intensity is represented on the 
resulting reconstructed image. For better clarity, let 
us suppose to draw through the slab an array of par-
allel lines (ray casting), located at a distance from each 
other equal to the size of the voxel in the direction 
perpendicular to that of the oriented lines. Among all 
the voxels crossed by each line, the MIP algorithm 
extracts that with the highest signal intensity and 

adds it to the output image, discarding the informa-
tion relative to the other voxels. As a consequence:

The MIP image is exclusively formed by the max- ●

imum intensity voxels included in each oriented 
slice in which the slab is subdivided.
Because a small fraction (about 10%) of the  ●

whole dataset information is used, the MIP al-
gorithm requires little computational resources, 
resulting in fast postprocessing times even on 
low-power workstations.
Since the MIP algorithm requires only two param- ●

eters to be run (slab inclination and thickness), it 
is only moderately operator-dependent as well as 
conceptually simple, thus having the potential to 
reduce the time needed for reconstruction.

Fig. 5.1. CEMRA of normal renal arteries. (a, b) Single na-
tive images acquired on the coronal plane do not allow to 
evaluate the renal arteries over their entire course, nor to 
yield reliable information about the presence of stenosis. (c) 
Axial MPR image allows to exclude stenosis only within the 

proximal third of both renal arteries included in the refor-
mat plane. (d, e) By tracing a curve (green line) that follows 
the course of the renal arteries as displayed on a coronal 
MIP image, it is possible to visualize the entire course of the 
vessels, which appear to be patent

a b

c d

e
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Eliminating nonmaximal intensity voxels leads  ●

to loss of information related to image depth and 
contrast resolution among structures with dif-
ferent signal intensity inside the slab (Calhoun 
et al. 1999; Fishman et al. 2006; Lell et al. 2006).

The MIP technique plays a fundamental role for the 
postprocessing of MRA data, as it allows displaying 
vessels (which have high signal intensity due to 
either fl ow phenomena in TOF and PC sequences, or 
T1 shortening of intravascular blood in CEMRA 
acquisitions) to their whole extent on user-defi ned 
planes, thereby achieving angiography-like recon-
structions (Fig. 5.2). Moreover, in contrast with pure 
MPR techniques, it is possible to visualize the course 
of multiple vessels inside the slab, such as branching 
or collateral vessels.

A great advantage of MIP on MRA over CT angio-
graphy images is that there is no need to remove 
bones, whose density is near that of contrast-
enhanced vessels, resulting in vessel obscuration 

especially on thick-slab MIP reconstructions of CT 
angiograms (Kabul and Hagspeil 2006). However, 
for a similar reason, it is necessary to ensure that 
source images do not contain structures with signal 
intensity similar to that of vessels (such as methemo-
globin deposits or fat tissue). This can be accom-
plished by using fat suppression techniques and/or 
by subtracting to CEMRA images a mask series 
acquired with the same imaging parameters before 
administration of contrast material.

The selection of slab thickness is relevant. In fact, 
on one hand, the choice of a thick slab guarantees 
good panoramicity, but on the other hand it can lead 
to underestimate the diameter of small vessels or to 
overestimate stenoses because of partial volume 
averaging phenomena, especially on images with 
suboptimal stationary tissue suppression or low 
SNR (Lell et al. 2006, 2007). This is due to the fact 
that the image contrast of a vessel parallel to the 
imaging plane varies as a Gaussian function with its 
 maximum (proportional to the vessel diameter) 

Fig. 5.2. Case of Fig. 5.1. (a) By selecting an oriented thin 
slab volume centered at a level corresponding to the ori-
gin of the renal arteries (left side), it is possible to display 
the course of the renal arteries on a para-axial plane (right 
side). Notice the partial superimposition of the right renal 
vein on the ipsilateral renal artery at the hilum and the 
visualization of a pair of lumbar arteries arising from the 

abdominal aorta, that were not present on MPR and CPR 
reconstructions. (b) Thick-slab MIP on the coronal plane, 
allowing a paronamic view of the renal arteries and the 
aorto-iliac vessels. The mid and distal third of the splenic 
artery, the proximal tract of the lumbar arteries and part 
of the cardiopulmonary circulation included in the fi eld of 
view are also displayed

a

b
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 corresponding to the vessel centerline, symmetrically 
tending to zero with increasing distance from this 
latter (Prokop et al. 1997; Sun and Parker 1999). 
For this reason, CNR of vessels on MIP images 
decreases with increasing background signal inten-
sity and reduced vessel size, and selection of the thin-
nest possible slab for MIP can be benefi cial, as it leads 
to minimize inclusion of background tissue into the 
slab. Consequently, thin-slab MIP will be advisable if 
stenosis grading is to be performed, so as to include 
as few voxels as possible in the slab. MIP with mini-
mal slab thickness is required for representation of 
thrombi, as those are hypointense to blood on MRA 
images and would therefore be obscured on thicker 
slab MIP, as well as for depiction of aortic dissection 
(Glockner 2001; Lell et al. 2006; Prokop et al. 1997; 
Westenberg et al. 2000).

Furthermore, the choice of a moderate slab thick-
ness permits to avoid or reduce the problem of 
artero-venous overlap in territories (such as iliac, 
thoracic, and cervical vessels) where arteries and 
veins are close to each other with a parallel course. In 
particular, MIP slab thickness should be kept to a 
minimum when concave vessels (such as the aortic 
arch) are to be displayed, as the use of excessively 
thick slabs might cause the surrounding contrast-
enhanced structures or background noise to “fi ll” the 
concavity, resulting in impaired depiction of the ves-
sel borders (PROKOP et al. 1997).

Such limitations can usually be overcome, at some 
detriment for overall panoramicity, by performing 
multiple MIP reconstructions of the vessel anatomy 
under investigation: a practical method consists of 
producing several thin-slab MIP images of a vessel 
and its branches (or just some of them or even a sin-
gle branching vessel) with different orientations. In 
addition, the representation of vessel branching pat-
terns can be facilitated by doing MIP over CPR recon-
structions of the main vessels.

Alternatively, it is possible to edit the dataset prior 
to MIP in order to remove undesired structures, either 
through intensity threshold- and/or region growing-
based segmentation algorithms or by manual cutting 
on native and/or MPR images (Glockner 2001; 
Prokop et al. 1997). For instance, the representation 
of hepatic arterial vessels can be signifi cantly 
improved by cropping away the retroperitoneal tis-
sues, including the abdominal aorta and renal arter-
ies (which would obscure the origin and course of the 
celiac trunk and the superior mesenteric artery), 
allowing to get an angiography-like MIP depiction 
of such vessels (Prokop et al. 1997). However, the 

usage of editing techniques may be time-consuming 
and require high technical skills, especially if advanced 
editing is needed. Despite this, the usage of MIP and 
MPR/CPR algorithms, eventually associated with 
image editing, is usually suffi cient to achieve adequate 
results in vascular MRI, both in diagnostic and icono-
graphic terms (Davis et al. 1997; Hany et al. 1998).

5.4

Shaded Surface Display (SSD)

With this algorithm. a threshold is fi xed by the user 
defi ning the minimum intensity of the voxels to be 
imaged, while voxels with lower intensity will be dis-
carded. The reconstructed image will be composed 
by surfaces corresponding to the interface between 
voxels with intensity above the threshold and void vox-
els (i.e., with intensity below the threshold), obtained 
by simulating the illumination of surfaces from an 
external light source in a given user-defi ned direction. 
The result of this process is a three-dimensional (3D) 
representation of the voxels with above-threshold 
intensity, in contrast with MIP and MPR techniques, 
which yield two-dimensional (2D) images because of 
their planar nature (Fig. 5.3) (Davis et al. 1997; Prokop 
et al. 1997).

SSD has the advantage of relatively modest com-
putational requirements, as only a part of the dataset 
voxels is used and their representation on the output 
image is binary. However, its main weakness is repre-
sented by the diffi culty to choose a threshold that 
allows to effectively separate parietal from extrapari-
etal voxels, which is key to generating nondistorted 
3D images. In fact, setting too low a threshold leads 
to including voxels external to the vessel wall to the 
reconstructed image, reducing the apparent size of 
vascular ostia or causing “fl oating objects” to appear 
inside the vascular cavities under examination. 
Choosing an excessively low threshold may also lead 
to superimposition of background tissues or noise, 
resulting in a more or less “speckled” appearance of 
the surface contours with potential loss of details. 
Conversely, too high a threshold leads to surface ero-
sion because of exclusion of parietal voxels, resulting 
in enlargement of vessel ostia or hole-shaped areas 
of signal void. Setting a good threshold may be chal-
lenging, especially on images with low SNR or inho-
mogenous intravascular signal, as often happens 
with aneurysms or cardiac cavities. For these  reasons, 
the SSD technique is inadequate for taking vascular 
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measurements (which are usually performed on MPR 
reconstructions), as well as for depicting thin vessels, 
while it can be useful to get a 3D perspective repre-
sentation of vascular anatomy. SSD is seldom per-
formed today, as it has been superseded by the more 
robust and powerful volume rendering (VR) 
algorithms.

5.5

Volume Rendering (VR)

While MIP is based on the extraction of maximum 
intensity voxels among those crossed by an array of 
parallel lines, VR techniques rely on the ray casting 

Fig. 5.3. Patient with 
bilateral femoro-
popliteal aneurysm 
(right thrombosed). 
(a, b) SSD reconstruction; 
(c, d) VR reconstruction; 
(e, f) MIP reconstruction. 
This latter allows a more 
accurate assessment of 
infrapopliteal vessels, 
mainly due to elimination 
of nonmaximal intensity 
voxels associated with 
stationary tissues

a b

c

d

e

f
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principle by using the whole spatial and intensity 
information of the dataset and representing on the 
reconstructed image a weighted average of the inten-
sity of all voxels distributed on each slab section. 
Each voxel is assigned a value of opacity, transpar-
ency, and color depending on its intensity, position, 
and the prospective direction in which the image vol-
ume is observed according to a predetermined trans-
fer function that allows to generate the fi nal image by 
weighing the intensity of the various voxels encoun-
tered by each ray. The user contributes to the defi ni-
tion of the transfer function by choosing a color and 
a transparency value and setting at least two voxel 
intensity thresholds, corresponding to the minimum 
and maximum brightness of visualizable points on 
the reconstructed image. It is possible to defi ne linear 
transfer functions (implying that the ratio between 
the intensity of two voxels on native images and those 
of the corresponding voxels on the VR image is con-
stant), as well as nonlinear (e.g., logarithmic) ones. A 
user can also defi ne his own transfer functions, such 
as complex ones with multiple thresholds, in order to 
enhance or attenuate the contribution to the VR 
image of voxels with intensities within a given range 
(Calhoun et al. 1999; Fishman et al. 2006; Lell et al. 
2006, 2007).

In vascular imaging, the choice of suitable trans-
fer functions allows to emphasize even modest con-
trast differences among different vessels (for example, 
between arteries and veins close to each other). It is 
also evident, however, that the need for the user to 
defi ne the proper transfer function makes VR recon-
structions more operator-dependent than MIP tech-
niques, which do not have such requirement. In 
addition, VR algorithms are quite computationally 
intensive (in terms of both processor and graphics 
hardware load), as they provide a 3D visualization of 
the whole dataset, although the continuous improve-
ment of image-processing hardware makes this issue 
less important than in the past.

In comparison with MIP techniques, VR algo-
rithms offer the advantage of greater panoramicity 
and anatomical fi delity, owing to the fact that 
the whole dataset information is maintained. In 
particular, VR reconstructions tend to be superior 
to thick-slab MIP images for the evaluation of 
vascular stenoses, which are depicted without over-
estimation due to fl ow dispersion phenomena 
(Fig. 5.4) (Baskaran et al. 2002; Mallouhi et al. 
2002, 2003). Moreover, unlike MIP images, VR 
reconstructions yield the geometric perception of 
depth, thus allowing to effectively separate contig-
uous or tortuous vessels that would appear super-

imposed on MIP images and making it easier 
to achieve a panoramic representation of aneu-
rysms or cardiac cavities (Fishman et al. 2006; 
Lell et al. 2006). Another advantage of VR over 
MIP is the possibility to simultaneously display 
vessels and stationary tissues within the same 
image volume, which can be useful, for example, 
for the depiction of hypervascular neoplasms 
together with their feeding vessels.

On the other hand, the MIP technique (espe-
cially thin-slab MIP) should be preferred for the 
evaluation of small vessels (such as, for example, 
infrapopliteal arteries in patients with lower limb 
arteriopathy), because the selection of the sole 
maximum intensity voxels usually permits a more 
detailed and continuous vision of such structures, 
even on images with a low SNR and/or CNR 
(Fishman et al. 2006). Thin-slab MIP also tends to 
be more widely used than VR for the evaluation of 
vascular stenoses and aneurysms because of its 
greater simplicity, speed, and reproducibility (Fink 
et al. 2003; Persson et al. 2004; Runck et al. 2008). 
In practice, both VR and MIP techniques can be 
employed in an integrated manner in order to opti-
mize the visualization of the various aspects of vas-
cular pathology (Fishman et al. 2006).

5.6

Virtual Endoscopy (VE)

By applying SSD or VR algorithms in order to visu-
alize vessels from an intraluminal, rather than 
extraluminal light source, it is possible to achieve 
endoscopy-like views of the vascular lumen. SSD-
based VE techniques require the defi nition of an 
intensity threshold and generate surfaces formed by 
the interfaces between lower intensity voxels (which 
identify the non-contrast-enhanced extraluminal 
compartment) and higher intensity ones, corre-
sponding to the intraluminal signal. VR-based VE 
techniques are more robust and require, in analogy 
with the tools for adjustment of visualization win-
dow settings for digital images in general, the defi -
nition of a central intensity value (window level) 
together with an intensity range (window width) 
corresponding to the spectrum of signal intensities 
of voxels to be displayed with different opacities on 
the VE view.

Regardless of whether an SSD- or VR-based VE 
algorithm is used, the correct choice of the above 
mentioned parameters is crucial to achieve a good 



42 L. Faggioni and E. Neri

separation between intra- and extraluminal signal, 
avoiding artifacts due to surface erosion or dilation 
(which occur when the lower threshold is too high or 
too low compared with the mean intensity of intra-
vascular voxels, respectively).

VE reconstructions play an important role for the 
evaluation of anatomic variants of the vascular tree 
such as early branching vessels, for which it may be 
diffi cult to decide between the presence of a short 
common trunk and direct origin of vessels from adja-
cent ostia. Another similar vascular application of VE 

is the study of cardiac cavities or aneurysms, in which 
it is usually relevant to establish the number and posi-
tion of vascular ostia (Cirillo et al. 2005; Davis et al. 
1996). On VE images, it is also possible to make intralu-
minal geometric measurements (such as distance or 
section area) which cannot be performed by means of 
extraluminal postprocessing techniques (Fig. 5.5). 
Once again, however, the reliability of such measure-
ments depends signifi cantly on the threshold chosen 
for endoscopic visualization, which refl ects the qual-
ity of the MRA dataset. In this sense, it is important 

Fig. 5.4. Patient with renal transplant and ectasia of the 
arterial anastomosis associated with stenosis of post-
anastomotic left external iliac artery. (a, b) On thick-slab 
MIP reconstructions the grade of the stenosis is overesti-
mated and it is impossible to correctly evaluate patency 
of the venal rein due to the higher intensity of voxels of 

the overlying arterial graft. (c, d) VR image allows a more 
accurate grading of the left external iliac artery stenosis, 
as well as to assess patency of the renal vein, which can be 
separated from the renal artery owing to the usage of an 
appropriate transfer curve and to the possibility to gener-
ate perspective 3D views

a b

c d
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that the signal of the territories under examination is 
homogenous and with a high contrast compared with 
stationary tissues, so to allow a faithful depiction of 
the details of the parietal structure.
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ABSTRACT

The distribution of the systematic arteries is like a 
highly ramifi ed tree, the common trunk of which, 
formed by the aorta, commences at the left ven-
tricle, while the smallest ramifi cations extend to 
the peripheral parts of the body and the contained 
organs.

The veins convey the blood from the capillaries 
of the different parts of the body to the heart. They 
consist of two distinct sets of vessels, the pulmo-
nary and systemic. The Portal vein, an appendage 
to the systemic venous system, is confi ned to the 
abdominal cavity, and returns the venous blood 
from the spleen and the viscera of digestion to the 
liver.
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The Arteries

The distribution of the systematic arteries is like a 
highly ramifi ed tree, the common trunk of which, 
formed by the aorta, commences at the left ventricle, 
while the smallest ramifi cations extend to the periph-
eral parts of the body and the contained organs.

The arteries, in their distribution, communicate 
with one another, forming what are called anastomo-
ses, and these communications are very free between 
the large as well as between the smaller branches. The 
anastomosis between trunks of equal size is found 
where great activity of the circulation is requisite, as 
in the brain and the intestinal arteries. In the limbs 
the anastomoses are most numerous and of larg-
est size around the joints. The smaller branches of 
 arteries anastomose more frequently than the larger  
and between the smallest twigs these anastomoses 
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become so numerous as to constitute a close network 
that pervades nearly every tissue of the body.

Throughout the body generally the larger arterial 
branches pursue a fairly straight course, but in cer-
tain situations they are tortuous. Thus the external 
maxillary artery in its course over the face, and the 
arteries of the lips, are extremely tortuous to accom-
modate themselves to the movements of the parts. 
The uterine arteries are also tortuous, to accommo-
date themselves to the increase of size which the 
uterus undergoes during pregnancy.

6.1.1
The Arteries of the Head, Neck, and Thorax

6.1.1.1
The Thoracic Aorta

The thoracic aorta commences at the aortic orifi ce of 
the left ventricle, ascendes for a short distance, arches 
backward and to the left side, and then descends 
within the thorax on the left side of the vertebral col-
umn. Through the aortic hiatus in the diaphragm, 
passes into the abdominal cavity becoming abdomi-
nal aorta.

It is divided in several portions: the ascending 
aorta, the arch of the aorta, and the descending aorta.

The ascending aorta is about 5 cm in length and 
3 cm in diameter. It commences at the upper part of 
the base of the left ventricle, on a level with the lower 
border of the third costal cartilage. At its origin it 
presents a dilatation called the aortic bulb for the 
presence of three small dilatations, the aortic sinuses, 
opposite the segments of the aortic valve.

The only branches of the ascending aorta are the 
coronary arteries which supply the heart. They arise 
near the commencement of the aorta immediately 
above the attached margins of the semilunar valves. 
The right coronary artery arises from the right aortic 
sinus. It passes at fi rst between the conus arteriosus 
and the right auricula and then runs in the right por-
tion of the coronary sulcus, until the diaphragmatic 
surface of the heart as far as the posterior longitudi-
nal sulcus, down which it is continued to the apex of 
the heart as the posterior descending branch. It gives 
off a large marginal branch which follows the acute 
margin of the heart and supplies branches to both 
surfaces of the right ventricle. It also gives twigs to 
the right atrium and to the part of the left ventricle 
which adjoins the posterior longitudinal sulcus. The 
left coronary artery, larger than the right, arises from 

the left aortic sinus and divides into two branches: 
(a) the anterior descending branch descends in the 
anterior longitudinal sulcus and it gives branches to 
both ventricles; (b) the circumfl ex branch follows the 
left part of the coronary sulcus, reaching nearly as far 
as the posterior longitudinal sulcus and anastomos-
ing with branches of the right coronary artery. It 
gives branches to the left atrium and ventricle.

The cursive script begins at the level of the upper 
border of the second sternocostal articulation of the 
right side, and runs at fi rst upward, backward, and to 
the left in front of the trachea, then it passes down-
ward on the left side of the body of the fourth tho-
racic vertebra, at the border of which it becomes 
continuous with the descending aorta. Its upper bor-
der is usually about 2.5 cm below the superior border 
of the manubrium sterni.

The branches given off from the arch of the aorta 
are three, generally: the innominate artery, the left 
common carotid artery and the left subclavian artery 
(Fig. 6.1).

The number of the primary branches may be 
reduced to one, or more commonly two because the 
left common carotid can arise with the innominate 
artery. More rarely the carotid and subclavian arteries 
of the left side arising from a left innominate artery. 
The number may be increased also to four, from the 
right carotid and subclavian arteries arising directly 

Fig. 6.1. MIP (maximum intensity projection). The branches 
arising from the arch of the aorta are three: the innominate 
artery, the left common carotid artery and the left subcla-
vian artery
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from the aorta, the innominate being absent. In most 
of these latter cases the right subclavian has been 
found to arise from the left end of the arch; in other 
cases it is the second or third branch given off, instead 
of the fi rst. Another form in which there are four pri-
mary branches is when the left vertebral artery arises 
from the arch of the aorta between the left carotid and 
subclavian arteries. In other cases, the two carotids 
may be joined in a common trunk, and the subclavi-
ans arise separately from the arch, the right subcla-
vian generally arising from the left end of the arch.

In some instances other arteries spring from the 
arch of the aorta. Of these the most common are the 
bronchial, one or both; but the internal mammary 
and the inferior thyroid have been seen to arise from 
this vessel (Gray 1918).

When the aorta arches over to the right side, the 
three branches have an arrangement the reverse of 
what is usual: the innominate artery is on the left and 
the right carotid and subclavian arise separately.

The innominate or brachiocephalic artery is the 
largest branch of the arch of the aorta, and is from 4 
to 5 cm in length.

It arises, on a level with the upper border of the 
second right costal cartilage, on a plane anterior to 
the origin of the left carotid. It ascends obliquely 
upward, backward, and to the right to the level of the 
upper border of the right sternoclavicular articula-
tion, where it divides into the right common carotid 
and right subclavian arteries.

The innominate artery usually gives off no 
branches. Occasionally a small branch, the thyreoidea 
ima, arises from it. Sometimes it gives off a thymic or 
bronchial branch.

The common carotid arteries differ in their mode 
of origin.

Normally the right begins at the bifurcation of the 
innominate artery behind the sternoclavicular joint 
while the left springs from the arch of the aorta.

The left common carotid varies in its origin more 
than the right. In the majority of abnormal cases it 
arises with the innominate artery; if that artery is 
absent, the two carotids arise usually by a single trunk.

At the level of the upper border of the thyroid car-
tilage each artery divides into two branches, the exter-
nal carotid, supplying the exterior part of the head, 
the face, and the greater part of the neck and the inter-
nal carotid, supplying the vast majority of the tissues 
within the cranial and orbital cavities (Fig. 6.2).

In the majority of abnormal cases the division 
occurs higher than usual, the artery dividing oppo-
site or even above the hyoid bone.

At the bifurcation each common carotid has a 
dilatation which extent to the proximal tract of the 
internal carotid, the carotic bulb.

The common carotid usually gives off no branch 
previous to its bifurcation, but it occasionally gives 
origin to the superior thyroid or its laryngeal branch, 
the ascending pharyngeal, the inferior thyroid, or, 
more rarely, the vertebral artery.

The external carotid artery begins opposite the 
upper border of the thyroid cartilage, and, taking a 
slightly curved course, arrives behind the neck of the 
mandible, where it divides into the terminal branches, 
the superfi cial temporal and the internal maxillary 
arteries.

The external carotid artery is covered by the skin, 
superfi cial fascia, platysma, deep fascia, and anterior 
margin of the sternocleidomastoideus muscle.

The branches of the external carotid artery are: 
superior thyroid artery, ascending pharyngeal artery, 
lingual artery, occipital artery, posterior auricular 
artery, external maxillary artery.

The internal carotid artery considering its course 
and its relations may be divided into four portions: 
cervical, petrous, cavernous, and cerebral.

The cervical portion of the internal carotid begins 
at the bifurcation of the common carotid, opposite 
the upper border of the thyroid cartilage, and runs 

Fig. 6.2. MIP. The common carotid arteries divide into two 
branches, the external carotid artery and the internal ca-
rotid artery
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perpendicularly upward, in front of the transverse 
processes of the upper three cervical vertebre, to the 
carotid canal in the petrous portion of the temporal 
bone. The cervical portion of the internal carotid 
gives off no branches.

The petrous portion of the artery is when the inter-
nal carotid artery enters the canal in the petrous por-
tion of the temporal bone. It fi rst ascends a short 
distance, then curves forward and medialward, and 
again ascends as it leaves the canal to enter the cavity of 
the skull between the lingula and petrosal process of the 
sphenoid. The artery is separated from the bony wall of 
the carotid canal by a prolongation of dura mater.

In the cavernous portion the artery is situated 
between the layers of the dura mater forming the 
cavernous sinus, but covered by the lining membrane 
of the sinus. It at fi rst ascends toward the posterior 
clinoid process, then passes forward by the side of 
the body of the sphenoid bone, and again curves 
upward on the medial side of the anterior clinoid 
process, and perforates the dura mater.

In the cerebral portion, The Artery, After having 
perforated the dura mater on the medial side of the 
anterior clinoid process passes to the anterior perfo-
rated substance at the medial extremity of the lateral 
cerebral fi ssure, where it gives off its terminal or 
cerebral branches.

The branches of the internal carotid artery are: 
caroticotympanic artery and artery of the pterygoid 
canal from the petrous portion, cavernous, hypophy-
seal, anterior meningeal, ophthalmic arteries from 
the cavernous portion, anterior cerebral, middle cere-
bral, posterior communicating and choroidal artery 
from the cerebral portion.

The ophthalmic artery arises from the internal  ●

carotid, just as the vessel is emerging from the 
cavernous sinus, on the medial side of the ante-
rior clinoid process, and enters the orbital cavity 
through the optic foramen. It then reaches the 
medial wall of the orbit, and divides into two ter-
minal branches, the frontal and dorsal nasal.
The anterior cerebral artery arises from the  ●

 internal carotid, at the medial extremity of the 
 lateral cerebral fi ssure. It passes forward and me-
dialward across the anterior perforated substance; 
here it comes into close relationship with the 
 opposite artery, to which it is connected by a short 
trunk, the anterior communicating artery. From 
this point the two vessels run side by side in the 
longitudinal fi ssure, curve around the genu of the 
corpus callosum, and turning backward  continue 

along the upper surface of the corpus callosum to 
its posterior part, where they end by anastomos-
ing with the posterior cerebral arteries.

The anterior communicating artery connects the two 
anterior cerebral arteries across the commencement 
of the longitudinal fi ssure. Sometimes this vessel is 
wanting, the two arteries joining together to form a 
single trunk, which afterward divides or it may be 
wholly, or partially, divided into two.

The middle cerebral artery, the largest branch  ●

of the internal carotid, runs at fi rst in the lateral 
 cerebral or Sylvian fi ssure and then on the sur-
face of the insula, where it divides into a number 
of branches which are distributed to the lateral 
surface of the cerebral hemisphere.
The posterior communicating artery runs back- ●

ward from the internal carotid, and anastomoses 
with the posterior cerebral artery, a branch of the 
basilar. It varies in size, being sometimes small, 
and occasionally so large that the posterior 
 cerebral may be considered as arising from the 
internal carotid rather than from the basilar. It is 
frequently larger on one side than on the other. 
From its posterior half are given off a number 
of small branches for the medial surface of the 
thalami and the walls of the third ventricle.

The subclavian artery on the right side arises from the 
innominate artery behind the right sternoclavicular 
articulation; on the left side it springs from the arch of 
the aorta. The two vessels, therefore, in the fi rst part of 
their course, differ in length, direction, and relation 
with neighboring structures. Each subclavian artery 
can be divided into three parts: (a) the fi rst portion 
extends from the origin of the vessel to the medial 
border of the scalenus anterior; (b) the second lies 
behind this muscle; (c) the third extends from the lat-
eral margin of the muscle to the outer border of the 
fi rst rib, where it becomes the axillary artery.

The origin of the right subclavian from the innom-
inate artery takes place, in some cases, above the ster-
noclavicular articulation, and less frequently, below 
that joint. The artery may arise as a separate trunk 
from the arch of the aorta, and in such cases it may be 
either the fi rst, second, third, or even the last branch 
derived from that vessel; in the  majority, however, it is 
the fi rst or last, rarely the second or third. When it is 
the fi rst branch, it occupies the ordinary position of 
the innominate artery; when the second or third, it 
gains its usual position by passing behind the right 
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carotid; and when the last branch, it arises from the 
left extremity of the arch, and passes obliquely toward 
the right side, usually behind the trachea, esophagus, 
and right carotid, sometimes between the esophagus 
and trachea, to the upper border of the fi rst rib, 
whence it follows its ordinary course. In very rare 
instances, this vessel arises from the thoracic aorta, as 
low down as the fourth thoracic vertebra.

The left subclavian is occasionally joined at its 
origin with the left carotid.

The branches of the subclavian artery are: verte-
bral artery, thyrocervical trunk, internal mammary 
artery, costocervical artery.

The vertebral artery is the fi rst branch of the sub-
clavian, and arises from the upper and back part of 
the fi rst portion of the vessel and ascends through 
the foramina in the transverse processes of the upper 
six cervical vertebre. It then winds behind the supe-
rior articular process of the atlas and, entering the 
skull through the foramen magnum, unites, at the 
lower border of the pons, with the vessel of the oppo-
site side to form the basilar artery.

The branches of the vertebral artery may be 
divided into two sets: those given off in the neck (spi-
nal and muscular arteries), and those within the cra-
nium (meningeal, posterior spinal, anterior spinal, 
posterior inferior cerebellar, medullary arteries).

The basilar artery, is a single trunk formed by the 
junction of the two vertebral arteries. It extends from 
the lower to the upper border of the pons, lying in its 
median groove, under cover of the arachnoid. It ends 
by dividing into the two posterior cerebral arteries 
(Fig. 6.3).

Its Branches are pontine, anterior inferior cerebel-
lar, internal auditory, superior cerebellar and poste-
rior cerebral arteries.

The posterior cerebral artery is the largest branch. 
Passing lateralward, parallel to the superior cerebellar 
artery, and receiving the posterior communicating from 
the internal carotid, it winds around the cerebral pedun-
cle, and reaches the tentorial surface of the occipital 
lobe of the cerebrum, where it breaks up into branches 
for the supply of the temporal and occipital lobes.

At the base of the brain the internal carotid and 
the vertebral artery form a remarkable anastomosis 
known as the arterial circle of Willis (Fig. 6.4). It is 
formed in front by the anterior cerebral arteries, 
branches of the internal carotid, which are connected 
together by the anterior communicating, behind by 
the two posterior cerebral arteries, branches of the 
basilar, which are connected on either side with the 
internal carotid by the posterior communicating.

The thyrocervical trunk is a short thick trunk, 
which arises from the front of the fi rst portion of the 
subclavian artery, close to the medial border of the 
scalenus anterior, and divides almost immediately 
into three branches, the inferior thyroid, transverse 
scapular, and transverse cervical.

The internal mammary artery arises from the 
under surface of the fi rst portion of the subcla-
vian, opposite the thyrocervical trunk. It descends 

Fig. 6.3. MIP. The basilar artery ends by dividing into the 
two (left and right) posterior cerebral arteries

Fig. 6.4. MIP. Arterial circle of Willis
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behind the cartilages of the upper six ribs at a dis-
tance of about 1 cm from the margin of the sternum, 
and at the level of the sixth intercostal space divides 
into the musculophrenic and superior epigastric 
arteries.

The thoracic descending aorta is contained in the 
posterior mediastinal cavity.

It begins at the fourth thoracic vertebra where it is 
continuous with the aortic arch, and ends in front of 
the twelfth at the aortic hiatus in the diaphragm.

Branches of the thoracic aorta: (a) Visceral (peri-
cardial arteries, bronchial arteries, esophageal arter-
ies, mediastinal arteries); (b) Parietal (intercostal 
arteries, subcostal arteries, superior phrenic artery).

Visceral Branches

The pericardial arteries consist of a few small vessels 
which are distributed to the posterior surface of the 
pericardium.

The bronchial arteries vary in number, size, and 
origin.

Generally there is one bronchial artery on the 
right and two bronchial arteries on the left. The right 
bronchial artery can arises from the fi rst aortic inter-
costal or from the upper left bronchial artery.

Each vessel runs on the back part of its bronchus, 
dividing and subdividing along the bronchial tubes, 
supplying them, the lung’s parenchyma, the bron-
chial lymph glands, and the visceral pleura.

The esophageal arteries are four or fi ve in number. 
They form a chain of anastomoses along the esopha-
gus, anastomosing with the esophageal branches of 
the inferior thyroid arteries above, and with ascend-
ing branches from the left inferior phrenic and left 
gastric arteries below.

The mediastinal branches are numerous small 
vessels which supply the mediastinal lymph glands.

Parietal Branches

The intercostal arteries are usually nine pairs.
They arise from the back of the aorta, and run to 

the lower nine intercostal spaces the fi rst two spaces  
supplied by the highest intercostal artery, a branch of 
the costocervical trunk of the subclavian.

Each artery divides into an anterior and a poste-
rior branch.

The anterior branch crosses the corresponding 
intercostal space obliquely toward the angle of the 
upper rib, and thence is continued forward in the 

costal groove; it anastomoses in front with the inter-
costal branch of the internal mammary. The fi rst aor-
tic intercostal artery anastomoses with the intercostal 
branch of the costocervical trunk. The lower two 
intercostal arteries are continued anteriorly from the 
intercostal spaces into the abdominal wall, and anas-
tomose with the subcostal, superior epigastric, and 
lumbar arteries. The anterior rami give off the fol-
lowing branches: collateral intercostals, lateral cuta-
neous, muscular, mammary.

The posterior branch runs backward through a 
space which is bounded above and below by the 
necks of the ribs, medially by the body of a verte-
bra, and laterally by an anterior costotransverse 
ligament.

It gives off a spinal branch which enters the verte-
bral canal through the intervertebral foramen and is 
distributed to the medulla spinalis and its membranes 
and the vertebrae. It then courses over the transverse 
process, supplies branches to the muscles of the back 
and cutaneous branches.

The Adamkiewicz or great anterior radiculomed-
ullary artery is the largest anterior segmental medul-
lary artery. It typically arises from a left posterior 
intercostal artery and supplies the lower two-thirds 
of the spinal cord via the anterior spinal artery. In 
some percentage of people, the artery of Adamkiewicz 
arises from a lumbar vessel.

The subcostal arteries, so named because they lie 
below the last ribs, constitute the lowest pair of 
branches derived from the thoracic aorta, and are in 
series with the intercostal arteries.

Each passes along the lower border of the twelfth 
rib, and it anastomoses with the superior epigastric, 
lower intercostal, and lumbar arteries. Each subcos-
tal artery gives off a posterior branch which has a 
similar distribution to the posterior ramus of an 
intercostal artery.

The superior phrenic arteries are small and arise 
from the lower part of the thoracic aorta; they are 
distributed to the posterior part of the upper surface 
of the diaphragm.

6.1.1.2
The Pulmonary Arteries

The pulmonary arteries convey the venous blood 
from heart to the lungs.

The pulmonary trunk begins at the base of the 
right ventricle. It is short and wide ~5 cm in length 
and 3 cm in diameter. It then branches into two 
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 pulmonary arteries, left and right (Fig. 6.5), which 
accompany the bronchial tubes and end in a dense 
capillary network in the walls of the alveoli.

6.1.2
The Abdominal Arteries

The abdominal aorta begins at the aortic hiatus of the 
diaphragm and, descending in front of the vertebral 
column, ends at the level of the fourth lumbar verte-
bra, by dividing into the two common iliac arteries.

Variations in the abdominal aorta are not common. 
The most common place for its bifurcation, is oppo-
site the lower border of the body of the fourth lumbar 
vertebra 75% but it may divide opposite the disc 
between L4 and L5 or rarely opposite the body of 
the fi fth lumbar vertebra. A higher division is less 
common (9%) than a lower division (11%). The fol-
lowing rare variations of the abdominal aorta have 
been described: (1) the aorta may pass through the 
esophageal hiatus (opening) of the diaphragm; (2) it 
may lie on the right side of the vena cava, the vein 
passing over the upper part of the aorta to gain access 
to the caval hiatus; (3) the aorta may have a vena cava 
on each side, the left vein passing across the upper 
part of the artery to open into the right vein just below 
the caval opening (Bergman et al. 1996).

The branches of the abdominal aorta may be 
divided into three sets: (a) Visceral (celiac trunk, supe-
rior mesenteric artery, inferior mesenteric artery, 

middle suprarenal artery, renal artery, internal sper-
matic or ovarian artery); (b) Parietal (inferior phrenic 
artery, middle sacral artery); (c) Terminal (common 
iliac artery).

6.1.2.1
Visceral Branches

The celiac trunk is a short thick trunk, which arise 
from the front of the aorta, just below the aortic hia-
tus of the diaphragm.

The celiac trunk conventionally divides after 1–2 cm 
into three large branches, the left gastric, the common 
hepatic, and the splenic (Fig. 6.6); this pattern is seen in 
65–75% of individuals and it occasionally gives off one 
of the inferior phrenic arteries. It may be absent and 
the branches usually arising from it then arise from the 
aorta. The trunk may be shorter or longer than usual 
and in the latter case, the branches commonly arise 
separately from the trunk instead of radiating from a 
single point. The celiac trunk may lack one or more of 
its main branches. In such cases, the branch in ques-
tion may arise from the aorta or the superior mesen-
teric, either independently or in conjunction with 
another branch. Variations have been reported to occur 
with the following frequencies (approximate): (1) 
hepatosplenogastric trunk, 90%; (2) hepatosplenic 
trunk (hepatic and splenic), 3.5%; (3) hepatosplenom-
esenteric trunk (hepatic, splenic, and superior 

Fig. 6.5. VR (volume rendering). The pulmonary arteries 
with the left atrium and the pulmonary veins

Fig. 6.6. MIP. The celiac trunk and the superior mesenteric 
artery arise from the abdominal aorta



54 C. Vignali, V. Vallini, and F. Bianchi

 mesenteric), 0.5%; (4) hepatogastric trunk (hepatic 
and left gastric), 1.5%; (5) splenogastric trunk (splenic 
and left gastric), 5.5% (Bergman et al. 1996).

The left gastric artery is the smallest of the three 
branches of the celiac artery. It runs from left to right, 
along the lesser curvature of the stomach to the pylo-
rus, between the layers of the lesser omentum; It gives 
branches to both surfaces of the stomach and anasto-
moses with the right gastric artery. The left gastric 
may arise directly from the abdominal aorta, and 
there may be two left gastric arteries instead of one.

The common hepatic artery in the adult is interme-
diate in size between the left gastric and lienal. It 
crosses the portal vein anteriorly and ascends between 
the layers of the lesser omentum, and in front of the 
epiploic foramen, to the porta hepatis, where it divides 
into two branches, right and left, which supply the 
corresponding lobes of the liver. Its branches are: right 
gastric, gastroduodenal, and cystic. The common 
hepatic artery usually arises from the celiac trunk, but 
may also arise directly from the aorta or from the left 
gastric, gastroduodenal, right renal or splenic artery. 
In ~30% of persons all or part of the hepatic arterial 
supply arises from the superior mesenteric artery. The 
common hepatic artery may be doubled, tripled, or 
missing (12% of cases) and it is almost always located 
between the bile duct and the portal vein. The left 
hepatic artery arises from the common hepatic in 
89% of cases; in 11% of cases the vessel is may arise 
from the left gastric. Accessory right or left hepatic 
arteries can be found approximately in 8% of subjects 
(Bergman et al. 1996).

The right gastric artery arises from the hepatic 
artery (~53%, the most frequent origin) above the 
pylorus, descends to the pyloric end of the stomach 
and anastomosing with the left gastric artery.

The gastroduodenal artery is a short but large 
branch, which descends, near the pylorus, between 
the superior part of the duodenum and the neck 
of the pancreas, and divides at the lower border of 
the duodenum into two branches, the right gastro-
epiploic and the superior pancreaticoduodenal. The 
 gastroduodenal artery most commonly arises from 
the common hepatic artery almost always (75%) 
before the division of the hepatic artery into its right 
and left branches.

The right gastroepiploic artery runs from right to 
left along the greater curvature of the stomach, anas-
tomosing with the left gastroepiploic branch of the 
lienal artery. This vessel gives off numerous branches, 
some of which ascend to supply both surfaces of the 
stomach, while others descend to supply the greater 

omentum and anastomose with branches of the mid-
dle colic.

The superior pancreaticoduodenal artery descends 
between the contiguous margins of the duodenum 
and pancreas. It supplies both these organs, and 
anastomoses with the inferior pancreaticoduodenal 
branch of the superior mesenteric artery, and with 
the pancreatic branches of the lienal artery.

The cystic artery, usually a branch of the right 
hepatic, divides into two branches, one of which ram-
ifi es on the free surface, the other on the attached sur-
face of the gall-bladder. There is only one cystic artery 
in 88% of individuals. Of these individuals, the cystic 
artery arises from the right hepatic artery in 82%; 
from the proper hepatic artery in 3%; from the left 
hepatic artery, distal to the origin of the right hepatic 
artery, in 2%; and from the gastroduodenal in 1%.

The lienal or splenic artery, the largest branch of 
the celiac artery, is remarkable for the tortuosity of its 
course. It passes along the upper border of the pan-
creas; it divides into branches, some of which enter 
the hilus of that organ to be distributed to the tissues 
of the spleen; some are given to the pancreas, while 
others pass to the greater curvature of the stomach. 
The tortuous course of the splenic artery is consid-
ered so variable that no two arteries are alike, but the 
tortuosity of the artery is absent in infants and chil-
dren. In congenital absence of the spleen (very rare), 
the splenic artery terminates in the pancreas.

The superior mesenteric artery arises from the 
front of the aorta about 1.25 cm below the celiac artery 
(Fig. 6.6), and is crossed at its origin by the neck of 
the pancreas.

It is a large vessel which supplies the whole length 
of the small intestine, except the superior part of the 
duodenum; it also supplies the cecum and the ascend-
ing part of the colon and about one-half of the trans-
verse part of the colon. The variations in this artery 
are very common and numerous. The artery may be 
doubled, arising from the aorta as two trunks; some-
times it arises from, or in common with the celiac 
trunk. In some cases, it gives rise to the left colic and 
superior hemorrhoidal (superior rectal), thus wholly 
or partly replacing the inferior mesenteric artery.

Its branches are: inferior pancreaticoduodenal, 
ileocolic, intestinal, right colic and middle colic.

The inferior mesenteric artery supplies the left 
half of the transverse part of the colon, the whole of 
the descending and iliac parts of the colon, the sig-
moid colon, and the greater part of the rectum. It is 
smaller than the superior mesenteric, and arises from 
the aorta, about 3 or 4 cm above its division into the 
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 common iliacs and close to the lower border of the 
inferior part of the duodenum. It crosses the left 
common iliac artery and is continued into the lesser 
pelvis under the name of the superior hemorrhoidal 
artery, which descends between the two layers of the 
sigmoid mesocolon and ends on the upper part of 
the rectum.

Its branches are: left colic, sigmoid, superior hemor-
rhoidal.

Duplication of this artery has been reported. The 
inferior mesenteric artery may be absent entirely, its 
branches being given by the superior mesenteric artery 
or it may be just absent from its usual location. This 
artery sometimes arises from the superior mesenteric 
by a common trunk with the middle colic or the left 
common iliac artery. Usually, the origin of the artery 
from the aorta was at the level of L3, in a few cases at 
the level of the intervertebral disc between L3 and L4, 
or at the level of L4. In a smaller number of cases, ori-
gin of the artery at the level of the intervertebral disc 
between L2 and L3 or L4 and L5 was observed.

The renal arteries are two large trunks, which 
arise from the side of the aorta, immediately below 
the superior mesenteric artery. The right is longer 
than the left, on account of the position of the aorta; 
it passes behind the inferior vena cava and the right 
renal vein. The left is somewhat higher than the right; 
it lies behind the left renal vein and is crossed by the 
inferior mesenteric vein.

Both renal arteries usually have two divisions which 
pass anterior and posterior to the renal pelvis (Fig. 6.7).

Each vessel gives off some small inferior suprare-
nal branches to the suprarenal gland, the ureter, and 
the surrounding cellular tissue and muscles.

In approximately two-thirds of individuals a sin-
gle right and left renal artery is found. Irregularites of 
the renal vessels are found in about 35% of the cases. 
The most common is the presence of an additional 
vessel (~28%) and supernumerary vessels are more 
frequent on the left side than the right. Multiple renal 
arteries occur unilaterally in 32% and bilaterally 
in 12%. An independent superior renal pole artery 
observed in up to 7% and an inferior pole artery is 
~5%. Superior renal polar arteries are usually single. 
They arise as separate branches from the aorta in 7% 
of cases, or as branches of the renal artery in 12% of 
cases. There may be two or three unilaterally or bilat-
erally with different aortic or renal sources. Superior 
renal polar arteries can also arise from the inferior 
phrenic or from the superior mesenteric artery. Some 
superior renal polar arteries provide several branches 
to the suprarenal gland, dividing before entering the 
superior pole of the kidney. Inferior renal polar arter-

ies are usually single and arise from the aorta (95.5%), 
or the renal artery (1.4%). The inferior polar arteries 
are sometimes doubled (Fig. 6.8), with one arising 
from the aorta and the other from the renal, or the 
pair from either source (Gray 1918).

Aberrant renal arteries are common in fused 
 kidneys (horseshoe- dumbbell- or disc-shaped): two 
to six such arteries are characteristically longer or 
shorter than usual. The unusual vessels may originate 
from the aorta, gonadal, common iliac, middle sacral, 
external or internal iliac, or superior or inferior mes-
enteric arteries. There are reports in the literature of 
seven, eight, and ten arteries supplying horseshoe-
shaped kidneys, but such fi ndings, are very rare.

Fig. 6.7. MIP. The renal arteries with the anterior and pos-
terior divisions

Fig. 6.8. MIP. Doubled inferior renal polar artery arising 
from the aorta
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The internal spermatic arteries are distributed to 
the testes. They are two slender vessels of consider-
able length, and arise from the front of the aorta a 
little below the renal arteries. The right spermatic 
may run behind, instead of in front of the inferior 
vena cava. Each crosses obliquely over the ureter and 
the lower part of the external iliac artery to reach the 
abdominal inguinal ring, through which it passes, 
along the inguinal canal to the scrotum, where it 
becomes tortuous, and divides into several branches. 
The internal spermatic artery supplies one or two 
small branches to the ureter, and in the inguinal canal 
gives one or two twigs to the cremaster. If one or both 
testicular arteries are missing, the testes are supplied 
by branches from the vesical or prostatic arteries 
passing under the arch of the pubis.

The ovarian arteries are the corresponding arter-
ies in the female to the internal spermatic in the 
male. They supply the ovaries, are shorter than the 
internal spermatics, and do not pass out of the 
abdominal cavity. Small branches are given to the 
ureter and the uterine tube, and one passes on to the 
side of the uterus, and unites with the uterine artery. 
Other offsets are continued on the round ligament 
of the uterus, through the inguinal canal, to the 
integument of the labium majus and groin. The 
gonadal arteries usually arise from the anterior sur-
face of the aorta below the renal vein, but in 15% of 
cases, the gonadal arteries arise from the renal 
artery, from one of the branches of the renal artery, 
or from a supernumerary or “accessory” renal artery. 
More rarely, a gonadal artery can originate from a 
suprarenal, inferior phrenic, superior mesenteric, 
lumbar, common iliac, or internal iliac. In some 
cases (17%), the gonadal arteries are doubled on one 
side; less commonly, they are doubled on both 
sides.

6.1.2.2
Parietal Branches

The inferior phrenic arteries are two small vessels 
(the left and the right phrenic), which supply the dia-
phragm and present much variety in their origin. 
They may arise, by a common trunk from the aorta 
or the celiac trunk in 18–30% of cases, or as indepen-
dent branches from these same sources in 62%. Other 
sources may be the hepatic, left gastric, renal, supra-
renal, or superior mesenteric arteries in about 8% of 
cases. Variations in the origin of the phrenic arteries 
are numerous and supplementary phrenic vessels are 

common. When independent, the right and left 
phrenics usually arise asymmetrically. They run 
obliquely upward and lateralward under surface by 
the diaphragti. Near the back part of the central ten-
don each vessel divides into a medial and a lateral 
branch. Each vessel gives off superior suprarenal 
branches (in ~96%) to the suprarenal gland of its 
own side.

The middle suprarenal artery is usually a single 
vessel (85% of cases) and it often arises from the aorta, 
but may also originate from the inferior phrenic, 
renal, superior renal polar, or from the celiac trunk. 
The artery may be absent, multiple, or may not even 
supply the suprarenal gland.

The lumbar arteries are in series with the intercos-
tals. They are usually four in number on either side, 
and arise from the back of the aorta, opposite the 
bodies of the upper four lumbar vertebrae.

The fi rst lumbar may be joined at its origin with 
the lowest intercostal artery; the third and fourth 
lumbar, or less often the second and third lumbars, 
may arise from the aorta as a common stem. One or 
both of the last pair of lumbar arteries may arise in 
common with the middle sacral.

The middle sacral artery is a small vessel, which 
arises from the back of the aorta, a little above its 
bifurcation. It descends in the middle line in front of 
the fourth and fi fth lumbar vertebrae, the sacrum 
and coccyx. From it, minute branches pass to the 
posterior surface of the rectum.

6.1.2.3
Terminal Branches

The abdominal aorta divides, on the left side of the 
body of the fourth lumbar vertebra, into the two com-
mon iliac arteries. Each artery is about 5 cm in length. 
They diverge from the termination of the aorta, pass 
downward and lateralward, and divide, into two 
branches, the external iliac and hypogastric arteries, 
The former supplies the lower extremity the latter, 
the viscera and parietes of the pelvis. The right com-
mon iliac artery is somewhat longer than the left. The 
left common iliac artery, laterally, is in relation with 
the Psoas major and it is crossed at its point of bifur-
cation by the ureter.

The common iliac arteries give off small branches 
to the peritoneum, Psoas major, ureters, and the sur-
rounding areolar tissue, and occasionally give origin to 
the iliolumbar, or accessory renal arteries. The point of 
origin varies according to the bifurcation of the aorta. 
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In about 80% of the cases the aorta bifurcated within 
1.25 cm above or below the level of the crest of the 
ilium; more frequently below than above. The point of 
division is subject to great variety. In 68% of individu-
als the division occurs between the last lumbar verte-
bra and the upper border of the sacrum; being above 
that point in one case out of eight, and below it in one 
case out of six. The left common iliac artery divides 
lower down more frequently than the right.

The relative lengths, also, of the two common iliac 
arteries vary. The length of the arteries varied, from 
3.5 to 7.5 cm; in about half of the remaining cases the 
artery was longer, and in the other half, shorter; the 
minimum length being less than 1.25 cm, the maxi-
mum, 11 cm. In rare instances, the right common iliac 
has been found wanting, the external iliac and hypo-
gastric arising directly from the aorta (Gray 1918).

The hypogastric artery supplies the walls and vis-
cera of the pelvis, the buttock, the generative organs, 
and the medial side of the thigh. It is a short, thick ves-
sel, smaller than the external iliac, and about 4 cm in 
length. It arises at the bifurcation of the common iliac, 
opposite the lumbosacral articulation, and, passing 
downward to the upper margin of the greater sciatic 
foramen, divides into two large trunks, an anterior 
and a posterior. The place of division of the hypogas-
tric varies between the upper margin of the sacrum 
and the upper border of the greater sciatic foramen. 
The right and left hypogastric arteries in a series of 
cases often differed in length, but neither seemed con-
stantly to exceed the other. The branches of the hypo-
gastric artery are: (a) from the anterior trunk (superior, 
middle and inferior vesical, middle hemorrhoidal, 
obturator, internal pudendal, inferior gluteal, uterine 
and vaginal (in the female); (b) from the posterior 
trunk (iliolumbar, lateral sacral, superior gluteal).

The external iliac artery is larger than the hypogas-
tric, and passes obliquely downward and lateralward 
along the medial border of the Psoas major, from the 
bifurcation of the common iliac to a point beneath the 
inguinal ligament, midway between the anterior supe-
rior spine of the ilium and the symphysis pubis, where 
it becomes the femoral artery. Besides several small 
branches to the Psoas major and the neighboring 
lymph glands, the external iliac gives off two branches 
of considerable size: the inferior epigastric and the 
deep iliac circumfl ex.

The inferior epigastric artery arises from the 
external iliac, immediately above the inguinal liga-
ment. It curves forward in the subperitoneal tissue, 
and ascends between the Rectus abdominis and the 
posterior lamella of its sheath. It fi nally divides into 

numerous branches. The origin of the inferior epi-
gastric may take place from any part of the external 
iliac between the inguinal ligament and a point 6 cm 
above it; or it may arise below this ligament, from the 
femoral. It frequently springs from the external iliac, 
by a common trunk with the obturator. Sometimes it 
arises from the obturator, the latter vessel being fur-
nished by the hypogastric, or it may be formed of 
two branches, one derived from the external iliac, the 
other from the hypogastric.

The deep iliac circumfl ex artery arises from the 
lateral aspect of the external iliac nearly opposite 
the inferior epigastric artery. It ascends between the 
Obliquus internus and Transversus muscles, supply-
ing them, and anastomosing with the lumbar and 
inferior epigastric arteries.

6.1.3
The Arteries of the Limb

6.1.3.1
Upper Limb

The artery which supplies the upper extremity con-
tinues as a single trunk from its commencement 
down to the elbow; but different portions of it have 
received different names, according to the regions 
through which they pass. That part of the vessel 
which extends from its origin to the outer border of 
the fi rst rib is termed the subclavian; beyond this 
point to the lower border of the axilla it is named the 
axillary; and from the lower margin of the axillary 
space to the bend of the elbow it is termed brachial; 
here the trunk ends by dividing into two branches 
the radial and ulnar.

The axillary artery is the continuation of the sub-
clavian, commences at the outer border of the fi rst 
rib, and ends at the lower border of the tendon of the 
Teres major, where it takes the name of brachial. Its 
direction varies with the position of the limb; thus 
the vessel is nearly straight when the arm is directed 
at right angles with the trunk, concave upward when 
the arm is elevated above this, and convex upward 
and lateralward when the arm lies by the side. At its 
origin the artery is very deeply situated, but near its 
termination is superfi cial, being covered only by the 
skin and fascia. The branches of the axillary are: 
highest thoracic artery, thoracoacromial artery, lat-
eral thoracic artery, subscapular artery, posterior 
humeral circumfl ex artery, anterior humeral circum-
fl ex artery.
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Sometimes the axillary artery divides into the 
radial and ulnar arteries, and occasionally it gives ori-
gin to the volar interosseous artery of the forearm. 
Occasionally the subscapular, humeral circumfl ex, 
and profunda Brach arteries arise from a common 
trunk, and when this occurs the branches of the bra-
chial plexus surround this trunk instead of the main 
vessel.

The brachial artery commences at the lower mar-
gin of the tendon of the Teres major, and, passing 
down the arm, ends about 1 cm below the bend of the 
elbow, where it divides into the radial and ulnar 
arteries. At fi rst the brachial artery lies medial to the 
humerus; but as it runs down the arm it gradually 
gets in front of the bone, and at the bend of the elbow 
it lies midway between its two epicondyles. The bra-
chial artery may leave the medial border of the Biceps 
brachii, and descend toward the medial epicondyle of 
the humerus; in such cases it usually passes behind 
the supracondylar process of the humerus, from 
which a fi brous arch is in most cases thrown over the 
artery; it then runs beneath or through the substance 
of the Pronator teres, to the bend of the elbow. 
Occasionally, the artery is divided for a short dis-
tance at its upper part into two trunks, which are 
united below. Frequently the artery divides at a higher 
level than usual, and the vessels concerned in this 
high division are three: radial, ulnar, and interosseous. 
Most frequently the radial is given off high up, 
the other limb of the bifurcation consisting of the 
ulnar and interosseous; in some instances the ulnar 
arises above the ordinary level, and the radial and 
interosseous form the other limb of the division; 
occasionally the interosseous arises high up. Some-
times, long slender vessels, connect the brachial or 
the axillary artery with one of the arteries of the fore-
arm, or branches from them. The branches of the 
brachial artery are, arteria profunda brachii, nutrient 
artery, superior ulnar collateral artery, inferior ulnar 
collateral artery, muscular branches.

The vessels engaged in the anastomoses may be 
conveniently divided into those situated in front of 
and those behind the medial and lateral epicondyles 
of the humerus. The branches anastomosing in front 
of the medial epicondyle are: the anterior branch of 
the inferior ulnar collateral, the anterior ulnar recur-
rent, and the anterior branch of the superior ulnar 
collateral. Those behind the medial epicondyle are: 
posterior branch of the inferior ulnar collateral, the 
posterior ulnar recurrent, and the posterior branch 
of the superior ulnar collateral. The branches anasto-
mosing in front of the lateral epicondyle are: the 

radial recurrent and the terminal part of the pro-
funda brachii. Those behind the lateral epicondyle 
are: the inferior ulnar collateral, the interosseous 
recurrent, and the radial collateral branch of the pro-
funda brachii. There is also an arch of anastomosis 
above the olecranon, formed by the interosseous 
recurrent joining with the inferior ulnar collateral 
and posterior ulnar recurrent.

The radial artery appears, from its direction, to be 
the continuation of the brachial, but it is smaller in 
caliber than the ulnar. It commences at the bifurca-
tion of the brachial, just below the bend of the elbow, 
and passes along the radial side of the forearm to the 
wrist. It then winds backward, around the lateral side 
of the carpus, beneath the tendons of the Abductor 
pollicis longus and Extensores pollicis longus and 
brevis to the upper end of the space between the 
metacarpal bones of the thumb and index fi nger. 
Finally it passes forward between the two heads of the 
fi rst Interosseous dorsalis, into the palm of the hand, 
where it crosses the metacarpal bones and at the ulnar 
side of the hand unites with the deep volar branch of 
the ulnar artery to form the deep volar arch.

The origin of the radial artery is, in nearly one 
case in eight, higher than usual; more often it arises 
from the axillary or upper part of the brachial than 
from the lower part of the latter vessel. In the fore-
arm it deviates less frequently from its normal posi-
tion than the ulnar. It has been found lying on the 
deep fascia instead of beneath it.

The branches of the radial artery may be divided 
into three groups, corresponding with the three regions 
in which the vessel is situated: (a) in the forearm 
(radial recurrent, muscular, volar carpal, superfi cial 
volar); (b) at the wrist (dorsal carpal, fi rst dorsal meta-
carpal); (c) in the hand (princeps pollicis, volaris indi-
cis radialis, volar metacarpal, perforating, recurrent).

The ulnar artery the larger of the two terminal 
branches of the brachial, begins a little below the 
bend of the elbow, and, passing obliquely downward, 
reaches the ulnar side of the forearm at a point about 
midway between the elbow and the wrist. It then runs 
along the ulnar border to the wrist, crosses the trans-
verse carpal ligament on the radial side of the pisi-
form bone, and immediately beyond this bone divides 
into two branches, which enter into the formation of 
the superfi cial and deep volar arches.

The ulnar artery may arise about 5–7 cm below the 
elbow, but more frequently higher, the brachial being 
more often the source of origin than the axillary. 
Variations in the position of this vessel are more com-
mon than in the radial. When its origin is normal, the 
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course of the vessel is rarely changed. When it arises 
high up, it is almost invariably superfi cial to the Flexor 
muscles in the forearm, lying commonly beneath the 
fascia, more rarely between the fascia and integument. 
In a few cases, its position is subcutaneous in the 
upper part of the forearm, and subaponeurotic in the 
lower part.

The branches of the ulnar artery may be arranged 
in the following groups: (a) in the forearm (anterior 
recurrent, posterior recurrent, common interosseous, 
muscular); (b) at the wrist (volar carpal, dorsal car-
pal); (c) in the hand (deep volar, superfi cial volar 
arch).

6.1.3.2
Lower Limb

The artery which supplies the greater part of the lower 
extremity is the direct continuation of the external 
iliac. It runs as a single trunk from the inguinal liga-
ment to the lower border of the Popliteus, where it 
divides into two branches, the anterior and posterior 
tibial. The upper part of the main trunk is named the 
femoral, the lower part the popliteal.

The Femoral Artery

The femoral artery begins immediately behind the 
inguinal ligament, midway between the anterior 
superior spine of the ilium and the symphysis pubis, 
and passes down the front and medial side of the 
thigh. It ends at the junction of the middle with the 
lower third of the thigh, where it passes through an 
opening in the Adductor magnus to become the 
popliteal artery. The vessel, at the upper part of the 
thigh, lies in front of the hip-joint; in the lower part 
of its course it lies to the medial side of the body of 
the femur, and between these two parts, where it 
crosses the angle between the head and body, the ves-
sel is some distance from the bone. The fi rst 4 cm of 
the vessel is enclosed in a fi brous sheath, the femoral 
sheath. In the upper third of the thigh the femoral 
artery is contained in the femoral triangle (Scarpa’s 
triangle), and in the middle third of the thigh, in the 
adductor canal (Hunter’s canal).

Several cases are recorded in which the femoral 
artery divided into two trunks below the origin of 
the profunda, and became reunited near the opening 
in the Adductor magnus, so as to form a single 
popliteal artery. A few cases have been recorded in 

which the femoral artery is absent, its place being 
supplied by the inferior gluteal artery which accom-
panied the sciatic nerve to the popliteal fossa. The 
external iliac in these cases is small, and terminate in 
the profunda.

The branches of the femoral artery are: superfi cial 
epigastric, deep external pudendal, superfi cial iliac 
circumfl ex, muscular, superfi cial external pudendal, 
profunda femoris, highest genicular.

The superfi cial epigastric artery arises from the 
front of the femoral artery about 1 cm below the ingui-
nal ligament. It distributes branches to the superfi -
cial subinguinal lymph glands, the superfi cial fascia, 
and the integument; it anastomoses with branches of 
the inferior epigastric, and with its fellow of the oppo-
site side.

The superfi cial iliac circumfl ex artery, the smallest 
of the cutaneous branches, arises close to the preced-
ing, and it distributes branches to integument of the 
groin, the superfi cial fascia, and the superfi cial subin-
guinal lymph glands, anastomosing with the deep 
iliac circumfl ex, the superior gluteal and lateral fem-
oral circumfl ex arteries.

The superfi cial external pudendal artery arises 
from the medial side of the femoral artery and it dis-
tributes to he integument on the lower part of the 
abdomen, the penis and scrotum in the male, and the 
labium majus in the female, anastomosing with 
branches of the internal pudendal.

The deep external pudendal artery, more deeply 
seated than the preceding, is distributed, in the male, 
to the integument of the scrotum and perineum, in 
the female to the labium majus; its branches anas-
tomose with the scrotal (or labial) branches of the 
perineal artery.

Muscular branches are supplied by the femoral artery 
to the Sartorius, Vastus medialis, and Adductores.

The Profunda Femoris Artery

The profunda femoris artery is a large vessel arising 
from the lateral and back part of the femoral artery, 
from 2 to 5 cm below the inguinal ligament. At fi rst it 
lies lateral to the femoral artery; it then runs behind 
it to the medial side of the femur, and, passing down-
ward behind the Adductor longus, ends at the lower 
third of the thigh in a small branch, which pierces the 
Adductor magnus, and is distributed on the back of 
the thigh to the hamstring muscles. The terminal 
part of the profunda is sometimes named the “fourth 
perforating artery.”
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This vessel sometimes arises from the medial side, 
and, more rarely, from the back of the femoral artery. 
In three-fourths of a large number of cases it arises 
from 2.25 to 5 cm below the inguinal ligament; in a 
few cases the distance is less than 2.25 cm; more 
rarely, opposite the ligament, or above the inguinal 
ligament, from the external iliac. Occasionally the 
distance between the origin of the vessel and the 
inguinal ligament exceeds 5 cm (Gray 1918).

The profunda gives off the following branches: 
lateral femoral circumfl ex, perforating, medial femo-
ral circumfl ex, muscular.

The lateral femoral circumfl ex artery arises from 
the lateral side of the profunda, passes horizon-
tally behind the Sartorius and Rectus femoris, and 
divides into ascending, transverse, and descending 
branches.

The medial femoral circumfl ex artery arises from 
the medial and posterior aspect of the profunda, and 
winds around the medial side of the femur, passing 
fi rst between the Pectineus and Psoas major, and then 
between the Obturator externus and the Adductor 
brevis.

Numerous muscular branches arise from the pro-
funda; some of these end in the Adductores, others 
pierce the Adductor magnus, give branches to the 
hamstrings, and anastomose with the medial femoral 
circumfl ex artery and with the superior muscular 
branches of the popliteal.

The Popliteal Artery

The popliteal artery is the continuation of the femoral, 
and courses through the popliteal fossa (Fig. 6.9). It 
extends from the opening in the Adductor magnus, at 
the junction of the middle and lower thirds of the thigh, 
downward and lateralward to the intercondyloid fossa 
of the femur, and then vertically downward to the lower 
border of the Popliteus, where it divides into anterior 
and posterior tibial arteries (Fig. 6.10). Occasionally 
the popliteal artery divides into its terminal branches 
opposite the knee-joint. The anterior tibial under these 
circumstances usually passes in front of the Popliteus. 
The artery sometimes divides into the anterior tibial 
and peroneal, the posterior tibial being wanting, or 

Fig. 6.9. MIP. The 
popliteal arteries: popliteal 
 aneurysm (on the right of 
the picture), an arterial 
 obstruction (on the left of 
the picture)
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very small. Occasionally it divides into three branches, 
the anterior and posterior tibial, and peroneal. Around 
and above the patella, and on the contiguous ends of 
the femur and tibia, There is a network of vessels form-
ing a superfi cial and a deep plexus.

The Anterior Tibial Artery

The anterior tibial artery commences at the bifur-
cation of the popliteal, at the lower border of the 
Popliteus, passes forward between the two heads of 
the Tibialis posterior, and through the aperture above 
the upper border of the interosseous membrane, to 
the deep part of the front of the leg. It then descends 
on the anterior surface of the interosseous mem-

brane, gradually approaching the tibia. At the lower 
part of the leg it lies on this bone, and then on the 
front of the ankle-joint, where it is more superfi cial,  
becomes the dorsalis pedis.

The arteries around the ankle-joint anastomose 
freely with one another and form networks below the 
corresponding malleoli.

The arteria dorsalis pedis, the continuation of the 
anterior tibial, passes forward from the ankle-joint 
along the tibial side of the dorsum of the foot to the 
proximal part of the fi rst intermetatarsal space, 
where it divides into two branches, the fi rst dorsal 
metatarsal and the deep plantar.

The Posterior Tibial Artery

The posterior tibial artery begins at the lower border 
of the Popliteus, opposite the interval between the 
tibia and fi bula; it extends obliquely downward, and, 
as it descends, it approaches the tibial side of the leg, 
lying behind the tibia, and in the lower part of its 
course is situated midway between the medial malle-
olus and the medial process of the calcaneal tuberos-
ity. Here it divides, beneath the origin of the Adductor 
hallucis, into the medial plantar arteries and the lat-
eral plantar arteries.

The branches of the posterior tibial artery are: 
peroneal, posterior medial malleolar, nutrient, com-
municating, muscular, medial calcaneal.

The Peroneal Artery

The peroneal artery is deeply seated on the back of the 
fi bular side of the leg. It arises from the posterior tib-
ial, about 2.5 cm below the lower border of the popli-
teus, passes obliquely toward the fi bula, and then 
descends along the medial side of that bone, contained 
in a fi brous canal between the Tibialis posterior and 
the Flexor hallucis longus, or in the substance of the 
latter muscle (Fig. 6.11). It then runs behind the tibio-
fi bular syndesmosis and divides into lateral calcaneal 
branches which ramify on the lateral and posterior 
surfaces of the calcaneus. The peroneal artery may 
arise 7 or 8 cm below the Popliteus, or from the poste-
rior tibial high up, or even from the popliteal. Its size 
is more frequently increased than diminished; and 
then it either reinforces the posterior tibial by its junc-
tion with it, or altogether takes the place of the poste-
rior tibial in the lower part of the leg and foot, the 

Fig. 6.10. MIP. The popliteal artery divides into anterior and 
posterior tibial arteries
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latter vessel only existing as a short muscular branch. 
The branches of the peroneal are: muscular, perforat-
ing, nutrient, communicating, lateral calcaneal.

6.2

The Veins

The veins convey the blood from the capillaries of 
the different parts of the body to the heart. They con-
sist of two distinct sets of vessels, the pulmonary and 
systemic.

The pulmonary veins, unlike other veins, contain 
arterial blood, which they return from the lungs to 
the left atrium of the heart.

The systemic veins return the venous blood from 
the body generally to the right atrium of the heart.

The portal vein, an appendage to the systemic 
venous system, is confi ned to the abdominal cavity, 
and returns the venous blood from the spleen and 
the viscera of digestion to the liver. This vessel rami-
fi es in the substance of the liver and there breaks up 
into a minute network of capillary-like vessels, from 
which the blood is conveyed by the hepatic veins to 
the inferior vena cava.

The veins commence by minute plexuses which 
receive the blood from the capillaries. The branches 
arising from these plexuses unite together into trunks, 
and these, in their passage toward the heart, con-
stantly increase in size as they receive tributaries, or 
join other veins. The veins are larger and altogether 
more numerous than the arteries; hence, the entire 
capacity of the venous system is much greater than 
that of the arterial. The capacity of the pulmonary 
veins, however, only slightly exceeds that of the pul-
monary arteries. The veins are cylindrical like the 
arteries; their walls, however, are thin and they col-
lapse when the vessels are empty, and the uniformity 
of their surfaces is interrupted at intervals by slight 
constrictions, which indicate the existence of valves 
in their interior. They communicate very freely with 
one another, especially in certain regions of the body 
and these communications exist between the larger 
trunks as well as between the smaller branches. Thus, 
between the venous sinuses of the cranium, and 
between the veins of the neck, where obstruction 
would be attended with imminent danger to the cere-
bral venous system, large and frequent anastomo-
ses are found. The same free communication exists 
between the veins throughout the whole extent of the 
vertebral canal, and between the veins composing the 
various venous plexuses in the abdomen and pelvis, 
e.g., the spermatic, uterine, vesical, and pudendal.

The systemic venous channels are subdivided into 
three sets, superfi cial and deep veins, and venous 
sinuses.

The superfi cial veins are found between the layers 
of the superfi cial fascia immediately beneath the 
skin; they return the blood from these structures, 
and communicate with the deep veins by perforating 
the deep fascia.

The deep veins accompany the arteries, and are 
usually enclosed in the same sheaths with those ves-
sels. With the smaller arteries – as the radial, ulnar, 
brachial, tibial, peroneal – they exist generally in 
pairs, one lying on each side of the vessel, and are 
called venae comitantes. The larger arteries – such as 
the axillary, subclavian, popliteal, and femoral – have 
usually only one accompanying vein. In certain organs 
of the body, however, the deep veins do not accom-
pany the arteries; for instance, the veins in the skull 
and vertebral canal, the hepatic veins in the liver, and 
the larger veins returning blood from the bones.

Venous sinuses are found only in the interior of 
the skull, and consist of canals formed by a separa-
tion of the two layers of the dura mater. Their outer 
coat  consists of fi brous tissue, their inner of an 

Fig. 6.11. MIP. The 
 peroneal artery arises 
from the posterior tibial 
artery
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endothelial layer continuous with the lining mem-
brane of the veins.

6.2.1
Veins of the Head, Neck, and Thorax

6.2.1.1
The Superior Vena Cava

The superior vena cava forms in the thorax by the 
confl uence of innominate veins or venous brachioce-
falic trunks right and left; these are formed from the 
union of the internal jugular vein and the subclavian 
vein of each side (Fig. 6.12).

The only tributary of the superior vena cava is the 
azygos vein.

The azygos vein begins opposite the fi rst or sec-
ond lumbar vertebra, by a branch called the ascend-
ing lumbar vein. It enters the thorax through the 
aortic hiatus in the diaphragm, and passes along the 
right side of the vertebral column to the fourth tho-
racic vertebra, where it arches forward and ends in 
the superior vena cava. Its tributaries: Are the right 
subcostal and intercostal veins, the upper three or 
four of these latter opening by a common stem, the 
highest superior intercostal vein. It receives the hemi-
azygos veins, several esophageal, mediastinal, and 

pericardial veins, and, near its termination, the right 
bronchial vein.

The hemiazygos vein begins in the left ascending 
lumbar or renal vein. It enters the thorax, through the 
left crus of the diaphragm, and, ascending on the left 
side of the vertebral column, as high as the ninth tho-
racic vertebra, passes across the column, behind the 
aorta, esophagus, and thoracic duct, to end in the 
azygos vein. It receives the lower four or fi ve intercos-
tal veins and the subcostal vein of the left side, and 
some esophageal and mediastinal veins.

The accessory hemiazygos vein descends on the 
left side of the vertebral column, and varies inversely 
in size with the highest left intercostal vein. It receives 
veins from the three or four intercostal spaces 
between the highest left intercostal vein and highest 
tributary of the hemiazygos; the left bronchial vein 
sometimes opens into it. It either crosses the body of 
the eighth thoracic vertebra to join the azygos vein or 
ends in the hemiazygos.

In the obstruction of the superior vena cava, the 
azygos and hemiazygos veins are one of the principal 
means by which the venous circulation is carried on, 
connecting the superior and inferior vena cava, and 
communicating with the common iliac veins by the 
ascending lumbar veins and with many of the tribu-
taries of the inferior vena cava.

The venous brachiocefalic trunk has the following 
tributaries: inferior thyroid veins, internal mammary 
vein, superior phrenic veins, vertebral vein, posterior 
jugular vein, timic, pericardic, anterior mediastinal 
veins.

The inferior thyroid veins two or frequently three 
or four in number, arise in the venous plexus on the 
thyroid gland, communicating with the middle and 
superior thyroid veins. They form a plexus in front of 
the trachea, behind the sternothyreoidei muscles. 
From this plexus, a left vein descends and joins the 
left innominate trunk, and a right vein passes 
obliquely downward to open into the right innomi-
nate vein, just at its junction with the superior vena 
cava; sometimes the right and left veins open by a 
common trunk in the latter situation. These veins 
receive esophageal, tracheal and inferior laryngeal 
veins, and are provided with valves at their termina-
tions in the innominate veins.

The internal mammary vein is a trunk which runs 
up on the medial side of the artery and ends in the 
corresponding innominate vein.

The vertebral vein is formed in the suboccipital 
triangle, from numerous small tributaries which 
spring from the internal vertebral venous plexuses 

Fig. 6.12. MIP. The superior vena cava and the confl uence of 
the right brachiocefalic trunk
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and issue from the vertebral canal above the poste-
rior arch of the atlas. They unite with small veins 
from the deep muscles at the upper part of the back 
of the neck, and form a vessel which enters the fora-
men in the transverse process of the atlas, and 
descends, forming a dense plexus around the verte-
bral artery, in the canal formed by the foramina 
transversaria of the cervical vertebrae. This plexus 
ends in a single trunk, which emerges from the fora-
men transversarium of the sixth cervical vertebra, 
and opens at the root of the neck into the back part of 
the innominate vein near its origin.

The internal jugular vein collects the blood from 
the brain, from the superfi cial parts of the face, and 
from the neck. It is directly continuous with the 
transverse sinus, and begins in the posterior com-
partment of the jugular foramen, at the base of the 
skull. It runs down the side of the neck in a vertical 
direction, lying at fi rst lateral to the internal carotid 
artery, and then lateral to the common carotid, and at 
the root of the neck unites with the subclavian vein 
to form the innominate vein. The left vein is gener-
ally smaller than the right, and each contains a pair 
of valves, which are placed about 2.5 cm above the 
termination of the vessel.

This vein receives in its course the inferior petro-
sal sinus, the common facial, lingual, pharyngeal, 
superior and middle thyroid veins, and sometimes 
the occipital.

The subclavian vein is the continuation of the 
axillary vein. It extends from the outer border of the 
fi rst rib to the sternal end of the clavicle, where it 
unites with the internal jugular to form the innomi-
nate vein. It is in relation, in front, with the clavicle 
and the subclavius muscle; behind and above, with 
the subclavian artery, from which it is separated 
medially by the scalenus anterior muscle and the 
phrenic nerve; below, it rests in a depression on the 
fi rst rib and upon the pleura. Its tributary is the exter-
nal jugular vein.

The external jugular vein receives the greater part 
of the blood from the exterior of the cranium and the 
deep parts of the face, being formed by the junction of 
the posterior division of the posterior facial with the 
posterior auricular vein. It commences in the sub-
stance of the parotid gland, on a level with the angle of 
the mandible, and runs perpendicularly down the 
neck at the posterior border of the sternocleidomas-
toideus. It ends in the subclavian vein, lateral to or in 
front of the scalenus anterior muscle. The external 
jugular vein varies in size, bearing an inverse propor-
tion to the other veins of the neck. This vein receives 

the occipital vein and, near its termination, the trans-
verse cervical, transverse scapular and anterior jugu-
lar veins. In the substance of the parotid, a large branch 
of communication from the internal jugular joins it.

The anterior jugular vein begins near the hyoid bone 
by the confl uence of several superfi cial veins from the 
submaxillary region. It descends between the median 
line and the anterior border of the sternocleidomastoi-
deus, and, at the lower part of the neck, open into the 
termination of the external jugular, or, in some instances, 
into the subclavian vein. Most frequently there are two 
anterior jugulars, a right and a left; but sometimes only 
one. Its tributaries are some laryngeal veins, and occa-
sionally a small thyroid vein. Just above the sternum the 
two anterior jugular veins communicate by a transverse 
trunk, the venous jugular arch, which receive tributar-
ies from the inferior thyroid veins.

The veins of the brain possess no valves, and their 
walls, owing to the absence of muscular tissue, are 
extremely thin. They pierce the arachnoid membrane 
and the inner or meningeal layer of the dura mater, 
and open into the cranial venous sinuses. They may 
be divided into two sets, cerebral and cerebellar.

The cerebral veins are divisible into external and 
internal groups according as they drain the outer 
surfaces or the inner parts of the hemispheres. The 
external veins are the superior, inferior, and middle 
cerebral. The internal cerebral veins drain the deep 
parts of the hemisphere and are two in number; each 
is formed near the interventricular foramen by the 
union of the terminal and choroid veins. They run 
backward parallel with one another, between the lay-
ers of the tela chorioidea of the third ventricle, and 
beneath the splenium of the corpus callosum, where 
they unite to form a short trunk, the great cerebral 
vein; just before their union each receives the corre-
sponding basal vein.

The cerebellar veins are placed on the surface of 
the cerebellum, and are disposed in two sets, supe-
rior and inferior.

The sinuses of the dura mater are venous channels 
which drain the blood from the brain. They are 
devoid of valves, and are situated between the two 
layers of the dura mater and lined by endothelium 
continuous with that which lines the veins.

They may be divided into two groups: a postero-
superior group, at the upper and back part of the skull, 
and an antero-inferior group, at the base of the skull. 
The postero-superior group comprises: the superior 
sagittal, the straight, the inferior sagittal, the two 
transverse, the occipital. The antero-inferior group of 
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sinuses comprises: the two cavernous, the two supe-
rior petrosal, the two intercavernous, the two inferior 
petrosal, the basilar plexus.

6.2.1.2
The Pulmonary Veins

The pulmonary veins return the arterialized blood 
from the lungs to the left atrium of the heart. They are 
four in number, two from each lung (Fig. 6.13). They 
commence in a capillary network upon the walls of 
the air sacs, where they are continuous with the capil-
lary ramifi cations of the pulmonary artery. These ves-
sels uniting successively form a single trunk for each 
lobe, three for the right, and two for the left lung. The 
vein from the middle lobe of the right lung generally 
unites with that from the upper lobe, so that ulti-
mately two trunks from each lung are formed; they 
open separately into the upper and back part of the 
left atrium. Occasionally the three veins on the right 
side remain separate. Not infrequently the two left 
pulmonary veins end by a common opening. At the 
root of the lung, the superior pulmonary vein lies in 
front of and a little below the pulmonary artery; the 
inferior is situated at the  lowest part of the hilus of 
the lung and on a plane posterior to the upper vein.

6.2.1.3
The Veins of the Heart

Most of the veins of the heart open into the coronary 
sinus. This is a wide venous channel situated in the 

posterior part of the coronary sulcus, and covered by 
muscular fi bers from the left atrium. It ends in the 
right atrium between the opening of the inferior vena 
cava and the atrioventricular orifi ce, where there is a 
semilunar valve, the valve of the coronary sinus (valve 
of Thebesius).

Its tributaries are the great, small, and middle car-
diac veins, the posterior vein of the left ventricle, and 
the oblique vein of the left atrium.

The great cardiac or left coronary vein begins at 
the apex of the heart and ascends along the anterior 
longitudinal sulcus to the base of the ventricles. It 
then curves to the left in the coronary sulcus, and 
reaching the back of the heart, opens into the left 
extremity of the coronary sinus. It receives tributar-
ies from the left atrium and from both ventricles: 
one, the left marginal vein, is of considerable size, 
and ascends along the left margin of the heart.

The small cardiac or right coronary vein runs in 
the coronary sulcus between the right atrium and 
ventricle, and opens into the right extremity of the 
coronary sinus. It receives blood from the back of the 
right atrium and ventricle. The right marginal vein 
ascends along the right margin of the heart and joins 
it in the coronary sulcus, or opens directly into the 
right atrium.

The middle cardiac vein commences at the apex of 
the heart, ascends in the posterior longitudinal sul-
cus, and ends in the coronary sinus near its right 
extremity.

The following cardiac veins do not end in the cor-
onary sinus:

The anterior cardiac veins, comprising three or  ●

four small vessels which collect blood from the 
front of the right ventricle and open into the 
right atrium.
The right marginal vein frequently opens into  ●

the right atrium, and is therefore sometimes 
 regarded as belonging to this group.
The veins of Thebesius, consisting of a number  ●

of minute veins which arise in the muscular wall 
of the heart; the majority open into the atria, but 
a few end in the ventricles (Gray 1918).

6.2.2
The Veins of the Abdomen and Pelvis

The external iliac vein, the upward continuation of 
the femoral vein, begins behind the inguinal liga-
ment, and, passing upward along the brim of the 

Fig. 6.13. VR. The pulmonary veins: four in number, two 
from each lung
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lesser pelvis, ends opposite the sacroiliac articula-
tion, by uniting with the hypogastric vein to form the 
common iliac vein. It frequently contains one, some-
times two, valves and it may be doubled or lie lateral 
to the external iliac artery.

The external iliac vein receives the inferior epigas-
tric, deep iliac circumfl ex, and pubic veins.

The hypogastric vein begins near the upper part of 
the greater sciatic foramen, passes upward behind 
and slightly medial to the hypogastric artery and, at 
the brim of the pelvis, joins with the external iliac to 
form the common iliac vein. The tributaries of the 
hypogastric vein correspond with the branches of the 
hypogastric artery. It receives: (a) the gluteal, internal 
pudendal, and obturator veins, which have their ori-
gins outside the pelvis; (b) the lateral sacral veins, 
which lie in front of the sacrum; and (c) the middle 
hemorrhoidal, vesical, uterine, and vaginal veins, 
which originate in venous plexuses connected with 
the pelvic viscera. The internal iliac vein may receive 
an unusual vessel representing a confl uence of the 
internal pudendal, obturator, gluteal, and sciatic veins 
and occasionally both internal iliac veins unite and 
open as a common trunk at the confl uence of the right 
and left external iliac veins to form the vena cava.

The common iliac veins are formed by the union of 
the external iliac and hypogastric veins, in front of 
the sacroiliac articulation; passing obliquely upward 
toward the right side, they end upon the fi fth lumbar 
vertebra, by uniting with each other at an acute angle 
to form the inferior vena cava. The right common iliac 
is shorter than the left, nearly vertical in its direction, 
and ascends behind and then lateral to its corre-
sponding artery. The left common iliac, longer than 
the right and more oblique in its course, is at fi rst situ-
ated on the medial side of the corresponding artery, 
and then behind the right common iliac. Each com-
mon iliac receives the iliolumbar, and sometimes the 
lateral sacral veins. The left receives, in addition, the 
middle sacral vein. No valves are found in these veins. 
One of the veins may be absent, in which case the 
external and internal veins join the opposite common 
iliac to form the vena cava and a connection between 
the portal and right common iliac has been reported. 
The left common iliac vein, instead of joining with 
the right in its usual position, occasionally ascends on 
the left side of the aorta as high as the kidney, where, 
after receiving the left renal vein, it crosses over the 
aorta, and then joins with the right vein to form the 
vena cava. In these cases, the two common iliacs are 
connected by a small communicating branch at the 
spot where they are usually united.

The inferior vena cava returns to the heart the blood 
from the parts below the diaphragm. It is formed by 
the junction of the two common iliac veins (Fig. 6.14), 
on the right side of the fi fth lumbar vertebra. It ascends 
along the front of the vertebral column, on the right 
side of the aorta and, having reached the liver, is con-
tinued in a groove on its posterior surface. It then per-
forates the diaphragm between the median and right 
portions of its central tendon and subsequently inclines 
forward and medialward for about 2.5 cm, and, pierc-
ing the fi brous pericardium, passes behind the serous 
pericardium to open into the lower and back part of 
the right atrium. In front of its atrial orifi ce is a semilu-
nar valve, termed the “valve of the inferior vena cava”: 
this is rudimentary in the adult, but is of large size and 
exercises an important function in the fetus.

This vessel is sometimes placed on the left side of 
the aorta, as high as the left renal vein, and, after 
receiving this vein, crosses over to its usual position 
on the right side. It may be placed altogether on the 
left side of the aorta, and in such a case the abdomi-
nal and thoracic viscera, together with the great ves-

Fig. 6.14. MIP. The inferior vena cava
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sels, are all transposed. The inferior vena cava may 
be doubled (2.2–3.0% of cases) or it may be absent. If 
the inferior vena cava is absent, the blood from the 
lower limbs may pass through the diaphram into the 
superior vena cava by way of a large vein in the loca-
tion of the ascending lumbar and azygos veins. As a 
result, the hepatic veins drain directly into the right 
atrium through the normal caval opening in the dia-
phragm. Occasionally the inferior vena cava joins the 
azygos vein, which is then of large size (Gray 1918).

The inferior vena cava receives the following veins: 
Lumbar, Right Spermatic or Ovarian, Renal, Suprarenal, 
Inferior Phrenic and Hepatic.

The lumbar veins four in number on each side, 
collect the blood by dorsal tributaries from the mus-
cles and integument of the loins, and by abdominal 
tributaries from the walls of the abdomen, where 
they communicate with the epigastric veins. At the 
vertebral column, they receive veins from the verte-
bral plexuses, and then pass forward, around the 
sides of the bodies of the vertebra, beneath the Psoas 
major, and end in the back part of the inferior vena-
cava. The left lumbar veins are longer than the right, 
and pass behind the aorta. The lumbar veins are con-
nected together by a longitudinal vein which passes 
in front of the transverse processes of the lumbar 
vertebræ, and is called the; it forms the most frequent 
origin of the corresponding vein ascending lumbar 
azygos or hemiazygos vein, and serves to connect the 
common iliac, iliolumbar, and azygos or hemiazygos 
veins of its own side of the body.

The spermatic veins emerge from the back of the 
testis, and receive tributaries from the epididymis; 
they unite and form a convoluted plexus, called the 
“pampiniform plexus,” which constitutes the greater 
mass of the spermatic cord; the vessels composing this 
plexus are very numerous, and ascend along the cord, 
in front of the ductus deferens. Below the subcutane-
ous inguinal ring they unite to form three or four veins, 
which pass along the inguinal canal, and, entering the 
abdomen through the abdominal inguinal ring, 
coalesce to form two veins, which ascend on the Psoas 
major, behind the peritoneum, lying one on either side 
of the internal spermatic artery. These unite to form a 
single vein, which opens on the right side into the infe-
rior vena cava, at an acute angle; on the left side into 
the left renal vein, at a right angle. The spermatic veins 
are provided with valves. The left spermatic vein passes 
behind the iliac colon, and is thus exposed to pressure 
from the contents of that part of the bowel.

The ovarian veins correspond with the spermatic 
in the male. They form a plexus in the broad ligament 

near the ovary and uterine tube, and communicate 
with the uterine plexus. They end in the same way as 
the spermatic veins in the male. Valves are occasion-
ally found in these veins. Like the uterine veins, they 
become much enlarged during pregnancy.

The renal veins are of large size, and placed in 
front of the renal arteries. The left is longer than the 
right, and passes in front of the aorta, just below the 
origin of the superior mesenteric artery. It receives 
the left spermatic and left inferior phrenic veins, and, 
generally, the left suprarenal vein. It opens into the 
inferior vena cava at a slightly higher level than the 
right. The renal veins may be multiple in about 28% 
of cases but they show less variation than do the renal 
arteries. The left renal vein may be retroaortic (3%) 
or circumaortic (17%). The right renal vein may be 
doubled, even though the left renal vein is usually 
single(Bergman et. al. 1996).

The suprarenal veins are two in number: the right 
ends in the inferior vena cava; the left, in the left renal 
or left inferior phrenic vein.

The inferior phrenic veins follow the course of the 
inferior phrenic arteries; the right ends in the infe-
rior vena cava; the left is often represented by two 
branches, one of which ends in the left renal or supra-
renal vein, while the other passes in front of the 
esophageal hiatus in the diaphragm and opens into 
the inferior vena cava.

The hepatic veins commence in the substance of 
the liver, in the terminations of the portal vein and 
hepatic artery, and are arranged in two groups, upper 
and lower. The upper group usually consists of three 
large veins, which converge toward the posterior sur-
face of the liver, and open into the inferior vena cava, 
while that vessel is situated in the groove on the back 
part of the liver. The veins of the lower group vary in 
number, and are of small size; they come from the 
right and caudate lobes. They are destitute of valves. 
A common variant of the hepatic veins is the pres-
ence of a varying number of accessory hepatic veins 
draining blood from the  lateral and posterior seg-
ments of right hepatic lobe directly into the inferior 
vena cava. This occurs in ~6% of subjects.

6.2.2.1
The Portal System of Veins

The portal system includes all the veins which drain the 
blood from the abdominal part of the digestive tube 
(with the exception of the lower part of the rectum) 
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and from the spleen, pancreas, and gall-bladder. From 
these viscera the blood is conveyed to the liver by the 
portal vein. In the liver this vein ramifi es like an artery 
and ends in capillary-like vessels termed sinusoids, 
from which the blood is conveyed to the inferior vena 
cava by the hepatic veins. In the adult the portal vein 
and its tributaries are destitute of valves.

The portal vein is about 8 cm in length, and is 
formed at the level of the second lumbar vertebra by 
the junction of the superior mesenteric and lienal 
veins (Fig. 6.15), the union of these veins taking place 
in front of the inferior vena cava and behind the neck 
of the pancreas.

At the porta hepatis, the portal vein divides into a 
right and a left branch, which accompany the corre-
sponding branches of the hepatic artery into the sub-
stance of the liver. The right branch of the portal vein 
enters the right lobe of the liver, but before doing so 
generally receives the cystic vein. The left branch, 
longer but of smaller caliber than the right, gives 
branches to the caudate lobe, and then enters the left 
lobe of the liver. The portal vein is rarely variable; it 
is among the most constant blood vessels (including 
arteries and veins). It has also been reported to be 
doubled. Branches forming the portal vein are also 
variable. Accessory splenic veins have been reported 
by several investigators. The splenic vein may anasto-
mose with the renal or with the superior mesenteric 

vein. The superior mesenteric vein has been reported 
opening into the renal vein.

The tributaries of the portal vein are: Lienal, 
Superior Mesenteric, Coronary, Pyloric, Cystic, and 
Paraumbilical veins.

The lienal vein commences by fi ve or six large 
branches which return the blood from the spleen. 
These unite to form a single vessel, which passes from 
left to right, grooving the upper and back part of the 
pancreas, below the lineal artery, and ends behind the 
neck of the pancreas by uniting at a right angle with the 
superior mesenteric to form the portal vein. The lienal 
vein is of large size, but is not tortuous like the artery.

The lineal vein receives the short gastric veins, the 
left gastroepiploic vein, the pancreatic veins, and the 
inferior mesenteric veins.

The inferior mesenteric vein returns blood from 
the rectum and the sigmoid, and descending parts of 
the colon. It begins in the rectum as the superior 
hemorrhoidal vein, which has its origin in the hem-
orrhoidal plexus, and through this plexus communi-
cates with the middle and inferior hemorrhoidal 
veins. The inferior mesenteric vein receives the sig-
moid veins from the sigmoid colon and iliac colon, 
and the left colic vein from the descending colon and 
left colic fl exure.

The superior mesenteric vein returns the blood 
from the small intestine, from the cecum, and from 

Fig. 6.15. MIP. The confl uence of the lienal and the superior mesenteric veins into the portal vein
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the ascending and transverse portions of the colon. It 
begins in the right iliac fossa and ascends between 
the two layers of the mesentery on the right side 
of the superior mesenteric artery. Behind the neck of 
the pancreas it unites with the lienal vein to form the 
portal vein. Besides the tributaries which correspond 
with the branches of the superior mesenteric artery, 
the intestinal, ileocolic, right colic, and middle colic 
veins, the superior mesenteric vein is joined by the 
right gastroepiploic and pancreaticoduodenal veins.

Collateral venous circulation to relieve portal 
obstruction in the liver may be effected by commu-
nications between: (a) the gastric veins and the 
esophageal veins which often project as a varicose 
bunch into the stomach, emptying themselves into 
the hemiazygos vein; (b) the veins of the colon and 
duodenum and the left renal vein; (c) the accessory 
portal system of Sappey, branches of which pass in 
the round and falciform ligaments (particularly the 
latter) to unite with the epigastric and internal mam-
mary veins, and through the diaphragmatic veins 
with the azygos; a single large vein, shown to be a 
parumbilical vein, may pass from the hilus of the 
liver by the round ligament to the umbilicus, pro-
ducing there a bunch of prominent varicose veins 
known as the caput medusae; (d) the veins of Retzius, 
which connect the intestinal veins with the inferior 
vena cava and its retroperitoneal branches; (e) the 
inferior mesenteric veins, and the hemorrhoidal 
veins that open into the hypogastrics; (f) very rarely 
the ductus venosus remains patent, affording a direct 
connection between the portal vein and the inferior 
vena cava (Gray 1918).

6.2.3
The Veins of the Limbs

The veins of the extremities are divided into two sets, 
superfi cial and deep with diffuse anastomoses. The 
superfi cial veins are placed immediately beneath the 
integument between the two layers of superfi cial fas-
cia. The deep veins accompany the arteries. Both sets 
are provided with valves, which are more numerous 
in the deep than in the superfi cial veins.

6.2.3.1
The Veins of the Upper Limb

The superfi cial veins of the upper extremity are the 
digital, metacarpal, cephalic, basilic, median.

The dorsal digital veins pass along the sides of the 
fi ngers and are joined to one another by oblique 
communicating branches. Those from the adjacent 
sides of the fi ngers unite to form three dorsal meta-
carpal veins, which end in a dorsal venous network 
opposite the middle of the metacarpus. The radial 
part of the network is joined by the dorsal digital 
vein from the radial side of the index fi nger and by 
the dorsal digital veins of the thumb, and is pro-
longed upward as the cephalic vein. The ulnar part of 
the network receives the dorsal digital vein of the 
ulnar side of the little fi nger and is continued upward 
as the basilic vein. A communicating branch fre-
quently connects the dorsal venous network with the 
cephalic vein about the middle of the forearm.

The volar digital veins on each fi nger are con-
nected to the dorsal digital veins by oblique interca-
pitular veins. They drain into a venous plexus which 
is situated over the thenar and hypothenar eminences 
and across the front of the wrist.

The cephalic vein begins in the radial part of the 
dorsal venous network and winds upward around 
the radial border of the forearm, receiving tributaries 
from both surfaces. Below the front of the elbow it 
gives off the vena mediana cubiti, which receives a 
communicating branch from the deep veins of the 
forearm and passes across to join the basilic vein. 
The cephalic vein then ascends in front of the elbow 
in the groove between the brachioradialis and the 
biceps brachii. It crosses superfi cial to the musculo-
cutaneous nerve and ascends in the groove along the 
lateral border of the biceps brachii. In the upper third 
of the arm it passes between the pectoralis major and 
deltoideus, where it is accompanied by the deltoid 
branch of the thoracoacromial artery. It pierces the 
coracoclavicular fascia and, crossing the axillary 
artery, ends in the axillary vein just below the clavi-
cle. Sometimes it communicates with the external 
jugular vein by a branch which ascends in front of 
the clavicle.

The accessory cephalic vein arises either from a 
small tributory plexus on the back of the forearm or 
from the ulnar side of the dorsal venous network; it 
joins the cephalic below the elbow. In some cases the 
accessory cephalic springs from the cephalic above 
the wrist and joins it again higher up. A large oblique 
branch frequently connects the basilic and cephalic 
veins on the back of the forearm.

The basilic vein begins in the ulnar part of the 
dorsal venous network. It runs up the posterior sur-
face of the ulnar side of the forearm and inclines for-
ward to the anterior surface below the elbow, where 
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it is joined by the vena mediana cubiti. It ascends 
obliquely in the groove between the biceps brachii 
and pronator teres and crosses the brachial artery, 
from which it is separated by the lacertus fi brosus. It 
then runs upward along the medial border of the 
biceps brachii, perforates the deep fascia and ends in 
the medial brachial vein.

The median antibrachial vein drains the venous 
plexus on the volar surface of the hand. It ascends on 
the ulnar side of the front of the forearm and ends in 
the basilic vein or in the vena mediana cubiti; in a 
small proportion of cases it divides into two branches, 
one of which joins the basilic, the other the cephalic, 
below the elbow.

The deep veins follow the course of the arteries. 
They are generally arranged in pairs, and are situated 
one on either side of the corresponding artery, and 
connected at intervals by short transverse branches.

The superfi cial and deep volar arterial arches are 
each accompanied by a pair of venæ comitantes 
which constitute respectively the superfi cial and deep 
volar venous arches, and receive the veins corre-
sponding to the branches of the arterial arches; thus 
the common volar digital veins, formed by the union 
of the proper volar digital veins, open into the super-
fi cial, and the volar metacarpal veins into the deep 
volar venous arches. The dorsal metacarpal veins 
receive perforating branches from the volar metacar-
pal veins and end in the radial veins and in the super-
fi cial veins on the dorsum of the wrist.

The deep veins of the forearm are the venæ comi-
tantes of the radial and ulnar veins and constitute 
respectively the upward continuations of the deep 
and superfi cial volar venous arches; they unite in 
front of the elbow to form the brachial veins. The 
radial veins are smaller than the ulnar and receive 
the dorsal metacarpal veins. The ulnar veins receive 
tributaries from the deep volar venous arches and 
communicate with the superfi cial veins at the wrist; 
near the elbow they receive the volar and dorsal 
interosseous veins and send a large communicating 
branch (profunda vein) to the vena mediana cubiti.

The brachial veins are placed one on either side of 
the brachial artery, receiving tributaries correspond-
ing with the branches given off from that vessel. Near 
the lower margin of the subscapularis, they join the 
axillary vein; the medial one frequently joins the 
basilic vein.

These deep veins have numerous anastomoses, not 
only with each other, but also with the superfi cial veins.

The axillary vein begins at the lower border of the 
teres major, by the confl uence of the two brachial 

veins and ends at the outer border of the fi rst rib as 
the subclavian vein. Close to its termination, It 
receives the cephalic vein its other tributaries corre-
spond with the branches of the axillary artery. It lies 
on the medial side of the artery, which it partly over-
laps; between the two vessels are the medial cord of 
the brachial plexus, the median, the ulnar, and the 
medial anterior thoracic nerves. It is provided with a 
pair of valves opposite the lower border of the sub-
scapularis; valves are also found at the ends of the 
cephalic and subscapular veins.

6.2.3.2
The Veins of the Lower Limb

The superfi cial veins of the lower extremity are the 
great and small saphenous veins and their tribu-
taries.

On the dorsum of the foot the dorsal digital veins 
receive, in the clefts between the toes, the intercapitu-
lar veins from the plantar cutaneous venous arch and 
join to form short common digital veins which unite 
across the distal ends of the metatarsal bones in a 
dorsal venous arch. Proximal to this arch is an irreg-
ular venous network which receives tributaries from 
the deep veins and is joined at the sides of the foot by 
a medial and a lateral marginal vein, formed mainly 
by the union of branches from the superfi cial parts of 
the sole of the foot. On the sole of the foot the super-
fi cial veins form a plantar cutaneous venous arch 
which extends across the roots of the toes and opens 
at the sides of the foot into the medial and lateral 
marginal veins. Proximal to this arch is a plantar 
cutaneous venous network which is especially dense 
in the fat beneath the heel; this network communi-
cates with the cutaneous venous arch and with the 
deep veins, but is chiefl y drained into the medial and 
lateral marginal veins.

The great saphenous vein the longest vein in the 
body, begins in the medial marginal vein of the dor-
sum of the foot and ends in the femoral vein about 
3 cm below the inguinal ligament. It ascends in front 
of the tibial malleolus and along the medial side of 
the leg in relation with the saphenous nerve. It runs 
upward behind the medial condyles of the tibia and 
femur and along the medial side of the thigh and, 
passing through the fossa ovalis, ends in the femoral 
vein. At the ankle it receives branches from the sole 
of the foot through the medial marginal vein; in the 
leg it anastomoses freely with the small saphenous 
vein, communicates with the anterior and posterior 
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tibial veins and receives many cutaneous veins; in the 
thigh it communicates with the femoral vein and 
receives numerous tributaries; those from the medial 
and posterior parts of the thigh frequently unite to 
form a large accessory saphenous vein which joins 
the main vein at a variable level. Near the fossa ovalis 
it is joined by the superfi cial epigastric, superfi cial 
iliac circumfl ex, and superfi cial external pudendal 
veins. A vein, named the thoracoepigastric, runs 
along the lateral aspect of the trunk between the 
superfi cial epigastric vein below and the lateral tho-
racic vein above and establishes an important com-
munication between the femoral and axillary veins.

The valves in the great saphenous vein vary from 
ten to twenty in number; they are more numerous in 
the leg than in the thigh.

The small saphenous vein begins behind the lateral 
malleolus as a continuation of the lateral marginal 
vein; it fi rst ascends along the lateral margin of the 
tendocalcaneus, and then crosses it to reach the mid-
dle of the back of the leg. Running directly upward, it 
perforates the deep fascia in the lower part of the 
popliteal fossa, and ends in the popliteal vein, between 
the heads of the gastrocnemius. It communicates with 
the deep veins on the dorsum of the foot, and receives 
numerous large tributaries from the back of the leg. 
Before it pierces the deep fascia, it gives off a branch 
which runs upward and forward to join the great 
saphenous vein. The small saphenous vein possesses 
from nine to twelve valves, one of which is always 
found near its termination in the popliteal vein. In the 
lower third of the leg the small saphenous vein is in 
close relation with the sural nerve, in the upper two-
thirds with the medial sural cutaneous nerve.

The deep veins of the lower extremity accompany 
the arteries and their branches. The plantar digital 
veins arise from plexuses on the plantarsurfaces of 
the digits, and, after sending intercapitular veins to 
join the dorsal digital veins, unite to form four meta-
tarsal veins; these run backward in the metatarsal 
spaces, communicate, by means of perforating veins, 
with the veins on the dorsum of the foot, and unite to 
form the deep plantar venous arch which lies along-
side the plantar arterial arch. From the deep plantar 
venous arch the medial and lateral plantar veins run 

backward close to the corresponding arteries and, 
after communicating with the great and small 
saphenous veins, unite behind the medial malleolus 
to form the posterior tibial veins.

The posterior tibial veins accompany the posterior 
tibial artery, and are joined by the peroneal veins.

The anterior tibial veins are the upward continua-
tion of the venæ comitantes of the dorsalis pedis 
artery. They leave the front of the leg by passing 
between the tibia and fi bula, over the interosseous 
membrane, and unite with the posterior tibial, to 
form the popliteal vein.

The popliteal vein is formed by the junction of the 
anterior and posterior tibial veins at the lower border 
of the Popliteus; it ascends through the popliteal 
fossa to the aperture in the Adductor magnus, where 
it becomes the femoral vein. It receives tributaries 
corresponding to the branches of the popliteal artery, 
and it also receives the small saphenous vein. 

The femoral vein accompanies the femoral artery 
through the upper two-thirds of the thigh. In the 
lower part of its course it lies lateral to the artery, 
higher up, it is behind it, and at the inguinal liga-
ment, it lies on its medial side. It receives numerous 
muscular tributaries, and about 4 cm below the 
inguinal ligament is joined by the deep femoral vein. 
Near its termination it is joined by the great saphen-
ous vein.

The deep femoral vein receives tributaries corre-
sponding to the perforating branches of the profunda 
artery, and through these establishes communica-
tions with the popliteal vein below and the inferior 
gluteal vein above. It also receives the medial and lat-
eral femoral circumfl ex veins.
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ABSTRACT

The technology advancement including high per-
formance gradients, parallel imaging, more effi cient 
methods in sampling k-space, intravascular con-
trast agents, and higher magnetic fi eld strengths, 
allows to improve time and spatial resolution of 
contrast-enhanced MRA. Moreover, technical refi ne-
ments contribute to a renaissance of nonenhanced 
MRA techniques.

Clinical applications of MRA in studying neck 
vessels benefi t of both faster acquisitions and 
sharpened images. Arterial steno-occlusive disease 
of supra-aortic vessels may lead to cerebral infarc-
tion that is one of the main worldwide problem of 
public health. Therefore, the principal MRA appli-
cation concerns the atherosclerosis of carotid bifur-
cation. In this fi eld, MRA is a competitor of CTA as 
a confi rmatory noninvasive diagnostic test, aiming 
to replace DSA in the diagnostic workup of patients 
with carotid stenosis. In this chapter, we discuss the 
role and limitations of MRA in grading carotid 
stenosis before revascularization. Indication to sur-
gical or endovascular revascularization could be set 
with MRA with a low misclassifi cation rate in case 
of high-grade carotid stenosis while inconclusive 
data are available for moderate stenosis.

Because of its short acquisition time, neck vessels 
MRA can be easily implemented in an MRI protocol 
of patients with cerebrovascular pathology also in 
the acute phase of the disease. Typical examples are 
carotid or vertebral dissections as the main cause of 
juvenile stroke. In these cases, MRA in conjunction 
with conventional MR images allows a prompt diag-
nosis avoiding invasive procedures both at the onset 
and in the follow-up for monitoring recanalization 
or eventual pseudoaneurismatic dilation.
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Since the introduction of dedicated coils cover-
ing the upper thorax, MRA constitutes a robust 
tool for the panoramic evaluation of the origin of 
epiaortic vessel, a vascular district traditionally 
diffi cult to be explored noninvasively. Stenosis of 
vertebral origin, subclavian steal, or thoracic out-
let syndrome can now be detected with an objec-
tive noninvasive technique.

7.1

Technical Considerations

In this paragraph we report some technical consider-
ations to focus on some proper aspects of the neck 
vessels examination that are extensively reported in 
Chap. 3.

The introduction of CE-MRA technique in the 
evaluation of neck vessels provided diagnostic gain in 
several pathologies. Although some investigators insist 
that TOF MR angiography remains the most accurate 
technique in evaluating carotid stenosis (Townsend 
et al. 2003), the main advantage of CEMRA was the 
limitation of artifacts with respect to fl ow-based MRA 
techniques. The basic principle of CE-MRA is the T1 
shortening effect of a paramagnetic contrast media 
passing as a bolus through the vasculature (Prince 
et al. 1993). The contrast between stationary tissues 
and vessels depend on shortening the T1 time of blood. 
As a consequence CEMRA is less sensitive to intra-
voxel dephasing from turbulent fl ow and does not suf-
fer from loss of signal due to saturation effects. 
Moreover the short acquisition time limits the motion 
artifacts that causes degradation of images.

The crucial point in obtaining an adequate CEMRA 
examination is the timing of acquisition with respect 
to the contrast bolus injection. The main goal of 
CEMRA acquisition is the sampling of the center of 
k-space during the peak arterial concentration of con-
trast media. CEMRA of neck vessels is actually acquired 
with elliptical centric encoding that helps to fi ll the cen-
tre of k-space in a short period of time at the beginning 
of the scan. Elliptical centric encoding permits sam-
pling the low spatial frequencies (image contrast) 
quickly during the arterial phase of bolus passage and 
reducing the venous contamination of the image. By 
using a centric or elliptical encoding that fi lls the 
k-space at the beginning of the acquisition, the scan 
delay corresponds to the circulation time. The calcula-
tion of the acqui sition time may be obtained with a 

bolus test. Nevertheless for acquisitions with an ellip-
tical centric encoding an automatic or semiautomatic 
method to detect the bolus arrival may be preferable; 
indeed a fast k-space center fi lling determines a nar-
row temporal window to collect the arterial passage of 
contrast bolus.

The bolus geometry is the other important factor 
in executing CEMRA besides the acquisition timing 
(Wetzel and Bongartz 2000). The bolus geometry 
in the vasculature depends not only on physiological 
parameters of the patient but also on the contrast 
amount and injection rate. The main parameters 
characterizing the bolus geometry (Fig. 7.1) are the 
maximum peak (as the maximal contrast media con-
centration in the vessel of interest), the bolus arrival 
time (as the time from injection to reach the 80% of 
the maximum peak of concentration), and the bolus 
length (as the time during which the intravascular 
concentration of contrast media remains over 80% of 
maximum). Generally a fi xed dose of contrast media 
is administered for CEMRA acquisition of the neck 
vessels. A standard injection dose of 20 mL of gado-
linium chelate facilitates the exam conduction. Adopting 
an injection rate of 2.5 mL/s we can obtain bolus 
geometry with a constant bolus length in the arterial 
phase of 5–7 s. With the actually permitted acquisi-
tion time, a bolus length of this order achieves at 
least the fi lling of the central part of the k-space, 
guaranteeing a suffi cient contrast resolution of the 
angiogram. Lower amount of contrast media or higher 
injection rates determine a shorter bolus length, 
while higher contrast doses or lower injection rates 
cause a longer bolus length. An important conse-
quence of this consideration is that bolus length can 
be optimized on the bases of the scan duration. A 
faster acquisition time (shorter duration of k-space 
center fi lling) needs a lower contrast dose to fi ll the 
entire center of k-space; on the other hand a longer 
acquisition time needs a higher amount of contrast 
media. Summarizing faster is cheaper.

An inadequate timing in CEMRA acquisition 
determines artifacts that deteriorate the image qual-
ity (Fig. 7.1). A precocious acquisition, before the 
bolus reach the maximum in the vessel of interest, 
causes the sampling of the central k-space before the 
arterial phase of contrast distribution, while the 
periphery of k-space (high spatial frequencies) is 
sampled during the arterial phase. The obtained 
angiogram will be affected by ringing artifact (Maki’s 
effect) (Maki et al. 1996) and will have poor contrast 
but high resolution (Fig. 7.1a). A delayed acquisition, 
after the bolus reach the maximum in the vessel of 
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interest, causes the collection of the central k-space 
after the arterial phase and during the venous phase 
of contrast distribution. The obtained angiogram 
will be a good quality venogram with superimposi-
tion of arterial and venous structures (Fig. 7.1d). A 
third error occurs if the center of k-space is correctly 
sampled when the bolus reach the maximum in the 
vessel of interest but the bolus length is too short and 
solely low spatial frequencies are sampled during the 
arterial phase. Since the periphery of k-space is sam-
pled when the contrast concentration falls down 
within the arteries, the obtained angiogram will be 
affected by a blurring artifact and will have good 
contrast but a low spatial resolution (Fig. 7.1c).

Automatic or semiautomatic methods for bolus 
detection, facilitates the exam conduction reducing the 
artifacts linked to the incorrect acquisition timing. A 
further technique that frees CEMRA from  circulation 
time calculation and avoids mistimed examinations is 
the time resolved CEMRA. This technique has the dis-
tinct advantage of improving the temporal resolution 
of CEMRA, which is one of its main limitations. In cir-
cles with high circulation rate such as cerebral or renal 
arteries, the temporal resolution may be a limitation in 
clinical application of CEMRA. Time resolved MRA 
was introduced to often improve the temporal resolu-
tion in spite of spatial resolution. Smaller matrixes and 
volumes of acquisition, higher bandwidth, rectangular 

fi eld of view, and partial Fourier and zero fi lling tech-
niques were implemented. The technology advance-
ment implementing gradients with faster slew rates 
permits lower TE (less than 2 ms) and TR (less that 
4 ms) improving time resolution. Moreover time reso-
lution of CEMRA is improved by more effi cient meth-
ods in sampling k-space. Three dimension acquisitions 
reconstructed with a novel oversampling of the center 
of k-space are available for clinical use. An example is 
the TRICKS technique (time-resolved intravascular 
contrast kinetics) that samples the center of k-space 
every 2 s providing well enhanced serial images of 
which at least one captured the arterial phase of con-
trast distribution.

To reduce acquisition time, parallel imaging tech-
niques partially substitute gradient-encoded steps with 
coil-encoding. An array of multiple receiving coils with 
specifi c spatial sensitivity is employed to detect the 
electromagnetic signal. In order to shorten the acquisi-
tion time, some portion of the gradient-encoding steps 
are omitted and the lacking spatial information is 
obtained by combining the signals from each receiving 
coils on the basis of their specifi c spatial sensitivity 
functions (coil-encoded steps). Depending on the par-
allel reconstruction algorithm, the coil-encoded spatial 
information can be utilized in the k-space domain 
(SMASH, GRAPPA  algorithms) or in the image domain 
(SENSE algorithm). The acceleration factor defi nes the 

tBLBAT

Fig. 7.1. Bolus geometry in arteries (red line) and veins 
(blue line). Bolus arrival time (BAT) is the time from injec-
tion to the time 80% of the maximum peak of concentra-
tion is reached. Bolus length (BL) is the time during which 
the intravascular concentration of contrast media remains 
over 80% of maximum. Examples of mistimed acquisition 
of CEMRA. Each image represent the acquisition time of 
CEMRA. The green box is the time during which the center 
of k-space is collected while the remain portion of the image 
is the time during which the periphery of k-space is  collected. 

(a,  ringing artefact): the central k-space is collected before 
reaching BL while the periphery of k-space is sampled dur-
ing the arterial phase. (c, blurring artefact): the center of 
k-space is correctly sampled during BL while the periphery 
of k-space is sampled when the contrast concentration falls 
down within the arteries. (d, venous superimposition): the 
entire k-space is collected during the maximum of venous 
enhancement. (b, optimal acquisition time): a good quality 
angiogram is obtained if the centre and periphery of k-space 
are collected during bolus length
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acquisition time gain due to parallel acquisition, calcu-
lated by the ratio between the numbers of gradient 
steps in the unaccelerated acquisition with respect to 
the accelerated one. The drawback of parallel acquisi-
tion is a degradation in SNR (signal-to-noise ratio), 
mainly based on the degree of k-space undersampling 
and the coil array geometry known as the g factor. In 
CEMRA acquisition of high number of receiver chan-
nels, optimized coil geometry, and an adequate accel-
eration factor (four) provide better sensitivity profi les 
resulting in g factors closer to one.

Moreover the introduction in the clinical practice 
of high fi eld magnet (3 T) permits improved SNRs 
which is advantageous when highly accelerated par-
allel imaging is applied, obtaining high resolution 
images with a lower in plane resolution to CTA or 
DSA with a comparable diagnostic value (Nael et al. 
2007).

Among the technical improvements in CEMRA of 
carotid arteries, development in the fi eld of contrast 
media deserve mention. Standard extracellular con-
trast media are currently used for almost all CE-MRA 
applications; however the rapid extravasation of the 
contrast medium limits acquisition time and therefore 
spatial resolution as well as contrast-to-noise ratio. To 
improve spatial resolution of CEMRA, it is necessary 
to prolong imaging time and extend the arterial phase 
of contrast distribution. Intravascular contrast media 
allows both a fi rst-pass contrast-enhanced MRA and 
high-resolution T1-weighted imaging approach in the 
equilibrium phase extending acquisition windows.

Several preclinical studies tested paramagnetic 
or superparamagnetic compounds synthesized to 
obtain a blood pool agent with a selective intravascu-
lar distribution (Bremerich et al. 2007). To date only 
the Gadolinium chelates with a protein binding are 
clinically tested and approved for humans. Gd-BOPTA 
had weak and transient interaction with serum 
 proteins – particularly albumin; its greater intravas-
cular T1 relaxivity has been shown to produce a 
higher vascular peak enhancement of longer dura-
tion than that achieved with other Gadolinium che-
lates at the same dose (Knopp et al. 2002). Higher 
signal to noise ratio between vessel and signal back-
ground may improve the evaluation of carotid arter-
ies (Anzalone et al. 2006). Gadofosveset trisodium 
is an intravascular contrast agent approved for clini-
cal application in MRA. Due to strong hydrophilic 
profi le which allows a reversible noncovalent binding 
with albumin, this contrast agent increases its intra-
vascular half life permitting ultra-high resolution in 
the equilibrium phase with promising results on the 
evaluation of neck vessels (Bluemke et al. 2001).

In evaluating carotid arteries, CEMRA replaced 
nonenhanced MRA. Actually solely PC sequences can 
be implemented in a clinical MR protocol to obtain 
information about fl ow direction or quantifi cation. 
Besides considerations regarding the level of diag-
nostic accuracy, long acquisition time and image arti-
facts limited the use of classical fl ow-based techniques 
in favor of CEMRA. Nevertheless, recent improve-
ment in MR hardware and software permitting faster 
acquisition and concerns about gadolinium based 
contrast agents contribute to the renaissance of non-
enhanced MRA techniques (Fig. 7.2). Two new fami-
lies of nonenhanced MRA techniques are becoming 
commercially available: EEG gated partial-Fourier 
fast spin echo technique and balanced steady-state 
free precession imaging with or without arterial spin 
labeling. While EEG gated partial-Fourier fast spin 

Fig. 7.2. Nonenhanced MRA obtained with SSFP sequence. 
Courtesy Ghedin GE Medical systems
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echo method and balanced steady-state free preces-
sion imaging without arterial spin labeling are imple-
mented in studying different vascular districts, 
nonenhanced MRA with arterial spin labeling may 
also be used for carotid imaging. The ALS-based MRA 
can be obtained by subtracting tag-on and tag-off 
images (Nishimura et al. 1987) by placing an inver-
sion pulse to the upstream slab. The tagged blood 
fl ows to the vessels of interest after a time delay 
(depending on blood velocity and distance between 
tagged and imaged area) and can be imaged with 
partial-Fourier fast spin echo or balanced steady-
state free precession sequence. A bright blood angio-
gram can also be obtained with a single acquisition 
by using spatially nonselective and selective tagged 
pulses. If images are acquired after a proper delay 
time after nonselective pulse, stationary tissue can be 
selectively suppressed at their null point while selec-
tively tagged protons of blood reached the imaged 
area (Miyazaki and Lee 2008).

7.2
Subclavian Arteries

Atherosclerotic stenosis is the most frequent pathol-
ogy in the subclavian arteries. With the advent of 
endovascular treatment, the correct grading of the 
stenosis has assumed an important clinical impact. 
In order to determine the success of endovascular 
treatment it is fundamental to know the site, the 
length, and the morphology of the lesion.

CEMRA revealed an optimal agreement with DSA 
fi ndings in different types of subclavian diseases 
constituting a robust tool in the noninvasive evalua-
tion of epiaortic vessels. The method identifi es correctly 

the presence of stenoses, with a slight tendency to 
overestimation. For the steno-occlusive disease of 
the sublavian arteries, agreement with conventional 
angiography, is excellent (k = 0.85), with a sensitivity 
of 90%, specifi city of 95%, and diagnostic accuracy 
of 93% (Cosottini et al. 2000).

Subclavian artery stenosis may cause arm claudi-
cation, paresthesias, weakness, and pain and also a 
subclavian steal. Subclavian steal is due to reversal 
fl ow in a vertebral artery associated with a preverte-
bral tract obstruction or stenosis of the subclavian 
artery. Subclavian steal may result in vertebrobasilar 
insuffi ciency. In diagnosing subclavian steal, CE-MRA 
is often associated with fl ow-based MRA techniques 
such as phase contrast or time of fl ight. In the fi rst 
case, a phased display axial 2D PC sequence sensi-
tized to fl ow in slice direction is helpful to depict the 
reverse fl ow direction in the vertebral artery homo-
lateral to the obstructed/stenosed subclavian artery. 
In the second case, a 2D TOF sequence implemented 
with spatial band saturation can be repeated, alterna-
tively placing the saturation band above and below 
the slices to obtain selective spin saturation that fl ow 
downward or upward.

Reperfusion of the subclavian artery in the post-
vertebral tract by the inverted vertebral fl ow may be 
due to subclavian obstruction or severe stenosis. 
Because endovascular treatment yields poor results 
with occlusions especially for occluded tracts lon-
ger than 5 cm, a preoperative diagnosis of subcla-
vian occlusion is important. Differential diagnosis 
between high grade stenosis and occlusion may be 
problematic with CEMRA. Due to the tendency of 
overestimation of CEMRA, it is possible to misinter-
pret the occluded arteries that are reperfused by 
inverted fl ow in the vertebral artery as an overgraded 
severe stenosis (Fig. 7.3).

Fig. 7.3. CEMRA (a) reveals a proximal obstruction of the 
left subclavian artery with postvertebral enhancement. Dis-
tal reperfusion by reversal blood fl ow in left vertebral artery 
is demonstrated with 2D PC sequence with phase display (b). 

Subclavian obstruction can be erroneously interpreted as an 
overestimated severe stenosis. DSA confi rms the left subcla-
vian obstruction (c)
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Diagnostic gain in solving the dilemma between 
occlusion and overgraded severe stenosis comes 
from technical development in the fi elds of dedicated 
multichannel coils and parallel imaging, which 
improves the spatial resolution. A further possibility 
may source from increasing temporal resolution. The 
main limit of CEMRA compared to DSA, is the scarce 
temporal resolution that does not permit apprecia-
tion of the progressive fl owing of the contrast 
medium into the arterial tree enough to see the rep-
erfusion of the occluded subclavian artery directly 
through the vertebral artery. Time resolved MRA, 
especially with implementation of more effi cient 
methods in sampling k-space, allows sampling of 
every few seconds the contrast media passes through 
vertebral and subclavian vessels. It permits adoption 
of the same radiological semiology in CEMRA exam-
inations as that in DSA.

Thoracic outlet syndrome (TOS) refers to clinical 
manifestations due to impingement of the brachial 
plexus and subclavian vessels as they pass from the 
thoracic cavity to the axilla. Approximately 98% of 
patients with TOS have compression of the brachial 
plexus, while a minority referred symptoms due to 
arterial or venous impingement.

The vascular or neurovascular compression is 
provoked by anatomical abnormalities and/or elicit-
ing maneuver and is characterized by a functional 
subclavian stenosis causing transient paresthesias, 
weakness, and pain of the upper limb. Repetitive 
arterial trauma results in focal stenosis, subse-
quent poststenotic dilatation, and ultimately micro- 
embolization with tissue loss.

There is no generally accepted diagnostic protocol 
for the investigation of TOS although DSA is consid-
ered the mainstain technique. CT or MRI can be used 
to determine the functional anatomy of the thoracic 
outlet and can be implemented with angiographic 
acquisition to demonstrate the effect of vascular 
compression. MRI eventually acquired during pro-
vocative maneuver into the scanner showed the cause 
of impingement by reformatting the 3D data set and 
other conventional sequences (Charon et al. 2004).

Presently, CE MRA offers extensive vessel  coverage, 
is less prone to artifact, and frequently demonstrates 
the underlying cause of compression as compared to 
fl ow-based MRA sequences. CT angiography can be 
preferred to MRA for its ability to depict bony tho-
rax, scalene muscles insertion expecially in case of 
aberrant cervical ribs.

7.3

Carotid Arteries

7.3.1
Atherosclerotic Disease

Stroke and transient ischemic attack exceed coronary 
heart disease (Rothwell et al. 2005) constituting 
one of the main problems of public health and social 
assistance for survivals. Arterial steno-occlusive dis-
ease of supra-aortic vessels is frequent in the general 
population with a potential risk of thrombo-embolic 
and hemodynamic cerebral infarctions.

Based upon data of multicenter trials, carotid 
endarterectomy (CEA) is a proven treatment in 
carotid artery stenosis and is considered the most 
effective method of preventing stroke occurrence in 
patients with symptomatic and asymptomatic high-
grade carotid artery disease (NASCET 1991; Barnett 
et al. 1998). CEA may prevent stroke in symptomatic 
patients with >70% stenosis, or even with stances of 
50–69%, and in asymptomatic patients with at least 
60% stenosis (ACAS 1995). For high risk surgical 
patients, percutaneous carotid transluminal angio-
plasty and stenting (CAS) are emerging with encour-
aging results as alternative method to CEA (Roubin 
et al. 2001).

For effective surgical treatment, correct classifi ca-
tion of atherothrombotic lesions is essential and an 
accurate carotid imaging is important for secondary 
stroke prevention.

Currently, digital subtraction angiography (DSA) 
is considered the standard of reference in detecting 
and grading carotid stenosis due to the excellent spa-
tial (matrix size 1,024 × 1,024) and temporal resolu-
tion (3–6 frames/s). Nevertheless the procedural risk 
of stroke for this method is not negligible and reported 
ranging between 0.7 and 1% (Kuntz et al. 1995).

A recent review of 19,826 consecutive patients 
who underwent cerebral catheter angiography 
(Kaufmann et al. 2007) showed an overall neuro-
logic complication rate of 2.63%.

In order to reduce the risks and discomfort of 
invasive procedures, new and noninvasive diagnostic 
tools such as spiral CT, enhanced magnetic resonance 
angiography (MRA), and color Doppler ultrasound 
were developed.

Noninvasive techniques are changing the diag-
nostic algorithm in patients with arterial occlusive 
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disease. There is a distinct trend towards surgery 
without DSA, adopting ultrasound as a screening 
tool in combination with a confi rmatory test (CTA or 
MRA). DSA is increasingly reserved for endovascular 
intervention or for cases in which noninvasive test 
results are equivocal.

CEMRA was evaluated as a highly safe, feasible 
tool for assessing patients with suspected carotid 
atherosclerosis, showing high accuracy and agree-
ment with DSA in detecting and grading ICA steno-
sis. CEMRA has the advantages of being noninvasive, 
more tolerated (U-King Im et al. 2004c), less 
expensive(U-King Im et al. 2004a), less time- 
consuming as compared with DSA. With respect to 
conventional fl ow-based MRA techniques, CEMRA 
provides better image quality, higher level of diag-
nostic confi dence, and more interobserver agreement 
(Mitra et al. 2006).

For clinical application, the main problem in 
replacing an invasive tool with a noninvasive one is 
the diagnostic accuracy of the new method. Several 
works stated the high level of diagnostic accuracy of 
CEMRA in grading carotid stenosis (Le Clerc et al. 
1999; Remonda et al. 1998; Nederkoorn et al. 2002). 
A meta-analysis study (Wardlaw et al. 2006a) 
revised 2,541 patients with carotid stenosis evaluated 
with CEMRA and digital subtraction angiography 
reporting high sensitivity (0.94) and specifi city (0.93) 
solely for high grade stenosis (70–99%), while incon-
clusive data are available for moderate stenosis (50–69%). 
They cautiously suggest a possible replacing of DSA 
by using CEMRA for high grade stenosis. A more 
recent meta-analysis (Debrey et al. 2008) confi rms 
the previous high levels of diagnostic accuracy for 
severe stenosis (sensitivity 94.6% and specifi city of 
91.9%) and also for carotid occlusion (sensitivity 
99.4% and specifi city 99.6%) but assesses a fair sensi-
tivity for moderate stenosis (sensitivity 65.9% and 
specifi city 93.5%).

Results on the diagnostic accuracy that source 
from several dedicated studies may be biased by 
selection of patient population. In the majority of 
cases CEMRA is validated with respect to DSA after 
these patients are screened with CD-US for carotid 
stenosis (verifi cation bias). The number of true posi-
tive as well as sensitivity is thus invariably increased. 
This bias has a limited role if CEMRA is considered 
as a screening tool. Nevertheless CEMRA is proposed 
to scientifi c community as a confi rmatory test after a 
screening with CD-US. In this case a counteract effect 

on the diagnostic accuracy may source from the 
spectrum bias. In calculating diagnostic accuracy, 
the inclusion of normal or nearly normal vessels 
(true-negative cases) can be expected to falsely ele-
vate the specifi city of CE-MRA as a confi rmatory test 
because calculation of specifi city is heavily depen-
dent on the number of true-negative cases. In the 
clinical setting CEMRA should be a tool for identifi -
cation of true negative patients erroneously screened 
as stenotic. In the literature the specifi city of MRA 
has likely been overstated for the inclusion of true 
negative patients in the statistical analysis (Layton 
et al. 2007).

A further problem is due to operators who publish 
diagnostic accuracy results. In several works, special-
ized radiologists dedicated to the carotid artery 
stenosis, evaluate the stenosis grade, while in clinical 
practice, the wide spread of noninvasive imaging 
modalities is available for nonspecialized radiolo-
gists. In this regard studies showing excellent con-
cordance between MRA and DSA are most often 
performed in academic radiology departments while 
lower levels of CEMRA diagnostic accuracy are 
reported if the grading of stenosis is retrospectively 
evaluated by the radiological report in daily activity 
of general hospitals (Johnston et al. 2002).

CEMRA has gained increasing importance as a 
noninvasive test in the preoperative work-up of 
carotid artery stenosis (Borisch et al. 2003) The 
acceptance of this MRA technique by surgeons is due 
to the reported high diagnostic accuracy, panoramic 
potential of the evaluation, and to the better repre-
sentation of the morphology of the stenosis as com-
pared to the angiographic fl ow-based methods.

Nevetheless many clinicians require (Westwood 
et al. 2002) further clinical evidence to establish the 
effectiveness of MRA in diagnosing ICA stenosis and 
in making decisions about revascularization.

For the preoperative evaluation of atherosclerotic 
pathology of carotid arteries a low level (3.1%) of 
misclassifi cation rate has been reported when adopt-
ing CEMRA (Cosottini et al. 2005b). Less encour-
aging results show that 24% of patients would have 
been misclassifi ed for CEA on the basis of CEMRA 
results alone (sensitivity, 92%; specifi city, 62%) When 
both duplex ultrasonography and CEMRA were per-
formed and results were concordant, the misclassifi -
cation rate decreased to 17%. More data is also 
needed on the accuracy of less invasive tests in com-
bination. No studies reported on the accuracy of less 
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invasive tests in the same patients or gave an account 
with any reliability on how the accuracy of two less 
invasive tests used in combination compares with 
each individual test used alone (Wardlaw et al. 
2006b).

The classifi cation error of CEMRA in planning 
endarterectomy avoids a necessary surgical interven-
tion and deprives patients of the surgical benefi t of 
revascularization; it mainly exposes patients with 
nonsignifi cant stenosis to unnecessary surgical risk. 
Indeed the greater errors in stenosis grading source 
from the tendency of CEMRA to overestimate the 
stenosis.

The phenomenon of stenosis overestimation is 
well known (Leclerc et al. 1998) and CE-MRA tended 
to overestimate stenosis compared with DSA by a 
mean bias of 2.4–3.8% (U-King-Im et al. 2004b). 
Several factors may contribute to overestimation. The 
fi rst one is the low spatial resolution of CEMRA with 
respect to the digital angiography as a stan dard of 
reference. Larger voxels causes a blurring of the ves-
sels profi les especially in narrowed tracts (Cosottini 
et al. 2003). It has been estimated (Hoogeveen et al. 
1998) that at least three pixels need to be included 
into the patent residual lumen at level of stenosis to 
obtain a correct grading. For severe stenosis with 
extremely narrowed residual patent lumen, small 
voxel size is necessary to maintain image sharpness. 

In clinical practice the voxel size suggested for 
CEMRA examination of carotid arteries is about 
1 mm3. Based upon the published data about fi rst-
pass CEMRA, it is reasonable to exploit parallel imag-
ing capabilities in order to increase spatial resolution 
instead of temporal resolution.

To improve spatial resolution of CEMRA, it is 
 necessary to prolong imaging time. Due to the pro-
longation of intravascular distribution, blood pools 
contrast agents allow extending the imaging win-
dows, opening up the possibility of high resolution 
imaging in the equilibrium phase. A novel strategy in 
the conduct of CEMRA examination includes the 
possibility of obtaining angiograms in the fi rst pass 
acquisition and at the equilibrium phase using high 
resolution sequence. In our experience, fi rst pass 
CEMRA is useful for a panoramic evaluation of cere-
bropethal vessels while high resolution CEMRA at 
steady state reduces the number of over graded 
stenosis visualizing a more sharpened stenosis 
(Fig. 7.4). Overall accuracy for carotid high resolved 
CE-MRA performed during steady state, approxi-
mately 5 min after blood pool agent injection has 
been reported to be high (88–100%). Interestingly, 
the image quality seems to be best at relatively 
larger voxel size (0.8 mm) with faster acquisition 
(acquisition time = 40 s) than with respect to smaller 
voxel size (0.5 mm) with longer acquisition time 

Fig. 7.4. First pass CE-MRA obtained with blood pool agent 
Gadofosveset trisodium (a). The intravascular contrast 
 media allows the acquisition of high resolution CE-MRA 
at steady state (b) that improves the sharpness of carotid 

bifurcation. CE-MRA at steady state shows a more accurate 
grading of the stenosis reducing the tendency of fi rst pass 
CE-MRA to overestimation with respect to DSA (c)
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 (acquisition time = 1 min 40 s) because images are 
degraded by pulsation and motion artifacts.

Further causes of overestimation may be related 
to the mistimed examinations during arterial bolus 
passage or to spin intravoxel dephasing in CEMRA 
(Scheffl er et al. 1998).

The postprocessing technique (MPR tended to show 
lower degrees of stenoses than MIP) adopted to display 
the carotid bifurcation has been reported (Lell et al. 
2007) as a cause of stenosis overestimation as well as 
the method adopted from the radiologist to measure 
the stenosis. With respect to an objective measurement 
with a calliper, the subjective visual impression deter-
mines a misclassifi cation in 11.3–15.1% of the stenosis 
ranging between 70 and 99% (U-King-Im et al. 2007). 
An automated approach to the measurement of the 
stenosis seems to allow accurate assessment of stenosed 
vessel diameter according to the North American 
Symptomatic Carotid Endarterectomy Trial criteria 
(Habibi et al. 2009).

Finally the stenosis overestimation adopting 
CEMRA may be related to the DSA as the standard 
of reference. The limited number of projections 
obtained with DSA may be a limitation in the eval-
uation of high-grade stenosis leading to underesti-
mation of severity (Elgersma et al. 1999).

A comparison between bidimensional techniques 
used as gold standard with respect to a 3D method 
may generate a false overestimation due to an under-
estimation of stenosis by conventional DSA (Fellner 
et al. 2001). A better correlation was observed between 
rotational DSA and CE MRA than between rota-
tional DSA and conventional DSA suggesting that 
the multiplanar capability of MRA makes it superior 

to  conventional DSA in two or three planes in grad-
ing carotid stenosis (Anzalone et al. 2005). Although 
3D imaging modalities could achieve a more accu-
rate measurement of the stenosis, without repeating 
the endarterectomy trials, conventional DSA must 
remain the reference standard as the link between 
the percentage of stenosis and risk of stroke. As a 
consequence, noninvasive imaging modalities have 
to mimic and not overcome conventional DSA in 
grading stenosis to correctly locate the single patient 
in a precise risk category.

In assessing carotid artery stenosis, CT angiog-
raphy is an alternative to CEMRA as a confi rmatory 
test. The wider diffusion of CT angiography in the 
evaluation of the carotid arteries results from its 
simplicity and high spatial resolution. The axial 
images obtained have the advantage of being uti-
lized in the measurement of the crosssection area 
reduction of the vessel or in the measurement of the 
plaque densities to establish fatty, calcifi ed, or 
fi brous components. The main drawbacks of CT 
angiography are radiation exposure, nephrotoxic-
ity, and sensitivity to artifacts from dental amalgam 
and vascular calcifi cations.

With the introduction of multisection technology, 
CT angiography increases its performance and can 
be proposed as a substitute for CEMRA due to excel-
lent correlation with conventional angiography and 
the best spatial resolution among all noninvasive 
techniques. Accuracy of CTA has been shown to have 
a sensitivity in the range of 85–95% and specifi city 
of 93–98% for detecting carotid stenoses >70% 
(Koelemay et al. 2004) comparable to that of CEMRA 
(Alvarez-Linera et al. 2003) (Fig. 7.5).

Fig. 7.5. Multiplanar and volume reconstructions of a left in-
ternal carotid stenosis obtained with CTA (a, b) and CE-MRA 
(c, d) with respect to the gold standard DSA (e).  Diagnostic 

accuracy of CTA and MRA are comparable in detecting and 
grading carotid stenosis
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7.3.2
Dissection

Cervical artery dissection (CAD) is a major cause of 
cerebral infarction in young people, and accounts for 
10% of strokes under the age of 20 and 20% under the 
age of 30. The major cause of internal carotid  dissection 
is trauma; the remaining cases are spon taneous. The 
pathogenesis of CAD remains unclear and an under-
lying arteriopathy responsible for the weakness of the 
arterial wall is postulated. Predisposing factors for 
spontaneous dissection include fi bromuscular dyspla-
sia (up to 15%), Marfan’s syndrome, Ehlers Danlos 
type IV syndrome, osteogenesis imperfecta, pseudox-
antoma elasticum, cystic medial necrosis, and other 
collagen vascular diseases (Cosottini et al. 2005a).

Ultra structural connective tissue aberrations in 
skin biopsies of patients without manifestations of a 
connective tissue disease are shown to correlate with 
CAD suggesting that it represents a manifestation of 
a genetic predisposition with a vascular phenotype 
(Brandt et al. 2001).

In conventional MRI, hematoma in carotid dissec-
tion appears as a crescent-shaped area around the 
eccentric signal void of the patent lumen. The signal 
intensity of the hematoma varies according to the 
timing of the bleeding. On T1-weighted images it is 
classically hypointense in the acute phase for the pres-
ence of deoxiemoglobin and in the chronic stage for 
the presence of methemoglobin. On the other hand 
hematoma is hyperintense due to the methemoglobin 
deposit between 7 days and 2 months. Subintimal dis-
section is responsible for stenotic  pattern of dissec-
tion characterized by progressive luminal narrowing 
detectable with angiographic techniques including 
CEMRA. The intramural hematoma in conventional 
MRI can often be seen to spiral along the length of the 
dissected segment.

Instead the subadventitial dissection causes an 
aneurismal dilation when the arterial lumen commu-
nicates with the dissection cavity (Anson and 
Crowell 1991). This type of angiographic pattern 
suggests a more severe underlying arteriopathy with 
respect to dissection without aneurysm and is reported 

Fig. 7.6. Spontaneous left 
internal carotid  artery 
dissection. CE-MRA re-
veals a progressive luminal 
narrowing in the middle 
portion of cervical tract 
(a) while conventional 
T1-weighted images 
with fat saturation pulse 
 obtained in the axial 
plane at level of dissection 
shows a hyperintense ring 
of  metahemoglobin (b) 
referred to mural haema-
toma. The angiogram of 
the right internal carotid 
artery (c) depicts a nar-
rowed middle cervical 
tract and an irregular dila-
tion referred to an aneuris-
mal pattern of a previous 
asymptomatic carotid dis-
section. One month later 
DSA statesd recanalization 
of left internal carotid 
artery (d) and confi rmed a 
stable pseudo aneurismal 
pattern of a previous dis-
section (e)
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in 49.3% of spontaneous CADs (Touzè et al. 2001). 
Although classical fl ow-based MRA techniques are 
reported as an useful noninvasive method in the 
detection, follow-up, and response to treatment of 
CAD, their main limit remain the evaluation of vessel 
wall morphology such as in the case of fi bromuscular 
dysplasia and aneurismal pattern of carotid dissec-
tion (Zuber et al. 1994). CEMRA as a luminography 
has a better resolution in evaluating vessel wall irregu-
larities and is reported as a robust method to also 
evaluate dissections with pseudoaneurysm (Phan 
et al. 2001). To evaluate patients with recurrent asymp-
tomatic dissection, DSA follow-up is generally accepted. 
A noninvasive method of detection that can be car-
ried out repeatedly over many years like CEMRA may 
constitute a reliable method in investigating the recur-
rent dissection (Fig. 7.6).

7.4

Vertebral Arteries

7.4.1
Atherosclerosis

Pathologies involving the vertebral circulation have 
devastating consequences compared to that of carotid 
arteries (Fig. 7.7). Vertebral arteries atherosclerotic 
stenosis is associated with carotid stenosis but is gen-
erally less severe. The most frequent site of vertebral 
artery involvement is at the origin of the subclavian 
artery. CE-MRA allows imaging of the vertebral arter-
ies from their origins to the basilar artery and has 
taken the place of TOF techniques, which are notori-
ously unreliable 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 artery is burdened by on-plane satu-
ration artefacts. The sensitivity and specifi city of 
CE-MRA for the evaluation of verte bral ostial stenosis 
was 100 and 85%, respectively (Randoux et al. 2003). 
Suboptimal results in this vascular segment are due to 
a more pronounced tendency to overestimate the 
degree of stenosis when the vessels have small dimen-
sions and the voxel size is excessive. Overestimation 
may also be explained by the possible reduced con-
centration of the con trast medium in the poststenotic 
arterial lumen as a result of altered fl ow by the steno-
sis. Now after CD-US screening, a preferable second 
level of diagnosis is made with CEMRA. Indeed, not-
withstanding advanced algorithms for bone removal, 
CTA application was limited by the close relationship 
of the vertebral arteries to the bone in the transverse 
foramina and at the skull base.

7.4.2
Dissection

Vertebral dissection is the penetration of blood into 
the vessel wall splitting the tunica media. It may 
occur spontaneously or following severe or blunt 
trauma. Complications of vertebral dissection include 
embolic infarct of the posterior circulation or suba-
rachnoid hemorrhage. Conventional angiography is 
still considered the gold standard in the diagnosis of 
vertebral dissection but is gradually being replaced 
by MRI and MRA. As well as occur in carotid arteries, 
MRI can show intramural hematoma. One of the 
main pitfalls of conventional MRI to diagnose verte-
bral dissection is that the fl ow-related enhancement 
of the vertebral venous plexus can mimic the high 
signal of intramural hematoma (Miaux et al. 1996). 
Moreover conventional MRI also cannot differentiate 
between intramural hematoma and intraluminal 

Fig. 7.7. Claude Bernard 
Horner syndrome with acute 
onset due to a posterior-
 lateral infarction of the 
 medulla oblongata (a). Note 
the high signal intensity of 
the intracranial tract of the 
left vertebral artery. CE-
MRA angiogram obtained 
in the same session (b) re-
vealed an obstruction of the 
V4 tract and atherosclerotic 
parietal irregularities of the 
controlateral artery
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thrombus.With CE-MRA it is possible to detect the 
level of stenosis/obstruction.CE-MRA also has the 
advantage of differentiating residual fl ow from mural 
hematoma. Encouraging results of combined CEMRA 
and MRI for the follow-up of vertebral dissection are 
reported especially in dissecting aneurysms type.
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ABSTRACT

Magnetic Resonance technology’s fast develop-
ment has permitted a wider application of MR 
angiography for an accurate and noninvasive 
imaging of thoracic vessel disease. Diseases such 
as aortic dissection, aneurysm or pulmonary 
embolism can now be reliably studied with a very 
high degree of accuracy and reproducibility and 
much less feasibility limitation.

8.1

Introduction

MRI is characterized by intrinsic sensitivity to detect 
and highlight the phenomenon of fl ow, meaning pro-
ton movements. Since its debut, the initial applica-
tions of MR were aimed at the quantitative analysis of 
fl ow and they were essentially on the basis of two 
principles: (1) interaction between the moving pro-
tons and radiofrequencies, the so called “amplitude” 
or “Time of fl ight” (TOF) effects; (2) detection and 
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measurement of fl ow phenomenon in the presence 
of a magnetic gradient, the so called “Phase” effects. 
In 1950, Suryan was the fi rst to observe the “time 
of fl ight” effect; afterwards Bowman e Kudracev, 
Morse, and Singer improved the quantifi cation of 
fl ow velocity using TOF technique by introducing 
the use of surface phased arrays, coils, and satura-
tion technique.

The use of techniques based on measurement of 
fl ow phenomenon in the presence of a magnetic gra-
dient was introduced after the TOF technique. MR 
images are obtained using two fundamental and rel-
atively independent phenomena: proton excitement 
and saturation by radiofrequency pulse; signal sam-
pling and proton localization by using magnetic fi eld 
gradients. While stationary blood signal is depen-
dant on T1 and T2 relaxation times, which are rela-
tively prolonged as for other fl uids, the fl owing blood 
signal, on the opposite, is dependant on two phenom-
ena: the time of fl ight effect, determined by spin 
wash-in/wash-out because of the emission of radio-
pulses and the phase shift of spin moving along a 
magnetic fi eld gradient, which is dependant on the 
type of fl ow and on the gradient along the fl ow direc-
tion. These phenomena may cause, in different 
sequences, the appearance of lack of signal (fl ow 
void) or an increased signal (fl ow related enhance-
ment) and are considered as the fundamentals of 
both MR angiography (MRA) and fl ow quantifi ca-
tion technique.

8.2

Thoracic Aorta

Thoraco-abdominal aortic diseases represent the 
main indication for an MRA study. In fact, MRA 
allows representation of the vessel in various planes 
and may be performed even without the administra-
tion of contrast material and without using ionizing 
radiations. Moreover, it allows precise and high reso-
lution depiction of arterial wall details, with an accu-
racy equal to that of trans-oesophageal echo and 
MDCT angiography. The wide fi eld of view, the non-
invasiveness and the possibility to gather informa-
tion about the dynamics of aortic blood fl ow makes 
MRA the method of fi rst choice for the elective study 
of aortic disease in cooperative patients. The main 
difference is the known limitation with respect to 
CTA, regarding the inability, inherent to the MR 
physics, to evaluate vessel wall calcifi cations.

8.2.1
Spectrum and Prevalence of Disease

Thoracic aortic diseases may often result in life-
threatening conditions that require immediate diag-
nosis and treatment (AHA 2002 Heart and stroke 
statistical update). Such conditions remain major 
causes of morbidity and mortality throughout the 
world (Olsson et al. 2006), despite continuous prog-
ress in identifi cation of clinical risk factors, preven-
tion, and early diagnosis of these conditions, including 
aneurysms, acute aortic syndromes (i.e., aortic dis-
section, intramural hematoma [IMH], and penetrat-
ing ulcer), trauma, congenital abnormalities, vasculitis 
(Scheel et al. 2004), and steno-occlusive diseases. 
Once relying uniquely on digital subtraction angiog-
raphy (DSA), the imaging of the aorta now benefi ts 
from the multi-planar information available with 
magnetic resonance angiography (MRA) (Prince 
et al. 1996). Volumetric and multiplanar capabilities 
of magnetic resonance imaging (MRI) have overcome 
the issue of tortuous vessels, enabling the accurate 
evaluation of the real transverse aortic plane (i.e., for 
aortic aneurysms), the assessment of intramural and 
perivascular abnormalities, and the evaluation of 
relations between the aorta and its branches.

8.2.2
Normal Aortic Anatomy

The aorta begins at the base of the left ventricle of the 
heart, where it is about 3 cm in diameter. After ascend-
ing for a short distance, it arches backward and to the 
left side, over the left pulmonary artery. It then 
descends on the left side of the vertebral column, 
passes into the abdominal cavity through the aortic 
hiatus in the diaphragm and ends, considerably 
diminished in size (1.5–1.75 cm in diameter), at the 
level of the lower border of the fourth lumbar verte-
bra; here it branches into the right and left common 
iliac arteries. Thoracic aorta is commonly referred to 
as three distinct and arbitrary sections: the ascending 
aorta, the arch of the aorta, and the descending aorta. 
The descending aorta then continues into the abdom-
inal aorta. The length of ascending aorta is about 
5 cm. At its origin three small dilatations called the 
aortic sinuses are present: the right, the left, and the 
posterior (non coronary). Part of the ascending aorta 
is contained within the pericardium, similar to the 
pulmonary artery. For this reason a rupture of the 
wall of the ascending aorta (i.e., an aortic dissection) 
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may lead to a life threatening hemopericardium with 
cardiac tamponade. The only branches of the ascend-
ing aorta are the two coronary arteries, which supply 
oxygen to the heart; they arise at the respective aortic 
sinuses. The arch of the aorta begins at the level of the 
upper border of the second sterno-costal joint on the 
right side. It runs upward, backward, and to the left in 
front of the trachea. It then turns backwards on the 
left side of the trachea and fi nally goes downward on 
the left side of the body of the fourth thoracic verte-
bra, at the lower border of which it becomes continu-
ous with the descending aorta. The upper border of 
the aortic arch is usually about 2.5 cm below the supe-
rior border to the manubrium sterni. Three vessels 
branch off from the arch of the aorta: the innominate, 
the left common carotid, and the left subclavian arter-
ies. The attachment site of the ductus arteriosus, 
immediately downward the origin of the left subcla-
vian artery, corresponds to the aortic isthmus. 
Immediately beyond the ductus arteriosus the aorta 
may also present a fusiform dilation termed the aor-
tic spindle. This is marked in the arch concavity by an 
indentation or angle. These formations may persist, 
to some extent, in the adult age and the average diam-
eter of the spindle exceeds that of the isthmus by 
roughly 3 mm. The thoracic aorta starts after the 
arch of the aorta and runs down to the diaphragm 

 whereupon the abdominal aorta begins (Fig. 8.1). 
Numerous vessels branch off from the thoracic aorta 
to supply oxygenated blood to the chest cage and the 
organs within the chest. Like other sections of the 
aorta (the ascending aorta, aortic arch, and abdomi-
nal aorta), the thoracic aorta is considered as an arbi-
trary anatomic entity.

8.3

MR Technique

The Patient is positioned supine on the moving table, 
with the specifi c vascular thoracic or thoracic-
abdominal phased array coil wrapped around the 
torso (in case of lack of the specifi c vascular phased 
array coil, a generic abdominal/torso phased array 
coil may instead be used).

It is necessary to link the patient to the respiratory 
trigger system because some of the sequences used 
would need that synchronization. It is possible, when 
needed, to use some ECG-gated sequences typically 
used for “cardiac” imaging, for example the cine Fast 
Gradient Echo, which are useful for the evaluation of the 
aortic blood fl ow in case of dissection or coarctation. In 
this case the acquisition will need to be ECG-gated.

Up to date many techniques have been developed 
for imaging structures and blood fl ow within great 
vessels and pulmonary arteries. Non contrast-
enhanced methods are generally referred to as “black 
blood” and “bright blood” techniques, depending on 
the signal intensity of the blood within the vessels.

Both un-enhanced and contrast-enhanced tech-
niques are available, and in many examinations, 
depending on the clinical query, it is common to use 
a combination of the two techniques to obtain a com-
prehensive evaluation of the vasculature. Three-
dimensional contrast-enhanced MR angiography 
(CE-MRA) is a fast sequence that generates a 3D data 
set with high signal to noise ratio images of the intra-
vascular space during a rapid bolus of a gadolinium 
chelate.

8.3.1
Contrast-Enhanced Magnetic Resonance 
Angiography (CE-MRA)

CE-MRA is a fast, accurate, and fl exible method for 
noninvasive imaging of the arterial and venous sys-
tem (Earls et al. 1998). Since its development 10 

Fig. 8.1. CE-MRA MIP reconstruction in a para-sagittal 
plane clearly shows the aortic anatomy, the origin of supra-
aortic vessels, and the aortic spindle
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years ago, the method has been tremendously refi ned 
(Prince 1994). CE-MRA is performed by acquiring a 
3D gradient echo sequence during a rapid intrave-
nous bolus of gadolinium. It is both reliable and rela-
tively easy to perform, given the automation and 
speed of current MR systems. Gadolinium chelates 
can be used with relative safety because of the very 
low rate of allergic reactions; recently more attention 
has been aimed to their use in patients with renal 
failure because of the possibility to induce the NSF 
(nephrogenic systemic fi brosis) (Sadowski et al. 
2007). CE-MRA depicts the arteries and, when 
desired, venous structures in a 10–30-s acquisition, 
depending on the fi eld strength and other technical 
factors of the MR system used for the study. 
Acquisition can be performed during a breath hold if 
the patient is non sedated and able to comply with 
breath-holding instructions. For most thoracic car-
diovascular examinations, a 3D spoiled gradient echo 
(SPGR) volume that includes the heart, pulmonary 
arteries, thoracic aorta, and proximal great vessels is 
used. The parameters for the 3D SPGR sequence are 
optimized to attain the highest-quality images. In 
general, faster is better for data acquisition with 3D 
CE-MRA and low repetition time (TR) and echo time 
(TE) values are usually selected. Excessive spin 
dephasing can cause signal loss at stenoses, although 
this can be reduced or eliminated by selecting a TE 
less than 3 ms. Faster data acquisitions allow the gad-
olinium contrast material to be injected with a higher 
injection rate, producing a higher arterial gadolin-
ium concentration and optimized enhancement of 
the relevant anatomy. The high arterial signal to noise 
(S/N) ratio may then compensate for reduced T1 
relaxation and signal averaging. Fast data acquisition 
minimizes motion artefacts and makes it easier for 
patients to successfully suspend breathing for the 
entire data acquisition window. In addition to mini-
mizing TR and TE, one needs to select the smallest 
number of sections, suffi cient to cover the arterial 
anatomy and to keep the acquisition time to a mini-
mum. Widening the bandwidth also makes the acqui-
sition faster, but it may also reduce S/N, especially if 
a very small fi eld-of-view is used, as required for 
small children and infants. The signal of background 
tissue is also reduced or eliminated by obtaining a 3D 
data set “mask” before gadolinium administration to 
use for digital subtraction (Lee et al. 1996). The imag-
ing volume is prescribed to depict all of the relevant 
anatomy while minimizing the actual acquisition 
time. In almost all cases, a coronal plane volume is 
used, the exception being adult patients in whom the 

thoracic aorta is the only region of interest. In this 
scenario, a para-sagittal imaging plane is used.

8.3.2
Contrast Injection Synchronization

In larger patients, correct timing of the contrast 
medium injection with peak vascular enhancement 
during acquisition of central k-space data is essential 
for good quality studies. There are several ways to 
synchronize contrast delivery. Fluoroscopic trigger-
ing (i.e., Bolus-Track, Philips), although not yet 
widely available, is reliable and fast for achieving 
optimal enhancement in almost every case (Riederer 
et al. 1999). In infants and small children, it is diffi cult 
to achieve a well-timed examination that results in a 
pure arterial- or venous-phase acquisition. Because 
the circulation time is so rapid, both arteries and 
veins enhance within a short period of time follow-
ing contrast infusion. Reduction of the acquisition 
time to a point, where a timed acquisition can be 
effective, may sacrifi ce image resolution and reduce 
SNR. Usually simultaneous initiations of contrast 
infusion and data acquisition result in diagnostic 
CE-MRA studies that have adequate resolution and 
SNRs, although both venous and arterial structures 
are enhanced (Prince et al. 1997).

8.3.3
Contrast Dose and Administration

The dose of gadolinium is an important determinant 
of image quality, and widely ranging doses have been 
advocated. Three-dimensional CE-MRA studies have 
used doses of gadolinium ranging from 0.5 mmol/kg 
(“half dose”) to 0.3 mmol/kg (“triple dose”). However, 
for most vascular studies a dose of 0.2 mmol/kg is 
routinely used (Weiger et al. 2000). In children and 
infants, careful attention must be given to the volume 
of infused gadolinium chelate in order to not exceed 
the clinically accepted upper limit of 0.3 mmol/kg. 
After the gadolinium has been injected, a saline fl ush 
of approximately twice the gadolinium volume is 
infused to clear the line and to ensure that the patient 
receives the entire gadolinium dose. Contrast may be 
administered either by hand or by a MR compatible 
power injector. For larger children or adults, a 20- or 
22-gauge angio-catheter is routinely inserted in an 
antecubital vein prior to the start of the study. In 
smaller children or infants, a smaller angio-catheter 
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can be used if needed and this can be positioned 
elsewhere as long as it can handle a rapid bolus of 
1–2 mL/s. A long extension tube is used to connect to 
a power injector located inside the MR scanning 
room. The power injector ensures a reliable rate of 
contrast delivery with an infusion rate of 1–2 mL/s 
immediately followed by a 15–30-mL saline fl ush at 
the same infusion rate.

8.3.4
Image Processing

Interpretation of CE-MRA requires interactive exam-
ination of the 3D data sets. The reconstructed images 
greatly enhance diagnostic confi dence. In the past, the 
most widely used postprocessing technique for 
CE-MRA was maximum-intensity projection. The 
diagnostic accuracy of contrast-enhanced MR angiog-
raphy using the MIP technique is well described 
and accepted clinically (Mallouhi et al. 2002). In the 
thorax, sub-volume MIPs, made from only a selected 
portion of the original data set, are useful to exclude 
nonrelevant anatomy. Multiplanar reconstructions 
(MPR) are useful in the evaluation of thoracic  vascular 
anomalies. Because both MIPs and volume-rendered 
images are projectional images, adjacent structures 
may overlap and obscure the relevant anatomy. MPRs 
are generated using any angle through the original 
data set. Orientations that depict the blood vessel(s) 
of interest in an optimal manner are selected interac-
tively. This is a very practical method to accurately 
determine the size of a vessel or its angulation and 
relationship with respect to other structures. Volume 
rendering (VR) is another useful method for depict-
ing thoracic vessels. Mallouhi et al. found that VR per-
formed slightly better than MIP for quantifi cation of 
renal stenoses greater than 50% and signifi cantly bet-
ter for severe stenoses. VR also had a substantial 
improvement in positive predictive value and renal 
vascular delineation on VR images was signifi cantly 
better. In another series, MIPs were statistically less 
reliable for determining renal artery stenoses com-
pared with digital subtraction angiography 
(Baskaran et al. 2002). The MIP algorithm selects 
only the voxel with the highest attenuation along a ray 
projected through the data set; volume-averaged vox-
els may be erroneously excluded from the fi nal image, 
resulting in overestimation of stenoses. VR is on the 
basis of the percentage classifi cation technique, which 
is used to estimate the probability of a material being 
homogeneously present in a voxel. This provides an 

accurate determination of the amounts of materials 
when the voxel consists of two or more materials, 
which are volume averaged. With VR, the volume-
averaged voxels are included in the fi nal image because 
VR calculates a weighted sum of data from all voxels 
along a ray projected through the data set.

8.3.5
Black Blood Techniques

Spin echo (SE) was the fi rst sequence used for evalu-
ating cardiac and thoracic vascular morphology. The 
development and introduction of ECG-gating made 
SE technique especially useful by substantially reduc-
ing motion artifacts (Pettigrew et al. 1999). Spin 
echo sequences generally provide good contrast 
between the vessel wall and blood. These are called 
black blood images because of the signal void cre-
ated by fl owing blood. Blood signal may appear 
brighter in slowly fl owing areas, such as areas imme-
diately adjacent to the vessel wall. Presaturation with 
radio frequency and reduction of the echo time min-
imize blood signal and increase contrast on gated SE 
images. Although widely available, SE imaging has 
limited temporal resolution and is degraded by respi-
ratory and other motion-related artifacts. Shorter 
acquisition times are achieved with fast (or turbo) 
spin echo (FSE) pulse sequences, also known as 
rapid-acquisition relaxation enhancements (RARE) 
(Haddad et al. 1995). Several adjustments to the 
basic FSE sequence have been made, including the 
use of one or more inversion pulses, increased echo 
train length, half-Fourier reconstruction, and echo 
planar techniques. Single-shot FSE (SSFSE) sequences 
use a very long echo train in tandem with half-
Fourier reconstruction (Semelka et al. 1996). The 
center of k-space is acquired in a short time, mini-
mizing motion blurring. The rapid acquisition of 
multiple phase lines for a single TR allows for cover-
age of the entire heart and thorax in the time frame 
of one or two breath holds. SSFSE technique has the 
advantage of being faster than the FSE technique in 
the evaluation of thoracic aortic disease. The SSFSE 
sequence can be modifi ed for better cardiac results 
by reducing the echo train length, lowering the effec-
tive TE, and using a blood-suppressed preparation 
method (Vignaux et al. 2001). T2-weighted inver-
sion recovery imaging is now used as the front-line 
sequence for depiction of cardiac and thoracic vas-
cular morphology. This technique uses a selective 
and a nonselective 180° inversion pulse followed by a 
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long inversion time to null blood magnetization 
(Simonetti et al. 1996). A second selective 180° inver-
sion pulse can also be applied to null fat. This is 
referred to as double or triple inversion recovery (DIR 
or TIR). The sequence is acquired either with breath- 
hold or a non-breath-hold technique and provides for 
excellent delineation of vessel wall or myocardial 
blood interfaces. It effectively nulls blood and depicts 
blood-vessel interfaces in an optimal way.

8.3.6
Bright Blood Techniques

Bright blood imaging depicts both morphologic and 
functional data. In this sequence, blood has a bright 
signal intensity. Multiple consecutive images are 
acquired and can be viewed dynamically to depict car-
diac motion. Sequences include gradient echo (GRE), 
fast GRE, segmented k-space fast GRE, and steady state 
free precession (SSFP) techniques. GRE imaging is 
well suited for cardiac and vascular imaging because 
of its short echo and repetition times. Blood appears 
bright compared with adjacent myocardium because 
of time-of-fl ight effects, as well as the relatively long 
T2. Markedly turbulent blood induces a signal because 
of to intravoxel dephasing, which in some instances 
may be a “helpful” artifact for assessing areas of 
stenoses (Jara et al. 1999). A segmented k-space 
approach provides  high-resolution dynamic images 
and can be performed much more rapidly than other 
techniques (Pruessmann et al. 1999). Using short 
echo times (2 ms) and short TRs (<10 ms), multiple 
lines (segments) of k-space are acquired during each 
cardiac cycle. In GRE techniques, only a single line of 
k-space is acquired per cycle. Segmented k-space fast 
GRE imaging remains a mainstay for dynamic vascu-
lar imaging and has been improved and adapted for 
fastest possible acquisition times (Reeder et al. 1999). 
Nevertheless, the technique is limited by the need to 
maintain adequate enhancement of infl owing blood. 
At lower TRs, now available with high-performance 
gradient systems, infl ow enhancement of the cardiac 
blood pool diminishes and saturation occurs, reduc-
ing vessel wall–blood contrast. The inability to further 
reduce TR effectively limits achievable spatial and 
temporal resolution. Steady state free precession is a 
state-of-the-art approach to the improvement of cine 
imaging. Image contrast in SSFP depends on the T1/
T2 ratio of tissue and, unlike GRE techniques, is less 
dependent on fl ow. SSFP is susceptible to magnetic 
fi eld inhomogeneities and requires very short TRs, 

limiting its use until recently. With technical improve-
ments in magnetic fi eld homogeneity and the devel-
opment of higher performance gradient systems, 
diagnostic SSFP images can now be obtained with 
limited artifacts (Plein et al. 2001). This technique is 
also known as BFFE (balanced fast fi eld echo), 
FIESTA (fast imaging employing steady state acquisi-
tion), FISP (fast imaging with steady precession), and 
true FISP depending on the vendor.

8.3.7
Fundamental Sequences

Triple plane (axial, sagittal, coronal) low resolu- ●

tion survey.
Phased array coil “reference” sequence. ●

Spin echo (SE) T1-weighted sequences in the  ●

near-sagittal or axial plane, going through the 
ascending and descending aorta, and on the axial 
plane; these “black blood” sequences (Fig. 8.2), 
allow to obtain a sharp contrast between the 
hypointense (dark) fl owing blood and stationary 
tissues (aortic wall). These sequences need to be 
ECG-gated (Stemerman et al. 1999).
As an alternative, inversion recovery fast spin  ●

echo (IR FSE) sequences could be used; these 
sequences allow to shorten the acquisition time 
to around 10–20 s by using additional radio-
frequency pulses with multiple echoes sampling 
for every phase encode. So it becomes possible to 
acquire the entire data set in a single breath-hold, 
with a defi nite improvement in image quality.

Fig. 8.2. Axial TSE T1-weighted sequence. The aortic wall is 
clearly visible because of the high contrast with respect to 
the “black blood” lumen
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T2-weighted ad IR sequences both in the near- ●

 sagittal plane, parallel to the vessel major axis and 
on the axial plane, perpendicular to the vessel ma-
jor axis. These sequences allow to characterize the 
vessel wall signal for the evaluation of endovascular 
thrombotic apposition, intra-plaque hemorrhage, 
intramural hemorrhage/hematoma or vessel wall 
oedema in case of acute/subacute vasculitis.
Additional sequences like GRE or fast spoiled gra- ●

dient echo (FSGR) (with TR and TE <10 ms), even 
called BFFE (Philips), true FISP (Siemens), or FI-
ESTA (General Electric), are extremely fast and do 
not need contrast medium; if acquired on near-
sagittal or coronal plane these sequences allow the 
dynamic qualitative study of the blood fl ow and 
the modifi cations induced by arterial wall disease 
(intimal fl ap, coarctation, etc) (Kersting-Som-
merhoff et al. 1987),  eventually showing vascu-
lar stenoses jet or aortic valvular regurgitation.
Three dimensional contrast enhanced sequences  ●

to obtain an MRA (3D Spoiled GE like FFE or 
FISP): these are modifi ed 3D TOF and allow a 
breath-hold high contrast and spatial resolution 
volumetric acquisition (Persson et al. 2004); 
these are acquired on a near sagittal plane for 
the study of the thoracic aorta and on the coro-
nal plane, when an evaluation of the thoracic-
abdominal aorta and the iliac-femoral vessels 
is needed. To speed up the acquisition in poorly 
cooperative patients it is possible to widen the 
reception bandwidth (i.e., ±128 kHz) or using 
parallel imaging. Parallel Imaging technique 
like SENSE (Philips) (Sodickson and Manning 
1997), ASSET (General Electric), or GRAPPA 
(Siemens) (Griswold et al. 2002) allow the si-
multaneous acquisition of multiple data sets by 
different phased array coil receiving channels, 
reducing acquisition time to 5–20 s, depending 
on the acceleration factor selected.
Phase contrast (PC) sequences may be used to  ●

quantitatively evaluate the blood fl ow in a specifi c 
location, making it possible to calculate fl ow veloc-
ity and acceleration for the estimation of stenoses.

8.4

Normal MR Aortic Anatomy

On SE or FSE T1-weighted images the aorta shows an 
even diameter, with a maximum of less than 3.5 cm in 
the thoracic district and less than 2.5 cm in the 
abdominal district.

Aortic wall has to appear smooth and with an 
even thickness, usually less than 3 mm. In T2-weighted 
images, the aortic wall has to appear hypointense, in 
order to exclude the presence of oedema or intramu-
ral hemorrhage.

8.5

Aortic Diseases

Clinically relevant aortic pathologies may be grouped 
into four entities:

Aneurism ●

Dissection ●

Intramural hematoma ●

Trauma ●

8.5.1
Aortic Aneurysm

8.5.1.1
Clinical Findings

The pathogenesis of the development of aneu- ●

rysms is not fully understood.
They are associated to atherosclerosis, without  ●

this being a direct causing agent, and to arterial 
hypertension.
Usually asymptomatic, they are frequently dis- ●

covered by accident during examinations per-
formed according to other requests (Grath-
wohl et al. 1999; Stefens et al. 1994; Van Dyke 
and White 1994).
Sometimes they are associated with genetically  ●

transmitted pathologies such as Marfan or Ehlers–
Danlos syndrome, Cystic Medial necrosis.
They are sometimes associated with infective  ●

processes (Syphilis).

8.5.1.2
Histopathology

The clinical defi nition of an aneurysm is “a ves- ●

sel which has a diameter at least 1.5 times lager 
than attended.”
It could assume different geometrical shapes; fusi- ●

form as frequently seen in atherosclerosis, or sac-
cular as frequently seen in post-traumatic or post 
infective cases (so called mycotic-aneurysm).
They could present with parietal homogeneous or  ●

irregular thrombotic stratifi cation which can be 
either concentrically or eccentrically positioned.
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8.5.1.3
MR Features

FSE, BTFE, GRE and 3D FFE T1-weighted  ●

sequences allow to evaluate the maximal external 
vessel diameter, which is to diagnose an aneu-
rysm that can be >4–5 cm for the thoracic aorta 
or >3 cm for the abdominal aorta (Figs. 8.3a, b).
After performing the contrast-enhanced 3D FFE  ●

sequences, the evaluation of the MIP reconstruc-

tion alone highlights solely the internal surface 
of aneurysm (Fig. 8.3c), not taking into account 
the eventual presence of parietal thrombotic 
stratifi cation, causing an underestimation of the 
vessel diameters (Fig. 8.3d).
FSE T1, T2-weighted, and FSE IR sequences on the  ●

axial or coronal plane can be helpful for depiction 
of endoluminal parietal thrombosis. Homoge-
neous and stable thrombus will show an even hypo 
intense signal in all sequences (Fig. 8.3a) whereas 

a

c d

b

Fig. 8.3. MRA study of a patient with thoraco-abdominal 
aortic aneurysm (a) Axial BTFE T1-weighted sequence clearly 
showing the aortic diameter of the descending tract. Notice 
the homogeneously hypo-intense thrombus on its right lat-
eral wall. (b) Axial BTFE T1-weighted sequence at a cranial 
level with respect to 1a, showing the aortic diameter without 
evidence of parietal thrombus; it is mandatory to measure 
the aortic diameter on multiple planes because of the possible 
twisting course of this vessel in advanced atherosclerosis. 

(c) CE-MRA MIP reconstruction: MIP stand-alone evaluation 
may cause a substantial underestimation of aortic diameters 
because such electronic reconstruction represents a “lumen” 
image not taking into account parietal thrombotic apposition 
or regions of slow fl ow, which are both quite peculiar to aneu-
rysm or atherosclerotic vessels. (d) CE-MRA source images. 
Source images stand-alone evaluation in this case would have 
masked the thrombotic apposition seen in 3° because of its 
position, which is parallel to the acquisition plane
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unstable thrombus or intra-plaque hemorrhage 
will show a hyper or hypo-intense signal on T2 
and IR weighted sequences, depending on the 
phase of blood degradation: oxyhemoglobin (0–
12 h, hypo intense on T1 and T2 weighted), deoxy-
hemoglobin (12–72 h, hypo intense on T1 and T2 
weighted), early metahemoglobin (3–7 days, early 
sub-acute phase, sharply hyper intense signal on 
T1 weighted and hypo intense on T2 weighted), 
late metahemoglobin (7–15 days, hyper intense 
on both T1 and T2-weighted sequences) or hemo-
siderin (>15 days, hypo intense signal on both T1 
and T2-weighted sequences) (Fig. 8.4).
In case an infective or infl ammatory cause is sus- ●

pected, it is useful to acquire a GRE T1-weighted 
fat suppressed sequence (i.e., BFFE or true FISP) 
on the axial plane: in positive cases, the vessel wall 
will show a hyper intense signal (Fig. 8.5a) because 
of contrast media accumulating in the interstitial 
space, with or without an increase in arterial wall 
thickness (Choe et al. 1999; Nastri et al.2004).
It is also necessary to complete the evaluation of  ●

peri-aortic tissues, in order to highlight oedema 
(hyper intense in FSE IR T2-weighted sequences) 
(Fig. 8.5b) and eventually a warning signal of 
 instability or imminent rupture of the aneurysm 
itself (Hartnell GG 2001).

8.5.1.4
Diff erential Diagnosis

Posttraumatic Pseudo-aneurysm: Usually saccu- ●

lar, it is located mostly on the ventral aspect of 

the aortic arch, close to the arteriosus ligament 
of Botallo. Post-traumatic pseudo-aneurysms of 
the abdominal aorta are rare.
Mycotic Aneurysm: usually saccular, focal,  ●

and limited in size, could eventually show hy-
per intense wall signal on IR and T2-weighted 
sequences in case of active disease.

Fig. 8.4. Axial T2-weighted image showing a parietal thrombus 
in the descending aorta. Note the hypo-intense signal in the ex-
ternal layer, due to hemosiderin deposition and a homogeneous 
iso-intense internal layer representing stable thrombus

a

b

Fig. 8.5. (a) Black blood post contrast fat suppressed T1-
weighted sagittal images showing diffusely hyper-intense 
signal from the aortic outer wall. (b) Black blood fat sup-
pressed T2-weighted axial images showing hyper intense 
aortic wall (adventitia) signal due to infl ammatory oedema 
in a case of aortitis (MR was requested after a positive FDG-
PET had been performed)
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Retroperitoneal fi brosis: diffuse hyperintensity  ●

of the arterial wall and surrounding structures 
due to chronic infl ammatory process.

The main consideration regarding an aneurysm is 
the maximum axial diameter. Four millimeter per 
year is the estimated average increase in size of an 
abdominal aortic aneurysm. The vessel wall has to 
oppose to the effect of the internal blood pressure 
with a circumferential force, regulated by Laplace 
law, on which depend the odds of rupture. The litera-
ture reports say that the rupture odds/year of aortic 
aneurysm based on his size are variable, depending 
on the multi-factorial aetiology and eventual pres-
ence of other co-morbidities (diabetes, hypertension, 
etc), ranging from 20% per year in aneurysm larger 
than 5 cm to 40% per year if larger than 6 cm to more 
than 50% per year if larger than 7 cm. Maximal axial 

diameters have to be evaluated on more planes or 
projections, taking into account the total longitudi-
nal extension and side branches involved (supra aor-
tic vessels, renal arteries). In some cases, using the 3D 
contrast enhanced sequences it is possible to distin-
guish between the origin of small lumbar or spinal 
cord feeding vessels and Adamkievicz artery 
(Fig. 8.6), which is of utmost importance, in case an 
endovascular aortic repair (EVAR) procedure is 
being planned.

In such cases it is important to correctly measure 
diameter and length of the aneurysm proximal neck, 
the maximal axial diameter, and longitudinal exten-
sion and to evaluate the presence of angulations or 
kinking. Measurements have to be performed on CE 
MRA images and on FSE, GRE, and 3D FFE 
T1-weighted images in order to correctly evacuate 
the external vessel size. The evaluation of the pres-
ence and extension of vessel wall calcifi cation has to 
be demanded on CT examination.

8.5.2
Aortic Dissection and Intramural Hematoma

8.5.2.1
Clinical Findings

Sudden onset of excruciating, stabbing-like tho- ●

racic or abdominal pain, sometime associated 
with hypotension or shock and asymmetric 
peripheral pulse, often in a patient with pre-ex-
isting aneurysm (dissecting aneurysm).
Often associated to arterial hypertension (hyper- ●

tensive fi t being one of the cause of dissection).
Very common in a patient with connective tis- ●

sue pathology such as Marfan, Ehlers–Danlos, or 
cystic medionecrosis syndrome.
When the ascending aorta is involved it is termed  ●

“type A” dissection as per Stanford classifi cation 
(or previous De Bakey type I).
When the aortic arch or descending/abdominal  ●

aorta is involved it is termed “type B” dissection 
as for Stanford classifi cation (previous De Bakey 
type II and III).
Dissection could extend to side branches (coro- ●

nary arteries, supra-aortic, renal, splancnic or 
iliac vessels) causing ischemia or acute infarc-
tion of the respective vascular territories, or 
towards external rupture when the adventitial layer 
becomes disrupted.

Fig. 8.6. Hi-resolution CE-MRA source images in a patient 
with thoraco-abdominal aortic aneurysm: the Adamkievicz 
spinal artery and a lumbar artery are clearly visible
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8.5.2.2
Histopathology

Aortic dissection is caused by a sudden tear in  ●

the intimal layer of the vessel wall, with high 
pressure arterial blood forming a false lumen 
into the medial layer. Entry site is often situated 
in correspondence to an atheroma or to an ul-
cerated claque. The “point-break” could be rep-
resented by an intra-plaque hemorrhage or by 
an intramural hematoma (often post traumatic). 
In the latter case the intramural bleeding with 
the increasing size of the hematoma ultimately 
causes the intimal tear. In connective tissue pa-
thology such as Marfan syndrome, an eventual 
adventitial tear determinates an aortic fi ssura-
tion, with active extravasation of blood in peri-
aortic spaces (mediastinum, pericardium etc.).
Intimal fl ap usually presents a spiral ascending  ●

or descending path.

8.5.2.3
MR Features

In FSE T1-weighted images, the intimal fl ap ap- ●

pears as a thin hyper-intense line within the hypo-
intense aortic lumen (Khan and Nair 2002).

In BTFE images the intimal fl ap will appear as a  ●

thin hypo-intense line within a hyper-intense aor-
tic lumen (Figs. 8.7 and 8.8) (Pereles et al. 2002).
In time resolved or cine GRE 3D contrast en- ●

hanced sequences, usually acquired into a para-
sagittal plane, it is possible to distinguish the 
progressive enhancement of true and false lu-
men (Figs. 8.9 and 8.10) and sometimes to iden-
tify the dissection “entry site” (Fig. 8.11).
Contrast enhanced MRA allows to identify and  ●

distinguish true and false lumen, both for mor-
phological features (the true lumen is usually 

Fig. 8.7. Axial BTFE T1-weighted sequence at aortic arch 
level shows an intimal fl ap in a Stanford type A dissection. 
Intimal fl ap is represented by a thin hypo-intense linear 
structure within the hyper-intense lumen

Fig. 8.8. Axial BTFE T1-weighted sequence at the level of 
descending aorta level shows the intimal fl ap in a Stanford 
type A dissection extending downstream. Intimal fl ap shows 
the same signal features as in Fig. 8.7

Fig. 8.9. Time resolved CE-MRA acquired on a para-sagittal 
plane: in early arterial phase the contrast medium is fi lling 
the true lumen-TL (anterior), where the blood fl ow is usually 
faster with respect to the false lumen-FL (posterior)
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half-moon shaped with respect to the false lumen, 
which tends to be oval or circular in shape) and dy-
namic features of the vascular enhancement (fl ow 
in true lumen is usually faster then in false lumen). 

Moreover, CE MRA allows to correctly evaluate 
and confi rm the origin of the side branches from 
true or false lumen.
It is usually recommended to perform a multi- ●

phase contrast enhanced MRA acquisition in or-
der to avoid missing features because of the slow 
fl ow in false lumen and side branches.

8.6

Trauma

Taking into account that a trauma patient with  ●

suspected aortic lesion is frequently hemody-
namically unstable, CT angiography and trans-
oesophageal echo are still the preferred imaging 
methods.
In a hemodynamically stable patient or in those  ●

in a sub-acute phase, MRA allows a comprehen-
sive evaluation of main complication of aortic 
trauma, namely pseudo-aneurysm, dissection, 
and intramural hematoma, using the sequences 
that have been previously described for the eval-
uation of such pathologies.

8.7

Vascular Thoracic Outlet Syndrome

Thoracic outlet syndrome is a group of disorders that 
occur when the blood vessels or nerves in the tho-
racic outlet, that is, the space between the clavicle 
and the fi rst rib become compressed. The vascular 
type of thoracic outlet syndrome occurs when one or 
more of the subclavian vessels are compressed. The 
diagnosis of this condition is usually clinical and 
eventually confi rmed by color-doppler US. Multi-
phase (arterial and venous) CE-MRA performed 
with the arms fi rst adducted and then abducted over 
the head is a very accurate technique for the study of 
this condition (Figs. 8.12a, b and 8.13a, b).

8.8

Post EVAR Evaluation

The number of Endovascular Aortic Repair (EVAR) 
procedures is still increasing worldwide, because of 
the introduction of new materials and better perfor-
mance and durability of prosthesis, most of which 

Fig. 8.10. Time Resolved CE-MRA acquired on a para-sagit-
tal plane immediately after the early arterial phase shown in 
Fig. 8.9. True lumen has been completely fi lled whereas the 
false lumen fi lling is still incomplete

Fig. 8.11. Un-enhanced ECG-gated BFFE T1-weighted se-
quence acquired on the axial plane in correspondence to the 
supposed “entry site” of the aortic dissection. In cine mode it 
is possible to evaluate blood fl ow dynamics where high speed 
fl ow show hyper intense signal with respect to slower fl ow. 
In this case it was possible to highlight a small hyper intense 
high speed jet (arrow) indicating the dissection entry site
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Fig. 8.12. CE-MRA acquired on a coronal plane for suspected thoracic outlet syndrome. (a) Arms in resting position. (b) 
Arms extended over the head. There is no evidence of any vascular compression

a b

Fig. 8.13. CE-MRA acquired on a coronal plane for sus-
pected thoracic outlet syndrome. (a) Arms in resting posi-
tion. (b) Arms extended over the head. In (b) the presence 

of signifi cant compression and stenosis of the proximal left 
subclavian artery becomes evident. The patient was subse-
quently successfully treated by means of surgical release

a b

are actually MRI compatible. With MR it is now pos-
sible to perform multiple follow up evaluation in 
patients submitted to EVAR to gain control of pros-
thesis positioning and to search endoleaks (leakage 

of blood between the endoprosthesis and the vessel 
wall) using time resolved or cine GRE 3D contrast 
enhanced sequences as used for the evaluation of 
aortic dissection (Figs. 8.14 and 8.15)
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8.9

Pulmonary Vessels

Imaging of the pulmonary vasculature is a demand-
ing MRA application, because a large volume has to be 
covered with short imaging times. The need for short 
imaging times is a consequence of the high suscepti-
bility of the lung tissue. Dedicated MRA sequences 
use high readout bandwidths in order to achieve short 
echo times (TE) and to prevent increased intra-voxel 
spin dephasing. Correct contrast bolus timing is cru-
cial to obtain a pure arterial image as the artero-
venous transit times of the pulmonary vessels are in 
the order of 3–6 s (Schönberg et al. 1999).

8.9.1
Normal MR Pulmonary Vessels Anatomy

The pulmonary arteries, one on each side, arise from 
the bifurcation of the pulmonary trunk. The left 
main pulmonary artery goes posterior and it arches 
over the left main bronchus before dividing into 
upper and lower trunks. The right main pulmonary 
artery is longer than the left following a horizontal or 
slightly inferior course passing under the concavity 
of the aortic arch before dividing into a smaller upper 
and a larger lower trunk. The subsequent branching 
pattern of the pulmonary arteries then mirrors that 
of the segmental bronchi. The right gives rise to the 
apico-posterior, anterior, and posterior segmental 
arteries that feed the right upper lobe, a middle lobe 
artery that immediately divides into medial and lat-
eral segmental arteries, and fi ve segmental arteries to 
the right lower lobe (apical, anterior, posterior, 
medial, and lateral). On the left side, the arrangement 
is analogous presenting some variations—the lingu-
lar artery, a branch of the left upper lobe pulmonary 
artery, divides into superior and inferior branches. 
The apical and posterior arteries are shared on the 
left (the apico-posterior segmental artery) as are the 
medial and posterior segmental arteries on the left 
(the mediobasal segmental artery), thus giving a total 
of ten segmental arteries on the right and eight seg-
mental arteries on the left.

Nomenclature of the pulmonary arteries on the 
basis of the distance from the right ventricle is widely 
used as follows: fi rst order the branch and the pul-
monary trunk; second order, the left and right main 
pulmonary arteries; third order, the upper and lower 
trunks and “lobar” arteries; fourth order, all ten 

Fig. 8.14. Time Resolved CE-MRA acquired on a para-sagittal 
plane in a patient submitted to EVAR procedure for an aneu-
rysm of the descending aorta. In the early phase the enhance-
ment of the external para-prosthetic space, starting from its 
proximal end (so called type I endoleak) becomes evident

Fig. 8.15. Time Resolved CE-MRA acquired on a  para-sagittal 
plane immediately after the early arterial phase shown in 
Fig. 8.14. Type I endoleak is clearly depicted because of the 
progressive enhancement of the para-prosthetic space
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 segmental arteries; fi fth order, sub-segmental arter-
ies arising directly from a segmental artery; sixth 
order, arteries arising directly from the fi rst division 
of a sub-segmental artery; and so on.

8.9.2
Bronchial Artery Anatomy

Bronchial artery anatomy is extremely variable, with 
most (>70%) arising from the descending thoracic 
aorta close but usually slightly below the carina (T5–
T6 level). Anomalous bronchial arteries are defi ned 
as bronchial arteries that originate outside the T5–T6 
range. Bronchial arteries typically run parallel to the 
bronco-vascular axes. A large published anatomic 
series described four classical branching patterns, as 
follows (52):

Two arteries on the left and one on the right that  ●

arises as an intercostobronchial trunk (ICBT) 
(40.6%)
One artery on the left and one ICBT on the right  ●

(21.3%)
Two on the left and two on the right, one of which  ●

is an ICBT (20.6%)
One on the left and two on the right, one of which  ●

is an ICBT (9.7%)

8.9.3
Magnetic Resonance Imaging and Magnetic 
Resonance Angiography

The presence of diaphragmatic and cardiac motion 
artifacts, long scan times, susceptibility artifacts at air-
tissue interfaces, and poor contrast between fl owing 
blood and emboli limited the early approaches to pul-
monary vessel imaging. With the introduction of 
contrast-enhanced (CE) MRA techniques many of those 
limitations were overcome, enabling high-quality diag-
nostic images of the pulmonary arteries to be generated 
during one breath-hold (Fig. 8.16). Initial studies 
reported good success for detection of PE compared 
with catheter angiography up to the segmental level, but 
spatial resolution was still suboptimal for an accurate 
detection of PE in smaller sub-segmental arteries 
(Oudkerk et al. 2002). With the introduction of parallel 
imaging techniques, the improvements in gradient tech-
nology, and the optimization of acquisition protocols 
actual MRA techniques are almost comparable to CTA 
as for spatial and temporal resolution. The acquisition 

parameters for pulmonary MRA and MR perfusion 
imaging could be different among institutions, depend-
ing on scanner performance and clinical scenario. 
Acquisition time for one 3D data set ranges usually 
between 15 and 30 s. Acquisition is performed during a 

Fig. 8.16. CE-MRA MIP reconstruction in a healthy volun-
teer showing the pulmonary artery main trunk and its main 
branches up to the sub-segmental ones. Obviously non fi ll-
ing defect related to thrombus was detected

Fig. 8.17. CE-MRA MIP reconstruction selectively showing 
the right pulmonary artery with no peripheral or central 
perfusion defects
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single breath-hold (in inspiration), and the k-space 
readout scheme is usually centrically reordered. Because 
of the asymmetric sequential k-space readout scheme, 
image acquisition has to start a few seconds before the 
estimated arrival of the contrast material bolus. Pre-
contrast MR angiograms are then subtracted from the 
post-contrast images and then MPR and MIP recon-
structions of the complete data are obtained for image 
analysis (Figs. 8.17 and 8.18). Fast imaging is essentially 
accomplished with short TR (typically ≤5 ms) and short 
TE (typically ≤2 ms) 3D sequences. With suffi ciently 
strong gradients, extremely short TR/TE combinations 
can be achieved (i.e., 2.9/1.2 ms, respectively). A fl ip 

angle of 15–25° will be satisfactory for these sequences 
(Nikolaou et al. 2005).

8.9.3.1
Perfusion Imaging and Ventilation

Perfusion imaging with MRI offers substantial ben-
efi t in terms of spatial and temporal resolution.

Several studies compare scintigraphy and MR 
pulmonary perfusion in a variety of disorders. 
Although results with both techniques are similar, 
reproducibility is signifi cantly greater with MR. 
Differential lung perfusion, which may be of value in 
assessing patients with chronic obstructive pulmo-
nary disease prior to and after lung volume reduc-
tion surgery, is also well demonstrated with MR lung 
perfusion.

8.9.3.2
Time-Resolved MRA

Because of the short transit time from pulmonary 
artery to pulmonary vein, some researchers have 
implemented extremely rapid imaging of the pulmo-
nary vasculature, in an effort to capture an arterial 
phase, similar to what is obtainable in the study of 
aortic dissections as shown previously. In order to 
achieve this goal, however, images must be acquired 
in 4 s or less per scan, thus requiring lower resolution 
than might otherwise have been employed (Korosec 
et al. 1996). With this approach, a “clean” arterial 
phase is acquired in favor of a higher resolution scan 
that can depict sub-segmental arteries. Often, in-
plane resolution is sacrifi ced to achieve a suffi cient 
combination of in-plane spatial resolution and rapid 
temporal resolution. That will limit the number of 
useful projections that can be generated.

8.9.3.3
BFFE Imaging

BFFE imaging is an acquisition sequence that depicts 
vessels as bright structures and held promises for the 
diagnosis of both deep venous thrombosis (DVT) 
and PE (Kluge et al. 2004). Images can be acquired in 
any plane and although breath-holding is essential, 
small imaging volumes tailored to the breath-hold 
capability can be acquired. However, recent evidences 
suggest that some small clots may go undetected with 
True-FISP imaging (Pedrosa et al. 2005).

Fig. 8.18. CE-MRA MIP reconstruction selectively showing 
the left pulmonary artery with no peripheral or central per-
fusion defects
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8.9.3.4
Thrombus Imaging

Similar to the depiction of the intramural hematoma 
in case of aortic dissection previously reported (see 
Fig. 8.4), direct thrombus imaging is on the basis of the 
principle that changes in blood clots over time corre-
spond to changes in MR signal intensity, offering a 
promising new tool for noninvasive diagnosis of PE 
without the need contrast material injection. As time-
dependent changes in MR appearance refl ect evolu-
tion of the clot, the high signal is seen in new clots only. 
Further advantages include the ability to scan in the 
coronal plane, thereby allowing time-effi cient cover-
age of the lower extremity veins with two coronal over-
lapping acquisitions in a relatively short scan time.

8.9.3.5
Blood-Pool Imaging

Blood-pool agents play a promising role in pulmo-
nary vascular diagnosis, especially in situations where 
higher spatial resolution is required (Kroft and de 
Roos 1999). To date, no prospective comparative 
study of blood-pool agent compared with DSA has 
been performed. Because of their long vascular per-
sistence time, high-resolution breath-hold images of 
the entire pulmonary vasculature can be performed 
in multiple acquisitions tailored to the breath-hold 
capability of the patient. Another possibility that is 
attractive for patients with severe respiratory com-
promise is the use of navigator-echo techniques to 
eliminate the need for breath-holding. The long vas-
cular persistence of blood-pool agents may offer the 
adjunctive potential to detect clots within the lower 
extremities (Perreault et al. 2003) in patients with 
suspected PE.
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ABSTRACT

The current status of technological development 
is such that coronary magnetic resonance angiog-
raphy (MRA) has a marginal role in the fi eld of 
noninvasive evaluation of this arterial district. 
Nevertheless, in several clinical applications, such 
as congenital abnormalities of coronaries or 
pathologies affecting young patients, coronary 
MRA is considered as the fi rst choice tools and 
accredited with high diagnostic accuracy. New 
technical improvements such as high-fi eld scan-
ners (3 T) and multichannel surface coils may turn 
in favor of coronary MRA because of the intrinsic 
fl exibility and lack of ionizing radiations. In this 
chapter, the main technological aspects as well the 
more relevant clinical applications and limitations 
are commented.

9.1

Introduction

The lack of ionizing radiations, the use of a noniodine 
contrast agent, and the possibility of obtaining reli-
able and clinically accepted information such as car-
diac function, rest and stress myocardial perfusion as 
well as the presence and extension of necrotic and 
viable tissue within the myocardium make MRI (mag-
netic resonance imaging) a very fl exible tool for the 
evaluation of coronary artery disease. However, there 
is still a weak point which is in someway reducing the 
clinical relevance in a large cohort of patients. Coro-
nary artery angiography is in fact hard to be proposed 
systematically because of heavy technological limita-
tions which confi ne the use of this approach within 
the research centers. However, there are already some 
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published results and some research lines which are 
addressing the main limitations of this technology 
such as the poor spatial resolution and the long acqui-
sition time. While these results are still preliminary 
and far from a practical clinical application, they have 
the clear value to indicate that there are no intrinsic 
limits which cannot be overcome. The technological 
territories which are going to be explored are compre-
hensive of the whole aspects of the methodology such 
as the fi eld strength (3 T at least), the receiving coil 
(32 channels at least) (Fig. 9.1), three-dimensional 
sequences of acquisition (the whole heart coverage in 
single breath hold or free breathing with multiple gat-
ing), acceleration factor (4 or more), etc.

Though biomedical companies and research labo-
ratories are involved in this effort, the use of coronary 
MRA still remains limited to a small number of 
patients and within a few referral centers. Nevertheless, 
the present reduced use is still somehow useful 
because it avoids the uncontrolled application of a 
method for noninvasive coronary angiography which 
might be charged of unrealistic expectation as it is 
happening for multidetector computed tomography 
(Redberg and Walsh et al. 2008).

In the present chapter, besides the on-going devel-
opments, the few clinical indications and appropri-
ateness criteria will be discussed.

9.2

Technological Requirements

The use of MRI is becoming progressively and exten-
sively benefi cial in the practice of cardiology. All the 
leading cardiology centers are routinely using MRI to 
answer the morphological as well as the functional 
aspects of congenital and adult cardiac disease. In the 
vast majority of clinical applications, the use of a fi eld 
strength of 1.5 T is considered optimal as at this fi eld 
the signal/noise ratio is reasonable and artifacts are 
usually negligible. There are a few and still preliminary 
indications on the advantages of performing cardio-
vascular examinations using a fi eld of 3 T. Myocardial 
perfusion is one of the applications, which seems to 
have signifi cant advantages, shifting toward a higher 
fi eld strength in terms of contrast/noise ratio and tem-
poral resolution (Araoz et al. 2005). In the case of 

Fig. 9.1. Picture of a new 
designed multichannel coil 
for cardiac acquisition. 
Courtesy of Dr. Christo-
pher J Hardy, GE Global 
Research, Niskayuna, NY
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coronary MRA, there are several advantages because 
of the increased signal available, which makes possible 
technical approaches that are not at 1.5 T such as the 
acquisition of the whole coronary tree in a single 
breath hold (Santos et al. 2006) or allowing the acqui-
sition of images of coronary arteries during both the 
systolic and diastolic phase (Gharib et al. 2007), or 
improving the spatial resolution up to 0.6 mm, which 
is one of the prerequisites for the clinical use 
(Wittlinger et al. 2005).

9.3

Pulse Sequence Aspects

9.3.1 
Cardiac and Respiratory Motion Suppression

In order to produce coronary arteries images not 
affected by cardiac motion artifacts, the acquisition 
must be ECG-gated and data must be collected over 
multiple cardiac cycles, hinging on a technique known 
as k-space segmentation. Typically, data acquisition is 
performed in a period of minimal myocardial motion 
that is found in mid-late diastole. Several methods 
have been proposed to determine such a period, like 
the standardized formula introduced in (Stuber 
et al. 1999a), based on the current subject heart rate, 
or more subject-specifi c techniques like those based 
on ECG-triggered M-mode navigator echo. However, 
the interval of minimal myocardial motion can be 
optimized also by visually inspecting cine MR images 
acquired prior to playing the actual CMRA sequence.

Another problem faced in CMRA is the respira-
tory motion, which can dramatically invalidate image 
quality. Two possible solutions are represented by 
breath-hold and free-breathing imaging. The former 
approach has the advantage of being fast and easy to 
implement but its success is strictly related to the abil-
ity of the patient to repeat sustained breath-holds. On 
the contrary, the development of respiratory naviga-
tor techniques have allowed free-breathing CMRA 
imaging by gating the acquisition to the movement of 
the right lung–diaphragm interface measured using a 
two-dimensional selective excitation pulse. Initially, 
in the retrospective gating approach data were over-
sampled regardless of respiratory motion, and are 
discarded a posteriori if they did not fi t a certain gat-
ing window. But, almost all the current free-breathing 
pulse sequences have adopted the prospective gating 
control, where both navigator and CMRA data are 

acquired at each cardiac cycle (Stuber et al. 1999a; 
Kim et al. 2001). In this case, if the lung–diaphragm 
interface is found to be in a previously defi ned gating 
window (typically adjusted by the user at the end-
expiratory period) the following k-space segment is 
accepted for data reconstruction, otherwise the acqui-
sition is repeated in the next cardiac cycle. Prospective 
gating techniques also require adaptive motion cor-
rection, given that the diaphragm motion is defi nitely 
larger than coronary artery.

9.3.2 
Making a Good Contrast

The pulse sequences developed for CMRA employ 
preparatory RF pulses to maximize the contrast 
between the coronary blood pool and the surround-
ing tissue.

The so-called “bright blood” gradient echo-based 
sequences are based on the suppression of the myo-
cardium signal. Usually, in order to image the coronary 
arteries the natural difference between myocardium 
and blood T2 values, respectively 50 and 250 ms at 
1.5 T. With a fi rst preparation T2 pulse (T2prep), the 
longitudinal magnetization of both myocardium and 
blood is tipped to the transverse plane, where the 
myocardium experiences the T2 decay more quickly 
than the coronary blood. As a consequence, when the 
magnetization is turned back to longitudinal after a 
tip-up pulse, the signal would be higher for the arterial 
blood pool. Blood arteries will accordingly appear 
bright, with respect to the myocardium and other 
short T2 tissues like fat and venous blood, leading to 
an enhanced contrast. Fat signal can be also sup-
pressed separately through a frequency-selective fat 
suppression.

“Bright blood” images can also be obtained taking 
advantage of the T1 shortening related to the para-
magnetic contrast agent (CA), such as gadolinium 
chelated with diethylenetriaminepentaacetic acid 
(Gd-DTPA). An inversion recovery prepulse is usu-
ally applied and the imaging sequence is started 
when the longitudinal magnetization of the myocar-
dium crosses zero. By this time, the coronary blood 
magnetization will be fully relaxed thanks to the 
presence of the contrast agent, which shortens the T1 
form 1,200 ms to about 100 ms at 1.5 T, whereas the 
myocardium T1 still remains round 850 ms.

“Black Blood” CMRA is instead realized by a 
 double-inversion prepusle in combination with a fast 
spin-echo imaging sequence. A fi rst nonselective 
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180° pulse inverts the magnetization throughout the 
body and is immediately followed by a second selec-
tive pulse that reinverts the magnetization in the 
whole imaged slice without affecting the blood about 
to come in.

9.3.3
From 2D to 3D: Whole Heart CMRA

Initially, coronary artery images were obtained with 
2D spin-echo-based pulse sequences. But a signifi -
cant increase to CMRA was given in the early 1990s 
by the development of breath-hold 2D segmented 
k-space gradient echo, and most recently, in the late 
1990s, by the steady-state free precession techniques 
(SSFP), also known as true fast imaging in steady-
state precession (TrueFISP), balanced turbo fi eld 
echo (FFE) or fast imaging employing steady-state 
acquisition (Fiesta). In SSFP, in fact, the high T2/T1 
level of the blood acts as an intrinsic contrast agent 
producing high image quality in term of both SNR 
(signal-to-noise ratio) and CNR especially in combi-
nation with T2prep and fat saturation.

However, 2D imaging pulse sequences, though 
easy to implement, show a lot of drawbacks related to 
long scan time, low SNR because of thin slices and 
slice misgragation due to the diaphragmatic and car-
diac position drifts. Furthermore, following the coro-
nary arties, a rather tortuous path, the success of the 
exam is often bound up with the capability of the 
operator to prescribe a good set of slices.

For all these reasons, 3D pulse sequences were 
developed and have currently completely replaced 
2D. Volume coronary angiography with targeted vol-
umes was proposed for a 3D breath-hold technique 
to image each arterial segment. In spite of high reso-
lution, this technique was still time-consuming and 
rather operator-dependent; so the effort is nowadays 
completely devoted to whole-heart 3D pulse sequence 
(Weber et al. 2004). By covering the entire myocar-
dium, whole-heart imaging is made possible to reach 
not only major coronary arteries, like proximal and 
middle coronal segments, but also more distal coro-
nary segments.

Currently, most whole-heart studies employ 3D 
SSFP pulse sequences, which can achieve higher blood 
signal intensity as compared to 3D gradient echo 
sequences (Fig. 9.2). The combination of 3D SSFP 

Fig. 9.2. Image obtained by a 3D SSFP sequence  (FIESTA) 
and a 32-channel coil on a 1.5T scanner. TE/TR = 1.7/4.4 ms, 
±125 kHz, 2.1 mm partitions, 256 × 224/0.5 NEX, 24 s 

 breath-hold 12 partitions/slab, 24 s overall scan time. Cour-
tesy of Dr. Christopher J Hardy, GE Global Research, Nisk-
ayuna, NY

32-channel cardiac array

Posterior and anterior portions of 32-channel
cardiac array.
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with radial k-space sampling strategy has proven to 
attain superior vessel sharpness (Spuentrup et al. 
2004). Though a radial approach is less sensitive to 
motion artifacts, it is also true that the image SNR is 
lower than with Cartesian k-space strategy. On the 
other hand, the combination of 3D Cartesian SSFP 
with the variable sampling in time (VAST) technique 
(Foo et al. 2005) has allowed to get an optimal trade-
off between the degree of segmentation, i.e. the tem-
poral resolution, and the spatial coverage while 
reducing cardiac motion-related blurring.

Three dimension breath-hold approaches have 
advantaged in term of time effi ciency with respect 
to free-breathing 3D CMRA. This makes breath-hold 
the only approach suited for fi rst-pass contrast 
enhancement studies that employ extracellular con-
trast agents like the aforementioned Gd-DTPA.

Since the imaging time can be lengthened without 
any constraints on patient breath-holds, 3D free-
breathing CMRA can achieve larger heart coverage 
along with improved spatial resolution and SNR. Still, 
the scan time remains too long (up to 13–15 min). For 
instance, in (Stehning et al. 2004) an isotropic volu-
metric CMRA using free-breathing 3D radial SSFP 
was obtained, but the scan time could not be pushed 
down to 10–14 min. It is worth noting that in such a 
long acquisition period a drift of the diaphragm posi-
tion over time might happen that can impair the 
diagnostic value of the images. Cardiac motion is not 
always entirely solved by correction factors like in 
prospective gating control. To overcome this prob-
lem, a self-navigated image reconstruction approach 
associated with 3D radial free-breathing has been 
proposed in (Stehning et al. 2005), where the myo-
cardial motion information is extracted directly from 
the imaged data. Most recently, a 3D SSFP pulse 
sequence has been used in conjunction a cardiac fat 
navigator (Nguyen et al. 2006), proving better image 
quality and similar SNR and CNR when compared to 
conventional diaphragm navigator.

9.3.4
New Benefi ts from Parallel Imaging

An additional technological effort have been recently 
carried out also in the fi led of phase-array coil design 
and parallel imaging technique development. Parallel 
imaging has defi nitely speeded up image acquisition, 

though at expense of reduced SNR. However, for higher 
fi elds like 3.0 T experience an increasing conventional, 
full gradient encoding SNR, parallel imaging tech-
niques can provide an alternative means of treading 
SNR for acquisition speed. Another help might come 
also from phased array with an increased number of 
coils, which have been demonstrated to reduce the 
geometry factor for the benefi t of SNR, while allow-
ing also acceleration in two dimensions (2D accelera-
tion), i.e. in both the view and slice direction. Such 
technological development has brought benefi ts not 
only for the breath-hold approach, where the whole-
heart coverage in a single breath-hold became feasi-
ble, but also for the free-breathing approach.

For instance, in (Hardy et al. 2006) a FOV equal to 
40 × 40 × 12 cm3 with up to 120 slice partitioning was 
covered with a 32-channel coil yielding a nominal 
voxel of 1.5 × 1.5 × 1.0–2.0 mm3 in a single breath-hold 
(acceleration factor up to R = 4 × 4 = 16) with a 3D 
SSFP sequence. A high-density 128 system has been 
recently employed (Shankaranarayanan et al. 2008) 
for 3D CMRA in a single breath-hold, with an accelera-
tion in both dimensions up to R = 4 × 4 = 16, and nom-
inal voxel size of 1.6 × 1.6 × 2.6 mm3 By attaining a 
temporal resolution of 210 ms (data for each slice-
encoding step was acquired in a single hearth cycle), 
this study demonstrated the importance of high accel-
eration factor to reduce both the breath-hold time and 
the imaging window in the cardiac cycle, which is 
responsible for motion blurring. Both in (Hardy et al. 
2006; Shankaranarayanan et al. 2008) a SSFP 
sequence was used for image data, preceded by a fat 
suppression RF pulse.

Regarding free-breathing approach, the use of 2D 
acceleration strategies were compared with 1D in 
a recent study that employed a 10-element phased 
array coil (Okada et al. 2009). A reduction of the 
scan time up to 45% and a decrease in SNR and CNR 
(though not statistically signifi cant) were observed 
for the 2D parallel imaging (Bornstedt et al. 2008). 
Besides, a 32-channel coil has attained an isotropic 
voxel of 1.3 × 1.3 × 1.3 mm3 with 2D acceleration fac-
tor up to R = 3 × 3 = 9 in a scan time between 90 and 
450 s for a heart rate of 60 bpm.

Thus, although there are important and signifi cant 
advances present high-channel MR systems, further 
research work is needed to perform a whole-heart 
isotropic 3D imaging with the same resolution and 
ease obtained by cardiac CT imaging in a reasonable 
scan time.
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9.3.5 
Contrast Agents to Improve Image Quality

The sequences suitable for coronary MRA can be 
provided with an inversion prepulse which usually 
precedes the acquisition part of the sequence; the 
purpose of the prepulse being to null the signal from 
the myocardium (Hoffman et al. 1999). Furthermore, 
the contrast between the blood and the surrounding 
tissue can be further enhanced by the combined use 
of contrast agents (Brenner et al. 1999; Goldfarb 
et al. 1998). As the extravascular contrast agent rap-
idly move toward the interstitium, the acquisition of 
the images should be performed during the fi rst pass. 
This implies the use of breath-holding sequences 
(Brenner et al. 1999). This peculiar problem can 
also be overcome by using the injection of intravas-
cular contrast agent (Hoffman et al. 1999; Li et al. 
1998; Stuber et al. 1999b). Because these contrast 
agents remain confi ned within the intravascular 
compartment for hours, this can be used in combina-
tion with free-breathing coronary MRA.

9.4

Clinical Applications

Despite the fact that the fi rst description of the coronar-
ies by MRI had been published more than 20 years ago 
(Paulin et al. 1987), the current technological limita-
tions are such that it is virtually impossible to obtain 
images constantly of good quality with a spatial resolu-
tion suitable for a routine clinical use. In the unique 
multicenter study which has been published so far, the 
comparison between MR coronary angiography and 
invasive angiography (positive and negative predictive 
values of 70 and 80%, respectively) has been shown. 
This diagnostic accuracy can be considered not satisfac-
tory for the clinical use. However, it is to be mentioned 
that in the same study the patients with a left main or 
three vessel disease were detected with a sensitivity and 
specifi city of 100 and 85%, and with positive and nega-
tive predictive values of 54 and 100%, respectively. 
However, the same authors correctly admitted that the 
false-positive was an unresolved issue (Kim et al. 2001).

In recent years, several methodological approaches 
have been proposed for the clinical use. The current 
hardware frontier is represented by the three- 
dimensional acquisition of the whole cardiac mass 
using a 3T scanner (Sakuma et al. 2005; Santos 
et al. 2006) employing a surface acquisition coil 

equipped with 32 channels (Niendorf et al. 2006). 
However, there is still no consensus about the acqui-
sition methodology (single apnea, repeated apnea, 
free breathing, etc). The latter is obviously easier 
but affected by breathing artifacts and long acqui-
sition time. These artifacts are only partially 
reduced by the use of techniques as the navigator 
approach, where not only ECG gating is employed 
for acquiring the images during the diastolic phase 
but also the position of the diaphragm is monitored 
allowing the acquisition only when the muscle is 
close to a predefi ned position. The double gating 
has the disadvantage of a prolonged acquisition 
time (5–10 min) and a relatively low success rate. 
For these reasons, the evaluation of coronary artery 
disease by MRA is still confi ned in few research 
laboratories and it should not be proposed for clin-
ical purposes.

The guidelines of the scientifi c societies recognize 
to this method a position far from clinical use in cor-
onary artery disease atherosclerotic in origin (Class 
III, level of evidence C) (Bluemke et al. 2008).

A different position can be attributed to the method 
with regard to the evaluation of congenital abnormal-
ities (Figs. 9.3 and 9.4) and changes of the vessel cali-
ber as in Kawasaky syndrome (Fig. 9.5). Such an 
application is reported by the guide lines as Class IIa, 
evidence b. where the weight of evidence/opinion is in 
favor of usefulness/effi cacy. Interestingly, MDCT is 
recognized within the same class of appropriateness 

Fig. 9.3. Coronary MRA (CE-MRA technique) in a patient 
with an intramyocardial course of left descending artery. 
The young patient was referred for recurrent chest pain on 
effort
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in this group of patients and probably there is no sig-
nifi cant difference between the two methodologies. 
However, these are usually rather young patients and 
in the case of Kawasaky disease there is the clinical 
neediness of repeated examinations to follow-up the 
evolutive nature of the disease. Thanks to the lack of 
ionizing radiations in such patients, MRA is the fi rst 
choice of imaging technology to be used, if available. 
Furthermore, in several cases the association of a sus-
pected course anomaly of the coronary artery with 
multiple congenital abnormalities, such as in the 
Fallot tetralogy, is in favor of MRI (Bluemke et al. 
2008).

9.5

MRA Coronary Stenting and Bypass

The visualization of a coronary artery where a stent 
has been placed simply can be unfeasible because of 
the presence of signal artifacts induced by the metal-
lic nature of the stent itself. MRI compatible and arti-
fact free stents have been reported, but their use is 
still relatively limited (White et al. 1987).

It is well known that the visualization of bypass is 
feasible both in the case of venous graft and probably 
with better results and arterial bypass (Aurigemma 

Fig. 9.4. Coronary MRA (CE-MRA technique) in a patient 
with a previous intervenction for transposition of great ar-
teries. Arterial switch procedure. One of the main target of 
the follow-up remains the evaluation of the course and the 
exclusion of stretching of native coronary arteries which 

have been reimplanted during the surgical procedure. Left 
panel: the origin and the proximal course of the two reim-
planted arteries are visible in the 3D reconstruction. Right 
panel: the proximal and mid-part of the left coronary artery 
and its main branches are visible in the 3D reconstruction

Fig. 9.5. Coronary 
MRA (CE-MRA tech-
nique) in a patient 
affected by Kawasaki 
disease. Left panel: 3D 
image of left anterior 
descending artery. 
Right panel: the same 
3D image after volume 
rendering postprocess-
ing. The aneurism 
affecting almost the 
whole proximal part 
of the artery is clearly 
visible (arrow)
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et al. 1989; Von Smekal et al. 1997; Kessler et al. 
1997; Langerak et al. 2002). The sensitivity in detect-
ing occluded bypass is up to 100%; sensitivity in cor-
rectly describing a patent graft is slightly lower, 90% 
(Van Rossum et al. 1999) (Fig. 9.6).

In this fi eld also, the different methods used to 
detect the vessel can give some variability in terms of 
results and in a recent paper a sensitivity of 83% and a 
specifi city of 98% has been shown in the diagnosis of 
occluded bypass (Spuentrup et al. 2005). Furthermore, 
no multicenter data are available and no methodolo-
cally consistent approach can be proposed. Finally, as 
for other non invasive techniques, the evaluation of 
existing bypass has a reduced value “per se” unless 
also the native coronary arteries are evaluated. For 
these reasons, although the capability of MRA in accu-
rately describing the morphology of bypass has been 
proven, it can be considered still clinically non 
suitable.

9.6

Functional Evaluation of Coronary 
Arteries and Bypass

The residual function of the coronary artery can be 
effectively evaluated measuring the fl ow distal to the 
stent using phase-contrast velocity quantifi cation at 
rest and during adenosine-stimulated hyperemia. 
Using this method and adopting a threshold of 1.2, a 
sensitivity of 83% with a specifi city of 94% has been 
achieved for ³75% stenoses (Nagel et al. 2003).

Flow velocity and volume fl ow in bypass grafts 
can be measured by applying velocity-encoded phase 
contrast cine MRI sequences, thus allowing assess-
ment of graft function in addition to a morphologic 
evaluation (Sakuma et al. 1999; Ishida et al. 2001; 
Kreitner et al. 2000; Walpoth et al. 1999). Galjee 
et al. (1996) demonstrated that adequate velocity pro-
fi les throughout the cardiac cycle could be obtained 
in 85% of angiographically patent vein grafts, using 
non-breath-hold MR velocity mapping. Graft fl ow 
velocity was characterized by a biphasic pattern, with 
one peak in systole and a second peak in diastole.

Breath-hold segmented k-space sequences have 
been applied to measure fl ow velocity and volume fl ow 
at rest and after pharmacological stress. A preliminary 
report by Voigtländer et al. (2001) demonstrates the 
feasibility of measuring the fl ow reserve in bypass 
grafts and its potential to differentiate between patent 
and stenotic grafts. In 21 grafts without stenoses com-
pared with 6 grafts with >75% stenoses, a fl ow velocity 
reserve was found to be 2.6 ± 1.5 vs. 0.8 ± 0.4 (p, 0.005) 
and a fl ow reserve to be 2.9 ± 1.9 vs. 1.2 ± 0.5 (p, 0.05). 
Using non-breath-hold and breath-hold techniques, 
functional results were also obtained in IMA grafts, 
despite the imaging artifacts due to metallic clips 
(Voigtländer et al. 2001; Debatin et al. 1993; 
Sakuma et al. 1996; Kawada et al. 1999). The diastolic/
systolic peak velocity ratio was found to be higher in 
IMA grafts than in native IMA (Kawada et al. 1999). 
Findings obtained in a small cohort of patients with 
internal mammary artery grafts by (18 patients with-
out and 5 patients with >75% stenosis) indicate a 
higher sensitivity and specifi city for the detection of 

Fig. 9.6. Coronary MRA 
(CE-MRA technique) in a 
patient with two arteria 
bypass. The right internal 
mammarian artery which 
was supposed to support 
the right coronary artery 
is occluded after ap-
proximately 8 cm from the 
origin. The left internal 
mammarian artery con-
nected to the left anterior 
descending artery shows a 
critical stenosis (subocclu-
sion) in the distal part
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IMA graft stenosis using measurements of the mean 
fl ow rate and diastolic/systolic peak fl ow ratio at rest, 
than using the fl ow reserve after administration of 
dipyridamole (Kawada et al. 1999).

9.7

Conclusion

While in other aspects of cardiology the use of MRI 
is nowadays considered an unavoidable step in the 
diagnostic process, in the fi eld of coronary artery 
angiography the methodology still suffers unresolved 
technological limitations and cannot be proposed as a 
clinical tool to be used systematically for the diagnosis 
of atherosclerotic coronary artery disease. The current 
developments are very promising but still they are 
confi ned within a few research centers. The use of 
high-fi eld scanners (3T or more) together with sophis-
ticated multichannel surface coils and new acquisition 
sequences are expected to give a substantial improve-
ment toward this direction. However, at present the 
only accepted use in the clinical setting is the detection 
of course anomalies and non atherosclerotic morpho-
logical disorders. Limited to this application, coronary 
MRA is competitive with regards to MDCT (Von 
Smekal et al. 1997). It is also worth noting that there 
are no substantial theoretical limitations in the physi-
cal domain to be overcome but a tenacious effort to 
solve the many problems still on the way is required.
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10.1

Introduction

While the widespread use of multislice computed 
tomography (MSCT) has dramatically changed the 
role of magnetic resonance imaging (MRI) in the 
assessment of abdominal aorta, the evaluation of 
renal arteries still remains an important application 
of MRI.
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ABSTRACT

The recent advent of newer multidetector com-
puter tomography (MDCT) scanners has dramati-
cally changed the role of magnetic resonance 
imaging (MRI) in the evaluation of the abdominal 
aorta and its peripheral branches, due to its faster 
acquisition times, higher spatial resolution allow-
ing to obtain submillimetric sections with voxel 
isotropy, greater technical simplicity, wider avail-
ability, and lower overall cost. However, lack of 
ionizing radiation and of intravenous administra-
tion of iodinated contrast material remain sub-
stantial advantages of MRI over MDCT, that make 
it the technique of choice for young patients and 
individuals with high serum creatinine values. 
Moreover, for the assessment of renal arteries MRI 
offers not only adequate anatomical detail but, 
and more importantly, is also able to provide 
quantitative data relative to renal blood fl ow, as 
well as to yield functional information about the 
parenchymal effect of a vascular stenosis by means 
of phase contrast and perfusion techniques, 
respectively. In this particular concern, MRI may 
be successfully proposed as a novel noninvasive 
tool for functional evaluation of the kidneys.
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The higher speed of MSCT, its excellent spatial 
resolution with the possibility of achieving voxel 
isotropy, and its wider volume coverage make it more 
attractive than MRI for studying the abdominal aorta 
and its pathology, allowing the assessment of periph-
eral visceral branches with greater accuracy than 
contrast-enhanced MR angiography (CEMRA). This 
is particularly true for preinterventional evaluation 
of aortic aneurysms, in which morphological data 
must be extremely accurate and the depiction of cal-
cifi ed plaques of the aortic wall is a crucial diagnos-
tic element. Therefore CT angiography (CTA) has 
taken over the prime role in imaging of the abdomi-
nal aorta, while CEMRA has become a second-choice 
imaging modality in this clinical setting. Nevertheless, 
the lack of radiation and of administration of iodi-
nated contrast agent associated with MRA make it 
the technique of choice for young patients and indi-
viduals with high serum creatinine values (Böckler 
et al. 2007; Shih and Hagspiel 2007).

Conversely, for the assessment of renal arteries 
MRI offers not only acceptable anatomical details of 
vessels but, and more importantly, is also able to pro-
vide quantitative data relative to renal fl ow and is 
able to assess the parenchymal effect of a vessel 
stenosis by means of phase contrast and perfusion 
techniques. The feature of functional assessment of 
the kidneys makes MRI preferable to CT.

10.2

Technical Approaches

10.2.1
CEMRA

CEMRA still represents the elective, widely used tech-
nique for studying the aorta and its main branches, 
providing images with high diagnostic value.

Technical advances, such as parallel imaging and 
k-space sharing methods (time-resolved imaging of 
contrast kinetics, or TRICKS), have allowed a further 
increase in the spatial and temporal resolution of the 
technique.

When studying the aorta or the renal arteries, 
images are acquired on the coronal plane and CEMRA 
is usually associated with fat saturation to increase 
vessel conspicuity and to avoid the problems con-
nected with image subtraction, such as imperfect 
overlap between unenhanced and contrast-enhanced 
series caused by patient motion.

Proper bolus timing is crucial for obtaining high 
quality CEMRA images, as it is essential to synchro-
nize the sampling of the centre of the k-space (which 
retains information about contrast resolution) with 
the peak intravascular concentration of gadolinium. 
Indeed, too early sampling of the k-space centre leads 
to poor enhancement of the vascular lumen and ring-
ing artefacts (also called the Maki effect), while a late 
acquisition will result in suboptimal arterial enhance-
ment with venous overlap. Therefore, contrast mate-
rial administration for CEMRA now relies on the test 
bolus technique or real-time bolus detection tools 
(such as fl uoroscopic triggering or automatic signal 
intensity detection system [Smart Prep]).

Contrast material is usually administered at a 
fl ow-rate of 2 mL/s by means of an automatic power 
injector, which provides more precise control over 
injection parameters compared to manual injection.

The sampling scheme of the k-space also plays an 
important role in maximizing contrast resolution 
while reducing imaging time, thereby optimizing 
usage of contrast material. This goal is accomplished 
by using centric or elliptical k-space fi lling schemes, in 
which the centre of the k-space is sampled at the 
beginning of the acquisition, corresponding to the 
peak intravascular concentration of contrast material.

Currently, the adoption of 3 T MR equipment is 
increasing and angiographic exams will especially 
benefi t directly from the higher fi eld strength. The 
theoretically doubled signal-to-noise ratio at 3 T allows 
for abdominal MRA exams with sub-millimetre spatial 
resolution and very short acquisition time. Furthermore, 
as longitudinal relaxation time is longer at 3 T com-
pared with lower fi eld strength, MRA exams can be 
performed with a signifi cantly reduced amount of con-
trast material (Michaely et al. 2007).

10.2.2
Phase Contrast

The information provided by CEMRA can be further 
enriched by Phase-Contrast (PC) technique.

PC exploits the spin-induced phase shift to differ-
entiate fl owing blood from stationary tissue. Based 
on the phase accumulation of the spins, it is possible 
to calculate the speed of spins and fl ow direction. For 
PC-MRA, signal intensity refl ects the absolute veloc-
ity of voxels, and it is always positive and indepen-
dent from the direction of fl ow.

The three-dimensional (3D) PC-MRA has the 
advantage of high sensitivity to turbulent fl ow that 
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can be associated with vascular stenoses. It is mainly 
used to study renal vessels, because it immediately 
reveals the hemodynamic signifi cance of a stenosis 
caused by the fl ow dropout related to turbulent fl ow.

The bidimensional (2D) no-breath cine PC tech-
nique has been used to calculate the fl ow value obtain-
ing fl ow curves. The limited spatial and temporal 
resolution of the cine PC technique has been overcome 
by the fast implementation of the sequence with 
k-space segmentation, in which more phase encod-
ings per cardiac cycle (views per segment) are acquired. 
This sequence is performed on breath-hold on a plane 
perpendicular to the target vessel. Images are recon-
structed on an independent workstation by means of 
automatic detection of the area of the vessel under 
investigation, thus obtaining graphs that display the 
velocity and the fl ow as a function of time.

PC sequences are a useful complement to MRA 
morphological data in assessing the hemodynamic 
signifi cance of a stenosis.

10.2.3
Perfusion

The perfusion technique has been widely used for 
studying different anatomical districts, especially the 
heart and the brain. Nowadays, its application has 
been extended to other anatomical districts, with a 
high interest in evaluating renal function.

In the literature, different technological approaches 
have been proposed; an important technical require-
ment is high spatial and temporal resolution. In par-
ticular, a temporal resolution of one acquisition per 
second is recommended for detecting the fi rst pass 
of contrast material.

Perfusional images have to be analyzed by dedi-
cated software aimed at providing quantitative data.

10.2.4
Balanced Fast Gradient Echo

[Steady state free precession (SSFP) – FIESTA – true 
FISP]

Balanced SSFP sequences have enjoyed a recent 
resurgence of interest across a wide range of applica-
tions. The technique can be used for angiographic 
studies because image contrast is determined by the 
T2/T1 ratio, yielding bright-blood imaging without 
reliance on infl ow.

Some limitations are the susceptibility to fi eld 
inhomogeneities, such as at air-tissue interfaces or 

in the presence of metallic implants; moreover, the 
sequence is not specifi c for arteries or veins.

10.2.5
Arterial Spin Labeling (ASL)

The ASL technique relies on the replacement of blood 
in the imaging volume with tagged blood. Protons 
are “tagged” as they experience an inversion pulse in 
a target region, typically in a blood vessel upstream 
of the imaging fi eld of view. After a fi xed interval or 
delay time, when tagged protons enter the fi eld of 
view, imaging is performed. The time delay depends 
on the distance between tagged and imaged areas 
and the rate of blood fl ow. This process is repeated, 
with alternate acquisition of tagged and untagged 
images, and the two sets are then subtracted from 
each other, thus resulting in a bright-blood angio-
gram with no background signal.

The combination of ASL with tagged and untagged 
balanced SSFP provides bright-blood, venous-free 
angiographic images with high signal-to-noise ratio. 
This approach is particularly well suited to evaluat-
ing renal vessels, because the sequence is fl ow- 
compensated in all three spatial directions and, 
therefore, the complex orientation of the aorta, as 
relative to the renal arteries, can be well depicted.

Because the ASL technique is based on continuous 
refi lling of blood in the imaging volume, the method 
requires reasonably high arterial velocity to be suc-
cessful (Miyazaki and Lee 2008).

10.3

Clinical Applications

10.3.1
Abdominal Aorta

10.3.1.1
Atherosclerotic and Infl ammatory Aneurysms

Most aneurysms in the abdominal aorta are athero-
sclerotic and are usually located below the origin of 
renal arteries. They usually have a fusiform shape 
and, in rare cases, a saccular morphology.

The radiological fi ndings of a vessel aneurysm are 
well-known and crucial for a correct presurgical evalu-
ation. This requires the exact measurement of the max-
imum diameter of the aneurysm and of its superior 
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neck, the precise defi nition of its longitudinal exten-
sion, the caliber of the patent lumen in case of throm-
botic wall deposit, the spatial relationship with the 
renal and visceral arteries, as well as the evaluation of 
iliac vessels. These measurements must be taken along 
the plane perpendicular to the vessel’s greater axis.

In addition, evidence of rupture, complications of 
the aortic wall, supernumerary renal arteries, obstruc-
tive disease of renal, celiac, or mesenteric vessels, or an 
anatomical anomaly (such as a horseshoe kidney) may 
signifi cantly modify the surgical plan (Ho and Corse 
2003). MIP and MPR reconstructions are particularly 
helpful for the identifi cation of stenotic branch ves-
sels, which should preferably be revascularized at the 
time of the aortic aneurysm repair (Fig. 10.1).

Gadolinium-enhanced 3D MRA has been shown 
to be accurate for the detection of signifi cant occlu-
sive celiac, renal, mesenteric, or iliac arterial disease 
(94% sensitivity and 98% specifi city) (Ho and Corse 
2003). The critical diagnostic point is represented 
by the assessment of the presence and extension of 
wall calcifi cation that requires a CT exam, since this 
element may condition the therapeutic choice. 
Calcifi cation can actually hinder clamping and sutur-
ing and impair the mechanical support to be pro-
vided to an endoprosthesis.

In view of a percutaneous treatment with endo-
prosthesis placement, the overall evaluation of the 

iliac-femoral vessels is required, since tortuous 
courses or stenoses may jeopardize the technical out-
come of the procedure.

Five to twenty-three percent of all aneurysms of 
the abdominal aorta are infl ammatory. By the term 
“infl ammatory” we refer to several histopathological 
fi ndings: thickening and fragmentation of the elastic 
lamina, loss of smooth muscle cells from the media, 
presence of dense neovascularized connective tissue 
surrounding the aortic wall and seeping of lympho-
cytes, plasma cells, and histiocytes; furthermore, 
there may be adherences to visceral organs (duode-
num, ureters) (Nitecki et al. 1996).

In MR images, the aneurysmatic infl ammatory 
reaction can be recognized by high signal intensity 
on T2-weighted images, which can be better appreci-
ated with fat suppression, and by marked enhance-
ment following the administration of a contrast agent 
(Fig.  10.2).

10.3.1.2
Infected Aneurysm

An infected or mycotic aneurysm is defi ned as an 
infectious break in the wall of an artery with the for-
mation of a blind, saccular outpouching that is con-
tiguous with the arterial lumen (Kaufman et al. 
1978) and usually occurs in portions of the aorta that 
are not commonly affected by atherosclerosis.

Early changes of aortitis preceding aneurysm for-
mation include an irregular arterial wall, periaortic 
edema, periaortic soft-tissue mass, and periaortic gas.

On MRI, periaortic edema is characterized by 
high signal intensity on T2-weighted images that 
are better appreciable when fat saturation is applied. 
Concentric or eccentric periaortic infl ammatory 
soft-tissue may develop and usually exhibits uniform 
enhancement (Lee et al. 2008).

Necrosis may develop from the infl ammatory mass 
and shows heterogeneous signal intensity on MRI, 
together with a rim of poor enhancement after admin-
istration of contrast material. Periaortic mass or 
stranding is the most common imaging fi nding with 
infected aortic aneurysms and is found in 48% of 
cases (Macedo et al. 2004), while periaortic gas is an 
uncommon feature.

Lack of or delayed treatment of infected aneurysms 
may lead to fulminant sepsis, spontaneous arterial 
rupture, and death. Early detection of infected aneu-
rysms is critical for timely treatment aimed at optimiz-
ing patient outcome (Lee et al. 2008).

Fig. 10.1. Aortic aneurysm. The MIP coronal reconstruction 
shows an infrarenal aortic aneurysm as well as stenoses of 
both the renal arteries and diffuse atherosclerosis of the iliac 
arteries
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10.3.1.3
Dissection

Dissections arise much more frequently in the tho-
racic aorta and often extend inferiorly into the 
abdominal aorta involving the renal, celiac, mesen-
teric, and iliac arteries. The main concern with dis-
sections is the involvement of visceral branch vessels, 
which may result in their obstruction.

CEMRA can display the extent of the dissection 
and the involvement of branch vessels with exquisite 
clarity. At least two delayed phase contrast-enhanced 
acquisitions are advisable to guarantee optimal visual-
ization of the false channel, where blood fl ow is much 
slower than in the true lumen (Mcguigan 2005).

MPR of the 3D datasets enables selective view of 
individual aortic branch vessels and the identifi cation 
of their blood supply (i.e., true vs. false channel). The 
extension of an intimal tear into the abdominal aorta 
typically spirals posterior laterally about the arch with 
the false channel coursing to the left of the aorta, 
potentially to involve the left renal artery and possibly 
the celiac and superior mesenteric arteries. Delayed-
phase imaging is recommended because the fl ow 
within the false channel may be slow and not ade-
quately mixed with contrast medium during the ini-
tial acquisition (Ho and Corse 2003).

10.3.1.4
Aortic Occlusion and Leriche’s Syndrome

Abdominal aortic occlusion may occur as a result of 
several causes, but in the acute setting, it most com-
monly results from embolism. Thrombosis superim-
posed on severe atherosclerotic involvement of the 
distal abdominal aorta and common iliac arteries is 
the main cause of chronic occlusion. Chronic occlu-
sion may produce Leriche’s syndrome, which refers 
to the clinical syndrome that results from occlusion 
of the infrarenal aorta. The syndrome is character-
ized by the absence of femoral pulses, gluteal claudi-
cation, impotence, and, when symptoms persist over 
time, by hypotrophy of the muscular masses of the 
lower limbs.

Invariably, patients with chronic occlusion develop 
a rich collateral circulation.

In these individuals arterial access is limited and 
CEMRA is suffi cient for the primary assessment of 
the occlusion (Ho and Corse 2003).

10.3.1.5
Control of Vascular Stents and Endoleak

The degree of safety and reliability of CEMRA in 
evaluating the positioning of aortic prostheses has 
been demonstrated since the introduction of pros-
theses made of MR-compatible materials. Stents 
made of nitinol are generally more suitable for MR 
imaging; elgiloy stents may obscure the lumen, and 

Fig. 10.2. Infl ammatory aortic aneurysm with the typical 
feature of periaortic tissue showing contrast enhancement 
on gadolinium-enhanced LAVA images on the sagittal and 
axial planes (a, b)

a

b
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stainless steel stents cause extensive artefacts that 
render the study nondiagnostic (Stavropoulos and 
Charagundla 2007). In several studies involving 
small numbers of patients with predominantly nitinol 
stents, MRA was at least as sensitive as CTA, and in 
some cases, highlighted endoleaks that were not 
detected by CTA.

The protocol for the MRI study of prostheses and 
stents positioned at the level of the abdominal aorta 
requires the use of axial sequences performed before 
and after administration of contrast material. Such a 
procedure allows the evaluation of retroperitoneal 
peri-aortic tissues, and the correct diagnostic assess-
ment of potential complications (such as periprosthesic 
hematoma, abscess, thrombosis, or pseudoaneurysm). 
CEMRA examinations feature high sensitivity as 
required for the evaluation of graft patency and for the 
detection of prosthetic deformation. In addition, they 
can provide a complete visualization of the entire 
aorto-iliac axes and their collaterals (Fig. 10.3). CEMRA 
is also accurate in the depiction of endoleaks, and 
new techniques, such as time-resolved MR angio-
graphy, may allow a better characterization of the 
endoleak type by demonstrating the gradual passage 

of contrast material into the aneurysm sac, analo-
gous to a conventional angiogram (Stavropoulos 
and Charagundla 2007). Moreover, the availability 
of blood pool contrast media has opened new per-
spectives for studying endoleaks; in particular, type 
IV endoleaks, which are caused by stent-graft poros-
ity and may take advantage of blood pool contrast 
media. By using such contrast agents, which remain 
intravascularly longer than ordinary intravascular-
interstitial contrast agents, the temporal window 
between contrast medium injection and imaging can 
be extended. Such a long delay allows the accumula-
tion of a higher amount of contrast material in the 
endoleak while maintaining adequate contrast reso-
lution between the blood and the surrounding tis-
sues (Cornelissen et al. 2008).

10.3.1.6
Retroperitoneal Fibrosis and Erdheim-Chester 
Disease

Retroperitoneal fi brosis is characterized by a prolif-
eration of fi brous tissue extending along the aorta 

Fig. 10.3. (a, b) Obstruction of left iliac branch of aorto-bisiliac prosthesis, as depicted from CEMRA images (MIP recon-
structions). Notice the presence of retroperitoneal and inferior epigastric collateral pathways

a b
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through a plaque-like infi ltrative soft-tissue process 
that is typically localized to the distal abdominal 
(infrarenal) aorta and the common iliac arteries; 
involvement of the pelvis is uncommon. About two-
thirds of cases are idiopathic.

This entity may be considered as an isolated dis-
ease or as part of a systemic syndrome known as 
multifocal fi brosclerosis, which may also include 
autoimmune pancreatitis, sclerosing cholangitis, 
scleroderma, Riedel thyroiditis, fi brotic pseudotu-
mor of the orbit, and fi brosis involving multiple 
organ systems. Typical imaging manifestations of 
perirenal fi brosis include a soft-tissue mass that 
envelops the kidneys without displacing them.

Three stages of the disease have been described, 
ranging from chronic active infl ammation to fi brous 
scarring. On MRI signal intensity on T2-weighted 
images and contrast enhancement on dynamic acqui-
sitions depend on the disease stage. While areas 
affected by active infl ammation demonstrate high 
signal intensity on T2-weighted images and early 
contrast enhancement, areas of fi brosis show low sig-
nal intensity on T2-weighted images and delayed 
contrast enhancement.

Erdheim-Chester disease is a rare form of sys-
temic non-Langerhans cell histiocytosis of unknown 
etiology. Histologically, this disease is defi ned by a 
mononuclear infi ltrate consisting of lipid-laden, 
foamy histiocytes. It affects middle-aged  individuals 
without any specifi c sex predilection; lower extrem-
ity bone pain is a typical symptom.

Retroperitoneal involvement has been noted in 
approximately a third of patients. The fi brotic involve-
ment of the retroperitoneum demonstrates decreased 
signal intensity in T1-weighted, T2-weighted, fast 
inversion recovery, gradient-echo chemical shift 
 in-phase/out-of-phase, and gadolinium-enhanced 
T1-weighted images (Fig. 10.4) (Gottlieb and Chen 
2002).

Perirenal involvement in Erdheim-Chester dis-
ease is characteristic and shows as rind-like soft-
tissue lesions surrounding the kidneys and ureters 
(Murray et al. 2001). Severe compression of the 
renal parenchyma and ureters as a consequence of 
fi brous perinephritis may lead to progressive renal 
failure (Surabhi et al. 2008).

Skeletal involvement, characterized by symmetric 
sclerosis of the meta- and diaphyses of long tubular 
bones, is a typical sign. Other extraskeletal manifes-
tations, including central nervous system, lungs, skin, 
and heart involvement, are seen in about half of 
patients (Surabhi et al. 2008).

10.3.2
Renal Arteries

Renal artery stenosis (RAS) frequently manifests 
clinically as systemic hypertension (70%), which can 
often be reversed by renal revascularization using 
balloon angioplasty, stenting, or vascular surgery. 
Patients with RAS may progress to end-stage renal 
disease if left untreated (Ho and Corse 2003).

Atherosclerotic disease is the most common patho-
logic condition of RAS, which typically involves the 

Fig. 10.4. Erdheim-Chester disease: (a) coronal FIESTA im-
age shows periaortic tissue with low signal intensity. (b) Ax-
ial FSE T2-weighted image shows the typical perirenal low 
band. Also notice periaortic tissue surrounding the aorta

a

b
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ostium or the proximal 1–2 cm of the renal arteries, 
and usually also affects the abdominal aorta. Fibro-
muscular dysplasia is the second most common cause 
of RAS. This condition typically involves the distal 
two-thirds of the main renal artery with bead-like 
stenosis alternating with small fusiform or saccular 
aneurysms (Fig. 10.5).

Like atherosclerotic RAS, fi bromuscular dysplasia 
may result in reversible systemic hypertension. 
Patients with fi bromuscular dysplasia, however, are 
more typically young women, whereas atherosclero-
sis tends to occur in older men.

The preoperative identifi cation of RAS is impor-
tant and may augment or change the surgical plan 
(Ho and Corse 2003).

The MRI protocol for the examination of the renal 
arteries includes the 3D PC and 3D CEMRA tech-
niques. The fi rst sequence gives diagnostic elements 
relative to the hemodynamic signifi cance of a steno-
sis, while the second one is useful for morphological 
depiction and grading of vessel stenosis.

The MRA assessment of hemodynamic signifi -
cance of RAS can be further refi ned by considering 
additional factors, such as arterial stop of signal, 
post-stenotic dilatation, delayed renal enhancement, 
and functional changes in the renal parenchyma 

(i.e., reduced kidney longitudinal length and paren-
chymal thickness, and loss of corticomedullary 
differentiation).

A precise evaluation of the degree of stenosis 
requires the use of dedicated software.

3D PC images are acquired in the axial plane, with 
the slab positioned on a coronal plane to cover the 
renal arteries. An inferior saturation band is applied 
to null signal from the venous fl ow.

On PC MRA, spin dephasing is invariably present 
in hemodynamically signifi cant RAS (Ho and Corse 
2003).

As with digital angiography, CEMRA is a lumi-
nography, and as such provides exclusively morpho-
logical information. Data from the literature indicate 
that CEMRA has 97% sensitivity and 93% specifi city 
in the grading of RAS. However, CEMRA alone has 
a tendency to overestimate stenosis, as has been doc-
umented in several other vascular districts. This 
overestimation is caused by the limited spatial reso-
lution of CEMRA as compared to digital angiogra-
phy (which remains the diagnostic gold standard), as 
well as by artefacts related to bad contrast bolus tim-
ing (blurring and ringing artifacts), and an intra-
voxel dephasing component that, albeit to a lesser 
extent than for PC sequences, also affects CEMRA 
(Fig. 10.6).

CEMRA images are usually acquired on a coronal 
plane in order to minimize acquisition time by reduc-
ing the number of phase encoding steps. Usage of 
a phased array body coil with a wide cranio-caudal 
coverage (such as a torso or a cardiac coil) is recom-
mended so as to ensure adequate panoramicity, 
potentially allowing to assess accessory renal arteries 
stemming from the distal aorta or the iliac arteries, 
as well as to keep imaging time down to a reasonable 
level. The CEMRA acquisition is carried out in a sin-
gle breath-hold with a high matrix in slice and fre-
quency direction, with at least 160 phase-encoded 
steps as a compromise between suffi ciently short 
imaging time and adequate spatial resolution. A slice 
thickness of usually 2–3 mm with partial overlap 
(typically 50%) yields good spatial resolution while 
maintaining adequate signal-to-noise ratio and 
acquisition time. The k-space is usually sampled with 
a centric fi lling scheme.

In addition, MRI-based fl ow measurements can 
be performed to evaluate the hemodynamic signifi -
cance of RAS. The new ultrafast ECG-triggered PC 
sequence is able to provide quantitative measure-
ments of the renal fl ow for each renal artery by 

Fig. 10.5. Maximum Intensity Projection (MIP) reconstruc-
tion shows involvement of the middle tract of the left renal 
artery and a small aneurysm, both typical signs of fi bro-
muscular dysplasia
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 calculating renal blood fl ow as a function of time 
(Fig. 10.6). For the assessment of the renal artery, the 
acquisition plane is placed 1 cm past the ostium or 
downstream of a stenosis; the calculation of the fl ow 
value is obtained by multiplying the average velocity 
by the vessel surface area. In this respect, it is note-
worthy that the renal volume and fl ow ratio seem to 
have a prognostic value in predicting the outcome of 
angiographic percutaneous procedures.

One of the most recent and promising implemen-
tations of MRI for functional evaluation of the kid-
neys is MR perfusion imaging (PWI). Its applications 
include the evaluation of segmental RAS, the assess-
ment of in-stent restenosis, or the detection of paren-
chymal disease in the absence of RAS.

Imaging is performed in the oblique coronal 
plane, with a coverage including the abdominal aorta 
and both kidneys. Signal intensity (SI)-time curves 
can be obtained from a region of interest over the 
renal cortex, consisting of two parts that represent 
the fi rst pass of the contrast agent through the renal 
circulation and its excretion phase, respectively. A 
normal SI-curve is characterized by three distinct 
morphological features: a steep upslope, an early SI 
peak, and a slow signal decline.

A gamma-variate fi t is required to take intersti-
tial dispersion of contrast material into account 
when an intravascular-interstitial contrast agent is 
used, as usual in clinical practice. The gamma-vari-
ate function has useful analytical properties that 
allow to derive semiquantitative perfusion parame-
ters from signal intensity-time curves, such as time 
to peak (TTP), mean transit time (MTT), maximum 
upslope (MUS), and maximum signal intensity 
(MSI). It has been shown that a modifi cation of these 
parameters refl ects an alteration of renal perfusion, 
such as in patients with hemodynamically signifi -
cant RAS. For instance, in patients with hemody-
namically signifi cant RAS an increase of TTP and 
MTT occurs (indicating that longer time is needed 
for the contrast bolus to pass through the renal vas-
culature), together with lower MUS and MSI values 
(which refl ect decreased parenchymal perfusion). 
This results in an altered shape of the perfusion 
curve in high grade RAS, characterized by a slower 
upslope, fl attened peak, and delayed signal decay 
(Fig. 10.7).

Fig. 10.6. RAS depicted with CEMRA. (a) Severe stenosis with 
post-stenotic dilation of right renal artery, and severe stenosis 
of the left renal artery. (b) Severe stenosis of the left renal ar-
tery overestimated because of the intravoxel dephasing. Both 
dephasing and post-stenotic dilation are indicative of severe, 
hemodynamically signifi cant vascular stenosis

a

b
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Fig. 10.7. On CEMRA MIP (a) a severe stenosis of the right 
renal artery. Flow analysis of renal arteries with ECG-gated 
PC technique reveals a substantial decrease of fl ow values 
(89 mL/min, normal >350 mL/min) of the right renal ar-
tery compared with the left one (568 mL/min) (b). Note the 

different morphology of the curves (c) of renal perfusion 
as well as the values of quantitative perfusion parameters 
(increased MTT and reduced MUS and MSI at the stenosis 
site) reported on the right top of the graphs (c1) right renal 
artery (c2) left renal artery
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ABSTRACT

Magnetic resonance angiography (MRA) has 
become a fundamental imaging modality in the 
assessment of peripheral arterial disease. Three-
dimensional contrast-enhanced MRA (3D CE-MRA) 
provides a luminographic study of the arteries, 
which resembles digital subtraction angiography 
(DSA). In the literature, 3D CE-MRA has been 
compared to DSA, which is the standard of refer-
ence, and it has shown its superiority in terms of 
sensitivity and specifi city. For this reason and for 
its high accuracy, nowadays, 3D CE-MRA repre-
sents the preferred technique for MRA of the 
peripheral vessels. The chapter will focus on the 
clinical applications of MRA in the evaluation of 
arterial disease of upper and lower limbs, with 
particular attention on the steno-occlusive disease 
and on aneurysms. Specifi c topics will also be 
addressed, which are the popliteal entrapment, 
the Takayasu’s arteritis, and the thoracic outlet 
syndrome. The recent introduction of the blood 
pool contrast agents in the clinical routine will 
also be discussed.

11.1

Introduction

In recent years, because of signifi cant technical 
advances, magnetic resonance angiography (MRA) 
has become a fundamental imaging modality in the 
assessment of peripheral arterial disease. Among non-
contrast-enhanced MRA sequences, phase contrast 
angiography has been progressively dropped for 
peripheral vascular studies, while time-of-fl ight (TOF) 



128 F. De Cobelli, E. Belloni, and A. Del Maschio

angiography has still some specifi c clinical applica-
tions in the distal runoff vessels (Ho et al. 1997; 
Mcdermott et al. 1995; Unger et al. 1995). “Black 
blood” sequences are spin-echo derived sequences, 
which allow a better depiction of mural or intralumi-
nal abnormalities, such as thickening of walls, thrombi, 
atherosclerotic plaques, penetrating atherosclerotic 
ulcers, and intramural hematomas. In fact, the signal 
produced by fl owing blood is intentionally suppressed 
and this allows an excellent delineation of the vessel 
wall (Dellegrottaglie et al. 2007; Tatli et al. 2003). 
Three-dimensional contrast-enhanced MRA (3D CE-
MRA) provides a luminographic study of the arteries, 
which resembles digital subtraction angiography 
(DSA). For the fi rst time, 3D CE-MRA was described by 
PRINCE et al. (1993) and nowadays it represents the pre-
ferred technique for MRA of the peripheral vessels (Ho 
et al. 1999). In fact, 3D CE-MRA is highly accurate in 
the assessment of limbs arteries, as demonstrated in 
a large meta-analysis performed for lower extremity 
vasculature. In the same article, 3D CE-MRA proved to 
offer a better diagnostic performance compared to that 
offered by two-dimensional MRA (2D MRA), with 
higher sensitivity and specifi city (Koelemay et al. 
2001). Moreover, 3D CE-MRA has been compared to 
DSA and again it showed its superiority also because 
of the possibility of extensive postprocessing of the 
images (Loewe et al. 2004; Vavrik et al. 2004; Winterer 
et al. 2002; Wyttenbach et al. 2003). Duplex ultra-
sound (DUS) may play a role for a fast, widely available 
and less expensive evaluation of the peripheral vessels, 
but its use is limited to specifi c clinical settings and 
selected vessels because the technique cannot guaran-
tee the panoramic assessment of long segments of vas-
culature, as DSA and CE-MRA do. Moreover, CE-MRA 
is more sensitive and specifi c for the diagnosis and pre-
surgical assessment in patients with peripheral arterial 
occlusive disease (Visser and Hunink 2000; 
Gjonnaess et al. 2006; Leiner et al. 2005). The chapter 
will focus on the clinical applications of MRA in the 
evaluation of upper and lower limb arterial disease, 
with particular attention on the latter. The recent intro-
duction of the blood pool contrast agents in the clinical 
routine will also be discussed.

11.2

Lower Limb

Assessment of the lower limb arterial disease with 
CE-MRA requires the representation of long seg-

ments of vessels, from the abdomen to the ankle, 
whose lumen is enhanced by a gadolinium-based 
contrast agent: for this reason, the contrast agent 
bolus should be rapidly followed distally. This 
is obtained by means of a fast fi eld-echo (FFE) 
T1-weighted 3D coronal sequence, which requires 
state-of-the-art 1.5 T scanners with high perfor-
mance gradients providing very short TEs and TRs 
for dynamic acquisition (ERSOY and RYBICKI 2008). 
MRA of peripheral vessels requires the imaging of 
3–4 stations: aorto-iliac, thigh, calf and foot, depend-
ing on the patient’s height. The introduction of the 
“moving-table” technology allowed the chasing of a 
single bolus of contrast agent in its distal progression 
(Carriero et al. 2002; Ho et al. 1998; Meaney et al. 
1999). The patient is placed in the magnet, feet fi rst, 
making sure that all the vascular structures to be 
examined are in the same anterior–posterior level. 
Scout and mask images (before contrast administra-
tion) are acquired for three locations, typically the 
pelvis, the thigh and the calf; low resolution TOF 
images can also be added for optimal planning. 
Usually, 0.2 mmol/kg of a gadolinium-based contrast 
agent is administered with an automatic injector, 
with a fl ow rate of 0.8 mL/s, followed by 20 mL of 
saline fl ush with a fl ow rate of 1.5 mL/s. The slow fl ow 
rates allow to obtain a “long” bolus which enhances 
the vascular structures for a longer period of time. 
Immediately after the injection starts, a fast, low reso-
lution coronal T1-weighted sequence is performed 
repeatedly to visualize the infl ux of the contrast in 
the iliac arteries. As soon as the contrast enhance-
ment is visible in the iliac arteries, the standard FFE 
T1-weighted 3D diagnostic imaging is acquired, fi rst 
of all on the aorto–iliac region; then the table moves 
automatically and thigh imaging is performed; fi nally 
the table again moves and the calf imaging is obtained. 
The table moves at a speed rate of 10 cm/s. Another 
method to obtain an optimal timing of the imaging, 
after contrast infusion, is to estimate the contrast 
agent travel time with the “test-bolus” technique 
(Dellegrottaglie et al. 2007; Earls et al. 1996). A 
small amount of contrast (1–2 mL) and 20 mL of 
saline solution are injected at the same fl ow rate, 
which will be used for the diagnostic imaging and a 
fast, low resolution coronal T1-weighted sequence is 
performed repeatedly to visualize the infl ux of the 
contrast in the arteries of interest and to choose the 
best acquisition time for the following diagnostic 
imaging with the proper amount of contrast agent. 
Imaging of the lower limb arterial vasculature can be 
performed either with the combined use of a body 
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coil and a surface coil, or with a dedicated lower 
extremity reception coil. The latter has been intro-
duced recently in the clinical practice and it allows to 
obtain an optimized, more homogeneous signal 
reception. It is also characterized by a higher signal-
to-noise ratio than the body coil and this in turn can 
be exploited to provide higher resolution images, to 
shorten the acquisition time or to increase the ana-
tomic coverage (Huber et al. 2003; Leiner et al. 
2004). Even if the “moving-table” technique is robust 
and accurate, some problems can be associated with 
multiple stations imaging. The nonlinearity of gradi-
ents can be associated with distortions of the images, 
no standard protocols can be applied to all scanners, 
venous superimposition in the calf can lead to subop-
timal imaging, and fi nally the imaging is not isotro-
pic and there is the tendency towards overestimation 
of the stenosis. However, 3D MRA is considered an 
accurate, sensitive and specifi c imaging technique for 
the assessment of lower extremity vascular disease, 
when compared to DSA and 2D MRA (Deutschmann 
et al. 2006; Ho et al. 1998; Koelemay et al. 2001; 
Lapeyre et al. 2005; Meaney et al. 1999; Winterer 
et al. 2002). A new contrast agent has been introduced 
in the clinical use since 2005: Vasovist® (Gadofosveset, 
Bayer Schering Pharma, Germany) is the fi rst intra-
vascular contrast agent approved for the use in 
CE-MRA in Europe. Vasovist® is a small-molecule 
gadolinium-based contrast agent which binds revers-
ibly to the albumin in the human plasma and pro-
vides extended vascular enhancement compared to 
conventional extracellular contrast agents. In fact, its 
main characteristic is a 5–7 times higher relaxivity at 
1.5 T if compared, for example, to Magnevist® 
(GD-DTPA, Bayer Schering Pharma, Germany) 
(Lauffer et al. 1998). The administered dose of 
Vasovist® is lower than that of the conventional con-
trast agents: in fact, 0.03 mmol/kg is the standard to 
obtain good quality diagnostic images, as stated in 
the preliminary studies that recently appeared in the 
literature (Goyen et al. 2005; Vogt et al. 2007). After 
the injection of Vasovist®, two acquisition phases can 
be distinguished. The arterial fi rst-pass acquisition is 
similar to the conventional arterial angiograms 
obtained with extracellular contrast agents. Following 
this dynamic phase, the intravascular contrast agent 
distributes to all the body vasculature, both arterial 
and venous, and reaches an equilibrium phase in 
about 5 min. In this steady-state phase, high spatial 
resolution images can be obtained, as lower extremi-
ties can be imaged for several minutes: in fact, 
Vasovist® has a half-life of about 15 h and allows to 

obtain a good signal-to-noise ratio for about 1 h after 
intravenous administration (Nikolaou et al. 2006). 
However, some limitations exist for steady-state 
imaging of lower extremities. First of all, the venous 
overlay may be a potential diagnostic problem, 
because in lower limbs the venous vascular structures 
are in close vicinity to arterial vascular structures. 
Moreover, because of long imaging times, limb move-
ment can occur, with well-evident motion artefacts. 
Finally, the patient can experience some discomfort 
as a result of the prolonged permanence in the mag-
net bore (Nikolaou 2006). For these reasons, at the 
present time steady-state imaging of lower limb vas-
culature with Vasovist® is not considered a routine 
clinical application.

11.2.1
Steno-Occlusive Disease

Atherosclerosis is a systemic disease affecting the 
arterial bed of the body and represents the leading 
cause of steno-occlusive arterial disease in the popu-
lation older than 40 years of age. In particular, the vas-
culature of the lower extremities is a frequent target 
of the atherosclerotic disease (Wasser 2003). Clinical 
manifestation of peripheral arterial occlusive disease 
(PAOD) is either intermittent claudication (pain dur-
ing exercise which is relieved by rest) or critical isch-
emia (pain also at rest; possible tissue loss due to low 
oxygen levels and nutrient supply in the affected tis-
sues) (Meaney 2003). In patients with acute limb-
threatening ischemia, DSA should be the technique of 
choice because it allows to perform both imaging and 
endovascular therapeutic procedures (Wasser 2003). 
On the other hand, CE-MRA can be considered a safe 
and accurate diagnostic tool in patients with inter-
mittent claudication. The current role of CE-MRA in 
patients affected by PAOD is to depict the location, the 
length and the severity of vascular stenosis (Fig. 11.1). 
This is particularly important in patients who will 
undergo endovascular or surgical procedures, as it 
helps to plan the execution of such procedures. Careful 
evaluation of infrapopliteal vessels is essential for 
treatment planning in diabetic patients, who often 
have long segments of arterial occlusion in the lower 
limbs. In this kind of patients, information on distal 
pedal vessels is necessary and 3D MRA may reveal 
patent distal arteries that are not visible in DSA 
(Drescher et al. 2006; Lapeyre et al. 2005; Reid et al. 
2001) Moreover, TOF angiography proved to be a use-
ful complementary study in patients with peripheral 
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Fig. 11.1. Steno-occlusive disease in a 74-year-old diabetic patient. 
Coronal MIP (maximum intensity projection) image showing 
diffuse atherosclerotic parietal irregularities of the common iliac 
arteries and of the right external iliac artery, without evidence of 
signifi cant stenotic lesions. Focal stenosis (60–70%) of the left 
external iliac artery. Right lower limb: occlusion of the origin of the 
superfi cial femoral artery, with distal revascularization due to 
collateral vessels from the deep femoral artery. Distally to the 
occlusion, the superfi cial femoral artery has a focal signifi cant 
stenosis (>50%) and wall irregularities. The anterior tibial artery is 
nearly occluded 3 cm after its origin, it has multiple focal stenoses 
in the medium third and is completely occluded distally. 
Occlusion of the distal third of the interosseous artery. Left lower 
limb: diffuse atherosclerotic lesions of the superfi cial femoral ar-
tery, without signifi cant stenotic disease. The anterior tibial artery 
is occluded 2 cm after its origin. The posterior tibial artery is nearly 
occluded proximally for 2 cm (with distal revascularization from 
the interosseous artery) and it has focal stenoses in the medium 
and distal third. The interosseous artery is occluded distally, with 
evidence of small collateral vessels
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vascular disease of the foot and the ankle (Unger 
et al. 1995). It is well known that CE-MRA tends to 
overestimate stenosis (Ho et al. 1999; Lee et al. 2000; 
Winterer et al. 2002) and this may be an important 
aspect in evaluating the cases of borderline stenosis 
(40–60%), when its hemodynamic signifi cance should 
be assessed carefully because it can be an important 
element when deciding if invasive therapies are 
needed. However, the same problems may be encoun-
tered with DSA, which still represents the reference 
standard imaging technique but is characterized by 
signifi cant pitfalls (Wasser 2003). In fact, recent stud-
ies have assessed that DSA is not adequate in evaluat-
ing runoff vessels; CE-MRA seems to demonstrate 
more patent vessels in this case (Owen et al. 1992). 
MRA may be utilized even in the evaluation of patients 
after surgical therapy. The patients affected by 
PAOD, in fact, can undergo different surgical proce-
dures involving the lower limbs, in particular aorto-
bi-iliac, aorto-bi-femoral, axillo-bi-femoral bypasses 
proximally and popli teal and tibial bypasses distally 
(Tatli et al. 2003). In these cases, CE-MRA can assess 
graft location, patency and stenosis, even if the bypass 
grafts are very small and distal; the proximal and dis-
tal anastomoses of the bypasses can be evaluated. It is 
also accurate in the demonstration of the complica-
tions of the surgical therapy such as anastomotic 
pseudoaneurysms (Insko and Carpenter 2004). 
Unfortunately, long-term failure of the grafts is a com-
mon event, because of the progression of the disease 
in the native outfl ow vessels. Periodic screening is 
implemented with DUS, but MRA may be requested 
prior to graft revision. In these cases, special care 
should be taken to avoid misinterpretation of the 
images because of the presence of the magnetic sus-
ceptibility artefacts created by metallic clips. Source 
images, as well as 3D data sets, have to be evaluated in 
particular in these patients (Tatli et al. 2003). If endo-
vascular treatment has been performed and metallic 
stents have been positioned in the vessels, susceptibil-
ity artefacts may mimic stenosis or occlusion; there-
fore, the clinical history and the source images should 
be evaluated carefully (Lee et al. 2000).

11.2.1.1
Leriche’s Syndrome

The complete obstruction of the aortic bifurcation 
was originally described by Leriche, and now 
the term Leriche’s syndrome refers to the chronic 
occlusion of the infrarenal aorta involving the iliac 

arteries. Common symptoms include intermittent 
claudication of the whole lower limb starting from 
the gluteus muscles, impotence in men, absence of 
the femoral pulses and symmetric atrophy of the 
lower limbs. The symptoms may vary according to 
the formation of collateral vessels (Chan et al. 2005). 
The disease can be well tolerated for years, but 
fi nally gangrene is observed (SABISTON 1997a). In the 
clinical setting of Leriche’s syndrome, CE-MRA can 
depict the level of aortic occlusion, the most proxi-
mal arterial segments which may possibly undergo 
a surgical bypass procedure, as well as the anatomy 
and the extent of the collateral arterial vessels 
(Ruehm et al. 2000). Moreover, CE-MRA seems to be 
more accurate than DSA in the assessment of the 
distal runoff vessels (Link et al. 1998).

11.2.2
Aneurysms

An aneurysm is a localized dilatation of an artery. A 
true aneurysm is characterized by the involvement of 
all the three layers of the vessel wall: intima, media 
and adventitia. A false aneurysm, or pseudoaneu-
rysm, is characterized by the destruction of the vessel 
wall because of trauma, infections and invasive vas-
cular procedures, leading to dilatation of the adventi-
tial layer only.

Aneurysms may be congenital but the majority of 
them are acquired. The most common cause of an 
aneurysm is atherosclerosis, followed by traumas, 
micotic infections, adventitial cystic medial necrosis 
and congenital diseases such as Ehlers–Danlos or 
Marphan’s syndrome (Sabiston 1997b). Aneurysms 
can affect all the lower limb arteries, but the most 
commonly affected arteries are the popliteal and the 
femoral arteries. Aims of the MRA evaluation in 
aneurysmatic disease of the lower limb arterial vas-
culature are to assess the presence, location, mor-
phology and dimensions of the aneurysms. Their 
patency should be evaluated as well and in this case 
particular attention is to be paid to the imaging tim-
ing after the contrast bolus injection. In fact, in 
patients with diffuse atherosclerotic disease, the 
blood fl ow can be very slow because of the extension 
of the aneuryms in the lower limbs, because of the 
possible concomitant presence of aneurysms in cen-
tral arteries, as well as the possible concomitant heart 
failure, which is frequent in patients with extensive 
atherosclerotic disease and leads to low cardiac out-
put and consequently altered blood fl ow dynamics 
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all over the body vasculature. For these reasons, in 
this kind of patients the timing of CE-MRA sequence 
acquisition is crucial to avoid a false diagnosis of 
nonpatent aneurysmal lumen. Apart from the two 
methods described in the Sect. 11.2 (rapid low reso-
lution sequence to chase the bolus and test-bolus), 
there are other methods to ensure reliable and accu-
rate timing of the bolus. In particular, rapid tempo-
rally resolved acquisitions and automated techniques 
to start image acquisition after bolus arrival have 
been proposed (Foo et al. 1997; Korosec et al. 1996; 
Lee et al. 2000; Prince et al. 1997). It is also possible 
to study the characteristics of the vessel wall with 
MR imaging, evaluating the presence and the signal 
intensity of mural thrombi, hematomas and wall 
thickening. Atherosclerotic plaques can be depicted 
as well, even when they contain a considerable 
amount of calcium, which would be a disturbing ele-
ment in multidetector computed tomography.

11.2.2.1
Popliteal Aneurysms

The popliteal artery is the peripheral artery most com-
monly affected by aneurysmatic disease (Tatli et al. 
2003). The leading cause of popliteal aneurysms is the 
atherosclerotic disease (95%) (Dawson et al. 1991), 
but the compartment syndrome, bacterial infections, 
collagen disorders and traumas also may play a role. 
This kind of aneurysm is typically present in the sev-
enth decade of life and is much more common in male 
than in female patients. It is very often associated with 
aneurysms of other arteries (85%), such as the aorta, 
the iliac arteries or the femoral arteries, and it can be 
bilateral (40%) (Makhoul 1997a). The majority of 
popliteal aneurysms present as pulsatile masses, or as 
nonpulsatile masses if they are thrombosed. They are 
usually symptomatic and the patient complains of 
ischemic claudication, gangrene, local compressive 
symptoms such as venous obstruction or nervous 
pain and paresthesia. It is fundamental to recognize 
and to treat surgically popliteal aneurysms because up 
to one third of the patients have distal embolization or 
limb ischemia caused by an unrecognized and nonpal-
pable aneurysm (Carpenter et al. 1994; Ramesh 
et al. 1993). The MRA study in popliteal aneurysms 
may depict the location, morphology and dimensions 
of the aneurysms, as well as the possible presence of 
mural thrombi and their signal intensity characteris-
tics (Fig. 11.2).

11.2.2.2
Femoral Aneurysms

Even for femoral arteries, the most common cause of 
aneurysms is atherosclerosis. They are often associated 
with aortic and politeal aneurysms and are bilateral in 
50% of the cases (Makhoul 1997b). Pseudoaneurysms 
of the femoral arteries are mostly iatrogenic, follow-
ing percutaneous access during vascular procedures 
(Mccann 1991). Anastomotic pseudoaneurysms are 
also fairly common, following surgical procedures such 
as aorto-bifemoral bypass (Makhoul 1997b).

In comparison to popliteal aneurysms, femoral 
aneurysms are characterized by less morbidity if 
untreated. In fact, while symptomatic aneurysms 
should be treated surgically, the surgical treatment of 
small, asymptomatic aneurysms is still controversial 
and they and can be treated conservatively (Graham 
et al. 1980). Once again, the MRA study in femoral 
aneurysms may depict the location, morphology and 
dimensions of the aneurysms, as well as the possible 
presence of mural thrombi and their signal intensity 
characteristics.

11.2.3
Popliteal Entrapment

Popliteal artery entrapment syndrome is a rare entity 
associated with an anomalous relationship between 
the medial head of the gastrocnemius muscle and the 
popliteal artery (Wasser 2003). This embryological 
abnormality causes compression of the popliteal 
artery; the popliteal vein can be involved as well. The 
syndrome may be due either to four main anatomic 
abnormalities or to a functional entrapment, as stated 
by the Popliteal Vascular Entrapment Forum in 1998. 
The disease is much more common in young male 
subjects (Turnipseed 2002; Utsunomiya and 
Sawamura 2007; Elias et al. 2003; Holden et al. 2008; 
Macedo et al. 2003). This anomalous anatomical con-
dition results in paraesthesias and coldness of the foot 
and in intermittent claudication of the calf; ischemia 
is rare (Turnipseed 2002; Ersoy and Rybicki 2008; 
Macedo et al. 2003). Surgical treatment is indicated 
whenever anatomic popliteal artery entrapment syn-
drome is demonstrated because, if left untreated, it 
can lead to stenosis because of repeated trauma and 
fi brosis development, occlusion and embolization. 
Poststenotic aneurysms can also occur. In functional 
entrapment, surgical treatment should be reserved to 
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Fig. 11.2. Presurgical 
evaluation of a popliteal 
artery aneurysm in a 
73-year-old man. (a) Coro-
nal MIP image showing 
that the fusiform aneu-
rysm of the left popliteal 
artery is extended longi-
tudinally for 7 cm. (b, c) 
Morphologic T2-weighted 
(b) and T1-weighted (c) 
axial images at the level 
of the aneurysm shown in 
(a). The aneurysm (3.5 × 
3 cm) is partially occluded 
by a 2-cm thick eccentric 
thrombus (see straight 
arrow); the residual lumen 
is 9 mm. The popliteal vein 
is compressed and dislo-
cated by the aneurysm (see 
curved arrow). (d) Post-
contrast axial T1-weighted 
fat-saturated image at the 
same level shown in (b) 
and in (c)

symptomatic patients (Turnipseed 2002; Elias et al. 
2003). MRA has recently become a fundamental imag-
ing technique in the assessment of the popliteal artery 
entrapment syndrome. In fact, it can depict both the 
vasculature and the muscle anatomy, and thereby help 
in distinguishing between anatomic and functional 
forms of the disease (Turnipseed 2002; Holden et al. 
2008; Macedo et al. 2003) (Fig. 11.3).

11.3

Upper Limb

MRA assessment of the upper limb arterial disease 
is less diffuse than the assessment of the lower limb 
arterial disease. This should be possibly related to 
the lower incidence of vascular diseases such as 
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aneurysms and steno-occlusions. On the contrary, 
infl ammatory arteritis and vasospastic disease are 
more common in the upper limbs, and they usually 
involve medium and small caliber arteries. In addi-
tion to the lower incidence of aneurysms and occlu-
sions, underestimation of vascular disease in the 
upper limbs is frequent because patients are less 
commonly symptomatic. In fact, only 1% of patients 
with diffuse peripheral vascular disease complains  
of ischemic symptoms also to the upper limbs. The 
lower incidence of the symptoms is related to the 
extensive development of collateral vessels, to the 
smaller amount of muscular tissue and to its inter-
mittent use in the normal life activities (Slocum 
and Silver 1997). Nowadays, DSA still represents 
the reference standard for the imaging of upper 

extremity vasculature. However, recent develop-
ments in hardware and software of state-of-the-art 
1.5 T scanners have made MRA, in particular 
CE-MRA, an interesting imaging modality for the 
depiction of upper extremity vessel anatomy and 
disease because of its rapid and three-dimensional 
imaging over a large fi eld of view (Planken et al. 
2008). Some studies compared the diagnostic perfor-
mances of CE-MRA and DSA and concluded that 
CE-MRA shows high accuracy in the detection and 
grading of lesions involving the aortic arch vessels. 
For this reason, its use can be recommended for 
screening, treatment planning, and follow-up in 
known or suspected arterial disease in aortic arch 
arteries (Carpenter et al. 1997; Loewe et al. 2004; 
Willinek et al. 2005). In imaging of the subclavian 
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Fig. 11.3. Popliteal entrapment in a 21-year-old man with 
calf claudication during training. (a) Coronal MIP image 
showing the signifi cant stenosis of the right popliteal ar-
tery, with the concomitant development of collateral ves-
sels originating from the superfi cial femoral artery. (b, c) 
Axial T2-weighted (b) and balanced-FFE (c) images at the 
level showed in (a), demonstrating the presence of a tissue 

component of the medial head of the gastrocnemius muscle 
(see curved arrow) which divaricates the vein and the artery, 
and compresses the latter (see straight arrow). (d) Postcon-
trast axial T1-weighted fat-saturated image at the same level 
shown in (b) and in (c): the divarication and the compression 
of the left popliteal artery are even more evident than in the 
precontrast images (see arrows)
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and brachial arteries, precontrast and postcontrast 
images are obtained, both with the breath-hold tech-
nique. Usually, 0.1 mmol/kg of a gadolinium-based 
contrast agent is administered with an automatic 
injector, with a fl ow rate of 2 mL/s, followed by 20 mL 
of saline fl ush at the same fl ow rate. Care should be 
taken to avoid venous overlap, and this can be man-
aged by injecting the contrast agent in the contralat-
eral arm. A body coil should be used to gain a higher 
signal-to-noise ratio. MRA can not be considered 
the imaging modality of choice in small distal ves-
sels (typically in the hands) because some problems 
still exist. First of all, high resolution scanning with 
dedicated surface coils is necessary to obtain a good 
spatial resolution and the availability of this state-
of-the-art equipment is still limited. Moreover, the 
arterial transit time of the contrast bolus in the hand 
is very short (approximately 12 s) and this requires 
a very accurate timing of the imaging (Wasser 
2003;Winterer et al. 2000). DUS still can play a role 
for the imaging of the vessels in the upper arm, fore-
arm and hand but, as stated in the introduction to 
the chapter, this is limited to particular clinical set-
tings. Assessment of the upper extremity vascula-
ture prior to hemodialysis vascular access creation 
in the terminal-stage renal disease patients may be 
an example, considering also the emerging problem 
of systemic nephrogenic fi brosis as a late adverse 
event following gadolinium-based contrast agent 
administration in this kind of patients (Thomsen 
2006; Tordoir and Mickley 2003; Bongartz et al. 
2008; Planken et al. 2008). As in the case of the 
lower limbs, Vasovist® can be used for CE-MRA of 
the upper limbs also, even though the literature in 
this fi eld is very limited up to now. The arterial fi rst-
pass acquisition is similar to the conventional arte-
rial angiograms obtained with extracellular contrast 
agents and is now implemented in the routine clini-
cal setting, while the steady-state imaging of upper 
extremities with Vasovist® is not.

11.3.1
Steno-Occlusive Disease

Atherosclerosis is a systemic disease affecting the 
arterial bed of the body and represents the leading 
cause of steno-occlusive arterial disease in the pop-
ulation older than 40 years of age. The second most 
important cause of occlusive disease of the aortic 
arch vessels, subclavian arteries included, is the 
Takayasu’s arteritis, which will be discussed further 

in the Sect. 11.3.4 (Krinsky et al. 1996). In the upper 
limb, atherosclerosis is less common than in the 
abdomen and the lower limb arteries; it mainly 
involves the innominate artery and the origin of the 
subclavian artery (Wasser 2003; Shadman et al. 
2004). The stenosis or occlusion of the two arteries 
may be asymptomatic because of the development 
of collateral vessels. If symptomatic, they can lead 
to upper extremity claudication or ischemia and to 
vertebrobasilar insuffi ciency (Krinsky et al. 1996; 
Woo et al. 2006). The current role of CE-MRA in 
patients affected by steno-occlusive disease of the 
upper limb is to depict the location, the length and 
the severity of vascular stenosis. This is particularly 
important in the work-up prior to endovascular or 
surgical procedures, in order to plan their execu-
tion. It is well known that CE-MRA tends to overes-
timate stenosis (Ho et al. 1999; Lee et al. 2000; 
Winterer et al. 2002). This may be an important 
matter in evaluating the cases of borderline stenosis 
(40–60%), when its hemodynamic signifi cance 
should be assessed carefully because it can be an 
important element when deciding if invasive thera-
pies are needed. However, the same problems may 
be encountered with DSA, which still represents the 
reference standard imaging technique but is char-
acterized by signifi cant pitfalls (Wasser 2003). 
MRA may be utilized even in the evaluation of 
patients following surgical treatment. The symp-
tomatic patients can undergo different surgical pro-
cedures involving the upper limbs, in particular 
transposition of the subclavian artery, carotid-
to-subclavian artery bypass, in situ or extra-ana-
tomic bypass for innominate artery disease, or even 
axillo-axillary bypass (Krinsky et al. 1998; Woo 
et al. 2006). In these cases, CE-MRA can assess graft 
location, patency and stenosis; the proximal and 
distal anastomoses of the bypasses can be evaluated 
as well. CE-MRA is also accurate in the demonstra-
tion of the complications of the surgical therapy, 
such as anastomotic pseudoaneurysms (Insko and 
Carpenter 2004). Particular care should be taken 
to avoid misinterpretation of the CE-MRA images 
because of the presence of the magnetic susceptibil-
ity artefacts created by metallic clips. Source images, 
as well as 3D data sets, have to be evaluated in par-
ticular in these patients (Tatli et al. 2003). If endo-
vascular treatment has been performed and metallic 
stents have been positioned in the vessels, suscepti-
bility artefacts may mimic stenosis or occlusion, so 
the clinical history and the source images should be 
evaluated carefully (Lee et al. 2000).
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11.3.1.1
Subclavian Steal Syndrome

The subclavian steal syndrome is secondary to 
obstruction of the proximal subclavian artery. In this 
setting, the blood supply to the arm is maintained by 
the retrograde fl ow in the ipsilateral vertebral artery 
distal to the obstruction, which is obtained at the 
expense of the cerebral circulation by stealing from 
the contralateral vertebral and/or basilar arteries. 
Therefore, vertebrobasilar hypoperfusion may develop 
when the arm is exercised (Wasser 2003). The most 
common cause of the subclavian steal syndrome is the 
presence of an atherosclerotic lesion in the proximal 
subclavian artery. The treatment of the syndrome is 
usually the surgical bypass of the stenosis. Percuta-
neous transluminal angioplasty of the subclavian 
artery may be implemented as well (Van Grimberge 
et al. 2000). CE-MRA may depict the obstruction of the 
subclavian artery; the retrograde fl ow in the vertebral 
artery can be demonstrated with fl ow-encoded MR 
sequences (Wasser 2003; Flynn et al. 1993; VAN 
Grimberge et al. 2000).

11.3.2
Aneurysms

An aneurysm is a localized dilatation of an artery. A 
true aneurysm is characterized by the involvement of 
all the three layers of the vessel wall: intima, media 
and adventitia. A false aneurysm, or pseudoaneurysm, 
is characterized by the destruction of the vessel wall 
because of trauma, infections and invasive vascular 
procedures, leading to dilatation of the adventitial 
layer only.

Aneurysms may be congenital but the majority of 
them are acquired. The most common cause of an 
aneurysm is atherosclerosis, followed by traumas, 
micotic infections, adventitial cystic medial necrosis 
and congenital diseases such as Ehlers-Danlos or 
Marphan’s syndrome (Sabiston 1997a). Aneurysms 
of the upper limbs are less common than those of the 
lower limbs. In the upper limb, an aneurysm is most 
frequently located in the subclavian artery. Aims of 
the MRA evaluation in aneurysmatic disease of the 
upper limb arterial vasculature are to assess the pres-
ence, location, morphology and dimensions of the 
aneurysms, as in lower limb disease. Their patency 
should be evaluated as well, and also in this case par-
ticular attention to the imaging time after the con-

trast bolus injection is necessary. The timing of 
CE-MRA sequence acquisition is crucial to avoid a 
false diagnosis of nonpatent aneurysmal lumen. Apart 
from the two methods described in the Sect. 11.2 
(rapid low resolution sequence to chase the bolus and 
test-bolus), there are other methods to ensure reliable 
and accurate timing of the bolus. In particular, rapid 
temporally resolved acquisitions and automated tech-
niques to start image acquisition after bolus arrival 
have been proposed (Foo et al. 1997; Korosec et al. 
1996; Lee et al. 2000; Prince et al. 1997). MR imaging 
also allows the assessment of the characteristics of 
the vessel walls, as well as evaluation of the presence 
and the signal intensity of mural thrombi, hemato-
mas and wall thickening. Atherosclerotic plaques can 
be depicted as well, even when they contain a consid-
erable amount of calcium, which would be a disturb-
ing element in multidetector computed tomography.

11.3.2.1
Subclavian Aneurysms

The aneurysms of the subclavian artery are the most 
common in the upper limb. They are usually second-
ary to atherosclerotic disease, but also to traumas. A 
poststenotic dilatation may cause an aneurysm. The 
lesion can have either an intra-thoracic or supra-
clavicular development. In the latter case, they can 
present as pulsatile masses. The aneurysm of the 
subclavian artery may be bilateral.

The treatment of this disease is usually surgical 
(Sabiston 1997c; Halldorsson et al. 2007).

Aims of the MRA evaluation in aneurysmatic 
 disease of the subclavian aneurysms are to assess 
the location, morphology and dimensions of the 
 aneurysms, as in lower limb disease (Halldorsson 
et al. 2007). Their patency can be evaluated as well. 
MR imaging also allows the assessment of the char-
acteristics of the vessel walls, and the evaluation of 
the presence and the signal intensity of mural 
thrombi, atherosclerotic lesions, hematomas and wall 
thickening.

11.3.3
Takayasu’s Arteritis

Takayasu’s arteritis is an infl ammatory disease of 
unknown origin, which involves mainly the aorta, its 
principal branches and the pulmonary arteries. It is 
more common in young female subjects. The acute 
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phase of the disease is characterized by infl ammation 
of the vasa vasorum in the adventitia of the vessel walls. 
In the chronic phase of the disease, the vessel walls are 
thickened because of fi brosis of their three layers. 

Typical symptoms of the disease are fever, malaise, 
arthralgia, thoracic pain and tachycardia. Cerebral 
and upper limb ischemias are more common in the 
later stage of the disease (Sabiston 1997d). 

Fig. 11.4. Takayasu’s arteritis in a 30-year-old woman, 
(CE-MRA performed with Vasovist®). (a) Coronal MIP im-
age showing a focal signifi cant stenosis of the origin of the 
right subclavian artery. A diffuse reduction of the caliber 
of the right common carotid artery is also visible. Signifi -
cant stenosis of the origin of the left subclavian artery, ex-
tended for 2 cm. Also the origin of the left common carotid 
artery is stenotic for 2 cm (<50%). (b) Morphologic axial 
black-blood proton density (PD)-weighted image showing 
the concentric thickening of the walls of the left subcla-
vian artery, which causes the signifi cant stenosis described 

in (a) (see arrow). (c) Morphologic axial black-blood PD-
weighted image showing the concentric thickening of the 
walls of the descending aorta (see arrow). (d) Axial 3D FFE 
T1-weighted high resolution image before contrast admin-
istration, showing the thickening of the wall of the left sub-
clavian artery (see arrow). (e) Axial 3D FFE T1-weighted 
high resolution image obtained 15 min after Vasovist® in-
travenous administration, which shows the enhancement 
of the thickened wall of the left subclavian artery (see ar-
row). This can be considered a marker of active disease in 
Takayasu’s arteritis
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Fig. 11.5. Suspected thoracic outlet syndrome in a 52-year-
old woman with pain during elevation and exercise of the 
left upper limb. (a) Coronal MIP image with arms in ab-
duction showing the occlusion of the origin of the left 
subclavian artery (see arrow). (b) The occlusion of the 
left subclavian artery is present even in the coronal MIP 

image with arms in adduction, thus the final diagnosis 
was of an occlusive lesion of the artery (see arrow). Please 
note the superimposition of the venous vessels with re-
spect to (a). (c) Closer view of the MIP image showing 
the occlusion of the origin of the left subclavian artery 
(see arrow)

The diagnosis of Takayasu’s arteritis and the identifi ca-
tion of the activity of the disease are fundamental in 
order to implement an adequate therapy. Histopatho-
logic specimens are rarely available, so the diagnosis is 
on the basis of the American College of Rheuma-
thology criteria proposed in 1990 (Arend et al. 1990) 
and the evaluation of activity is on the basis of the 
Kerr’s criteria (Kerr et al. 1994). In this setting, the 
information derived from the diagnostic imaging may 
also be important. DSA has been considered for years 
the most important imaging technique in Takayasu’s 

arteritis patients, but MRA may now be considered the 
technique of choice. First of all, the lack of ionizing 
radiations is fundamental when repeated follow-up 
studies must be performed on young women. Moreover, 
MRA allows both luminographic and vessel wall evalu-
ation (Yamada et al. 2000). At MR imaging, Takayasu’s 
arteritis involving the upper limbs is characterized by 
mural thrombi, arterial wall thickening and enhance-
ment (typically in the active phase) (Choe et al. 2000). 
CE-MRA may depict the location, degree, length of the 
stenoses and dilatations, even in pulmonary arteries 
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(Gotway et al. 2005) (Fig. 11.4). The fi nding of the dis-
ease involving the pulmonary arteries is fairly typical 
of Takayasu’s arteritis (70% of patients) and is rarely 
seen in atherosclerosis or other arteritides; therefore, it 
enables a defi nitive diagnosis of the disease (Yamada 
et al. 1993). CE-MRA is also useful in evaluating the 
patency of the collateral arteries or of the surgical 
bypasses (Yamada et al. 2000; Gotway et al. 2005), 
even if the therapeutic approach in these patients is 
usually conservative (Kerr et al. 1994).

11.3.4
Thoracic Outlet Syndrome

The thoracic outlet syndrome is due to the compres-
sion of either the subclavian vessels or the brachial 
plexus by anomalous osseous structures or by a 
broad insertion of the scalenus muscle anteriorly 
over the clavicle. For these reasons, the syndrome 
is characterized by vascular and neurological symp-
toms. The patients may experience pain during 
elevation of the arms and loss of sensation during 
exercise. The clinical examination may show a pal-
pable thrill over the subclavian artery, diminished 
radial pulses and lowered brachial blood pressure 
(Wasser 2003).There are many provocative maneu-
vers that may be implemented to diagnose the tho-
racic outlet syndrome (Rayan 1998). The compression 
of the brachial plexus is more common than the 
stenosis of the subclavian artery but, if the latter is 
present, it may be clearly depicted by CE-MRA. In 
particular, CE-MRA should be performed with the 
arms in the usual position inside the magnet bore, 
which is with arms in adduction and also with arms 
in hyperabduction, which is one of the provocative 
maneuvers described for the clinical diagnosis of the 
syndrome. In the latter position, CE-MRA may show 
the narrowing or occlusion of the subclavian artery. 
Moreover, morphologic MR imaging may depict the 
cause of arterial compression (Dymarkowski et al. 
1999) (Fig. 11.5).
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ABSTRACT

MR imaging provides the necessary information 
about variations in the vascular and biliary  anatomy 
and allows evaluation of the hepatic parenchyma 
for diffuse or focal abnormalities.

MR angiography is performed in very specifi c 
cases and in particular for getting a detailed knowl-
edge of the hepatic angio-architecture, a prerequi-
site for successful, uncomplicated liver surgery.

Actually, 3D MR angiography can be a useful, 
noninvasive technique for evaluating vascular anat-
omy in preoperative imaging and an  appropriate 
substitute for repetitive follow-up  examinations in 
liver transplant recepients for early and accurate 
diagnosis of vascular complications.

12.1

MRA in Liver

12.1.1
Introduction

Currently, dynamic, contrast material-enhanced mag-
netic resonance imaging is performed in very specifi c 
cases, particularly for getting a detailed knowledge of 
the hepatic angio-architecture, a prerequisite for suc-
cessful, uncomplicated liver surgery.

Indeed, a critical factor for a variety of liver sur-
geries including chemoembolization, transplanta-
tion, tumor resection, and laparoscopic hepatobiliary 
 surgery is the presurgical planning of vascular anas-
tomosis (Sahani et al. 2004).

The advantage of this technique is that it can be 
used as a single imaging test for comprehensive 
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 noninvasive presurgical evaluation. In fact MR imag-
ing provides the necessary information about varia-
tions in the vascular and biliary anatomy and allows 
evaluation of the hepatic parenchyma for diffuse or 
focal abnormalities.

12.1.2
Vascular Anatomy

Preoperative imaging, especially in the orthotopic 
liver transplantation (OLT) candidates, has three 
main objectives:

1. Assessment of the arterial, portal and systemic 
venous anatomy and patency, in order to detect 
vascular variants or abnormalities and mismatches 
in donor and recipient vascular size.

2. Assessment of collateral circulation as a result 
of portal hypertension. This is needed because 
many patients who are candidates for liver trans-
plantation are cirrhotic and the checking of their 
portal system is crucial (Caramella and Perri 
2008).

3. Assessment of the presence or absence of malig-
nancy (Boevea et al. 2001).

Knowledge of the exact vascularization of the liver is 
of utmost importance because variations in the arte-
rial and venous anatomy occur in a large number of 
patients.

The classic hepatic arterial anatomy, with the 
proper hepatic artery (PHA) dividing into right and 
left hepatic arteries, is observed in approximately 
55% of the population (Fig. 12.1).

In the standard, or classic, visceral anatomy, the 
celiac axis gives rise to three branches. The fi rst 
branch is the left gastric artery (LGA), after which 
the vessel divides into the splenic artery and the 
common hepatic artery (CHA). The CHA then bifur-
cates into the gastro-duodenal artery (GDA) and 
PHA, and the PHA bifurcates into the right hepatic 
artery (RHA) and the left hepatic artery (LHA) 
(Covey et al. 2002).

It is important to recognize cases which present 
an anatomic variation, in order to plan the surgery 
(Figs. 12.2 and 12.3) (Sahani et al. 2004).

The Michel classifi cation of hepatic arterial anat-
omy with the approximate frequency of occurrence 
of each type of variant in the general population is 
shown in Table 12.1 (Michel 1955).

In the classic hepatic venous anatomy, three main 
hepatic veins drain into the inferior vena cava (IVC). 
The left hepatic vein drains segments II and III, the 

middle hepatic vein drains segments IV, V and VIII, 
and the right hepatic vein drains segments V–VII. In 
approximately 60% of the population, the middle 
and left hepatic veins join to form a common trunk, 
which drains separately into the IVC (Soyer et al. 
1996; Lerut et al. 1997).

Information relevant for the surgeon concerns the 
pattern of venous drainage into the IVC, the presence 
and number of accessory veins, as well as their size 
and distance from the main hepatic venous drainage 
site along the IVC. When a parenchymal dissection 
plane is planned, even small hepatic venous branches 
need to be left intact or reconstructed in order to 
avoid venous congestion, segmental necrosis and 
atrophy (Catalano et al. 2008).

The normal portal venous anatomy consists of the 
main portal trunk branching, at the porta hepatis, 
into the right and left portal veins, with the right por-
tal vein subsequently dividing into anterior and pos-
terior branches (Lerut et al. 1997), but portal vein 
trifurcation can be found in 10%–16% of patients 
(Fig. 12.4). Although this variant does not represent a 
contraindication to surgery, it needs to be known 
before the operation because extra surgical steps are 
necessary for isolation of portal vein branches 
(Catalano et al. 2008).

Fig. 12.1. Normal course and branching pattern of the he-
patic artery. Coronal oblique MIP image from arterial phase 
of MR angiography shows the common hepatic artery (CHA) 
and the proper hepatic artery divides into the left hepatic 
artery and right hepatic artery (RHA)
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12.1.3
Vascular Imaging

Different approaches can be used for assessing the 
vascularisation.

Digital subtraction angiography (DSA) has long 
been considered the standard of reference for evalu-
ation of the hepatic arterial anatomy. However, the 

morbidity and mortality associated with DSA, and 
its limitations in demonstrating the hepatic venous 
anatomy, have stimulated the development of non 
invasive methods of displaying the vascular anatomy 
(Sahani et al. 2004).

a

b

Fig. 12.2. Replaced RHA. Coronal oblique MIP (a) and VR 
(b) reconstructions from arterial phase of MRA demonstrate 
a replaced RHA from the superior mesenteric artery

Table 12.1. Michel classifi cation of the hepatic arterial  anatomy

I 55% Hepatic trunk arise from common 
hepatic artery

II 10% Replaced LHA arises from left gas-
tric artery

III 11% Replaced RHA arises from superior 
mesenteric artery

IV  1% Replaced RHA and LHA

V  8% Accessory LHA arises from left 
gastric artery

VI  7% Accessory RHA arises from superior 
mesenteric artery

VII  1% Accessory RHA and LHA

VIII  4% Replaced RHA and accessory LHA 
or replaced LHA and accessory 
RHA

IX  4.5% Entire hepatic trunk arises from 
superior mesenteric artery

X  0.5% Entire hepatic trunk arises from left 
gastric artery

Fig. 12.3. Replaced RHA. Coronal oblique VR image from 
arterial phase of MRA reveals the RHA arising from CHA
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The current tendency is to avoid invasive imaging 
techniques and to rely instead upon non invasive 
techniques, such as ultrasound (US), multi-detector 
computed tomography (MDCT) and magnetic reso-
nance (MR) imaging (Catalano et al. 2008).

The use of US evaluation in the pretransplanta-
tion phase requires Doppler examination of the por-
tal and hepatic veins and real-time B-mode imaging 
of hepatic parenchyma and bile ducts (Leung et al. 
1999; Pannu et al. 2001).

Moreover, Doppler US (DUS) allows the investiga-
tion of fl ow dynamics through the hepatic veins, the 
portal vein and its branches, and the intra- and extra-
hepatic parts of the hepatic artery, representing a sen-
sitive tool for the detection of portal vein  thrombosis 
as well as of arterial abnormalities. It also enables an 
accurate evaluation of the localization and fl ow 
of varices and porto-systemic shunts (Caramella and 
Perri 2008).

However, the limitations of the US examination 
are in the lack of an overall anatomic view and most 

importantly in its quality, which is strongly operator 
dependent (Boevea et al. 2001).

Abdominal computed tomography is a highly 
accurate method for the evaluation of the hepatic 
vessels and the liver parenchyma alike.

In particular, MDCT-angiography, used according 
to a three/four phase acquisition by means of a 
double-arterial phase followed by a portal-vein dom-
inant phase, provides a complete description of the 
hepatic arterial and venous anatomy, as well as an 
accurate evaluation of liver parenchyma.

Several studies show that the use of multi-
detector row scanners is effective in angiographic 
applications and, especially in transplantation can-
didates, multi-detector row CT angiography (CTA) 
provides results comparable to those from conven-
tional angiography in the evaluation of the hepatic 
artery anatomy and in the detection of arterial 
abnormalities such as severe celiac artery stenosis 
and splenic or hepatic artery aneurysm that may 
lead to liver transplantation.

Furthermore, MDCT offers a precise evaluation of 
splenic, superior mesenteric and portal veins, and is 
useful in the assessment of complications due to por-
tal hypertension such as the presence of retroperito-
neal, spleno-renal, gastro-esophageal or paraumbilical 
varices, splenomegaly and ascites (Caramella and 
Perri 2008).

12.1.4
MR Angiography

MR angiography (MRA) is also becoming more and 
more used in preoperative planning for the assess-
ment of the hepatic vascular anatomy because it com-
bines the advantages of minimal invasiveness with 
both the assessment of the hepatic parenchymal mor-
phology and the detailed analysis of the vascular 
anatomy.

However, we have to consider also the limitations 
of MRA. The spatial resolution of MRA is inferior to 
that of CTA and DSA.

Smaller segmental vessels that are readily seen at 
catheter and CTA may not be consistently visualized 
with MRA.

In addition, patients with pacemakers, metallic 
hardware or claustrophobia may not be suitable 
candidates for MR imaging. Furthermore, the lon-
ger breath hold required for MRA may introduce 
unwanted motion artifacts (Sahani et al. 2004).

Fig. 12.4. Portal vein trifurcation. Coronal oblique MIP (a) 
and VR (b) images from portal phase of MRA show trifurca-
tion of the portal vein into the right anterior, right posterior, 
and left portal veins

a

b
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Despite these limitations of MRA when compared 
to CTA and DSA, MRA provides a road map for plan-
ning angiographic interventions to minimize the 
dose of iodinated contrast material and catheter 
manipulation of conventional angiography (Stafford-
Johnson et al. 1998).

Contrast-enhanced MR angiography (CEMRA) 
has anyway been established as a safe, accurate, non-
invasive method of evaluating the hepatic vascula-
ture in a single breath hold.

This modality exploits the transient shortening in 
blood T1 following the administration of gadolinium 
based contrast material.

The entire arterial system of importance to the liver 
blood supply can be evaluated with high diagnostic 
confi dence; the only diagnostic problems are identifi ed 
in arteries with small diameter. The arterial stenoses 
are seen in MRA, but a hemodynamic grading of celiac 
artery stenoses is hardly achieved because of the lim-
ited temporal resolution. Furthermore, CEMRA has a 
tendency to overestimate the stenosis. The causes of 
this are the limited spatial resolution, artifacts caused 
by bad timing of the contrast bolus (blurring and ring-
ing) and an intravoxel dephasing component that also 
affects CEMRA (Glockner et al. 2000).

Anyway, improvements in gradient performance 
and coil design, and refi nements in MRA techniques 
permit faster imaging with improved spatial resolu-
tion (Sahani et al. 2004).

Faster three-dimensional (3D) acquisition of MR 
imaging data, together with multiplanar imaging 
capability, allows excellent depiction of hepatic ves-
sels with no saturation or turbulence-related artifact 
(Sahani et al. 2004).

The detection of aneurysms of the visceral arter-
ies with CEMRA is relatively affected by dephasing 
phenomena induced by turbulence. Usually the aneu-
rysmatic sac is completely fi lled by contrast agent, 
with a presumed diagnostic gain.

Furthermore, the image quality and diagnostic 
confi dence associated with CEMRA, in the evaluation 
of the hepatic and the portal venous systems and the 
delineation of the intrahepatic veins from the sur-
rounding tissue, have been considered more conve-
nient than those associated with CTA. This has been 
attributed to the minimal albumin binding of the 
administered MR contrast agent, thereby leading to 
an extended intravascular phase and a higher intra-
vascular signal intensity (Schroeder et al. 2005) that 
allows the evaluation of veins patency and the identi-
fi cation of thrombosis.

12.1.4.1
MRA Study Technique

Until recently, MR imaging has been limited to two-
dimensional GRE imaging with relatively thick sec-
tions (8–10 mm) and intersection gaps. The 
interpolated 3D MR imaging approach has the advan-
tage of providing volumetric imaging of the entire 
liver with near-isotropic pixel size of 2.3 mm or less, 
thereby offering the possibility of improved detec-
tion and characterization of small lesions. Moreover, 
with the 3D sequence, the isotropic pixels pemit valu-
able angiographic reconstruction of the arterial 
phase data sets (Lavelle et al. 2001).

MR imaging protocol usually involves a 1.5-T 
magnet with a phased-array multi-channel coil. First, 
axial breath-hold T1-weighted in-phase and opposed-
phase gradient-echo images and T2-weighted images 
of the liver have to be obtained. Next, an axial breath-
hold 3D interpolated spoiled gradient-echo sequence 
is performed after intravenous administration of 
0.1 mL/kg of body weight of gadolinium chelate, 
injected with a power injector at a rate of 2–3 mL/s. 
Hepatic arterial phase and portal venous phase 
images are obtained after delays of 15–18 s and 70 s, 
respectively. Breath-hold images are obtained at end 
inspiration and usually require less than 25–30 s.

However, numerous improvements in the hardware 
(faster gradients, higher magnetic fi eld strengths, 
multiple parallel receiver channels and dedicated 
coils), the sequence techniques (volume-interpolated 
breath-hold-sequences, such as VIBE, LAVA, THRIVE), 
the contrast agents (agents with higher relaxivity, 
such as Gd-BOPTA and Gadobutrol) and the post-
processing software (curved planar reformats (CPR), 
 volume-rendering and image fusion) have become 
available during the past few years (Michaely 2006; 
Heilmaier et al. 2007).

In particular, these latter sequences (VIBE, LAVA, 
THRIVE) are basically very similar to 3D-GRE sequences 
as they are used for abdominal MRA; yet they sample 
only one part of the k-space and perform a zero-fi lling 
in the 3D (partition)  phase-encode direction to com-
plete the k-space. As fast 3D sequences, they are mainly 
applied for multi-phase studies of the liver, kidneys and 
pancreas. They are heavily T1-weighted and can provide 
substantial  angiographic information when acquired 
 immediately postcontrast agent administration; they 
also offer morphologic information (LEE et al. 2000).

Another new type of sequence which is becoming 
frequently used in abdominal MRA is time-resolved 
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imaging (TRICKS, TREAT). One advantage of time-
resolved MRA is that time-intensive bolus timing is 
avoided, with a temporal resolution of 2 s or less (Fink 
et al. 2005).

In addition to these above-mentioned technical 
improvements, alternative k-space trajectories have 
led to an increased quality of abdominal MRA; in 
fact, in centric or elliptic-centric MRA, the contrast 
defi ning k-space center is acquired fi rst and the 
venous signal is suppressed as by the time the con-
trast agent reaches the veins the periphery of k-space 
is read-out (Michaely 2006).

12.1.4.2
MRA Postprocessing

With the introduction of high-performance worksta-
tions, source images can be processed on  commercially 
available workstations for multiplanar reformation as 
well as 3D reconstruction with maximum intensity 
projection (MIP) CPR and volume rendering (VR). 
Three-dimensional reformatted images of the hepatic 
vessels are rendered using MIP, shaded surface display 
and VR. Source images are most helpful for defi ning 
vascular anatomy and 3D images are useful in under-
standing complex anatomy.

According to Catalano et al. the hepatic veins are 
best displayed in the axial plane, with the MHV 
determining the hepatectomy plane; and the portal 
venous anatomy is best displayed in the coronal plane 
(Catalano et al. 2008).

12.2

MRA in Orthotopic Liver Transplants

12.2.1
Introduction

OLT has become an accepted therapy for acute and 
chronic end-stage liver disease (Stange et al. 2003).

Today, liver transplant patients have a 5-year survival 
rate of approximately 75%. The improvement in survival 
can be attributed to better patient selection and prepa-
ration, advances in organ preservation, improved 
 immunosuppressive therapy agents and refi nement of 
surgical techniques (Hussain and Nghiem 2002).

Patients who are candidates for liver transplanta-
tion are those with acute liver failure (fulminant hepatic 
failure) or chronic liver disease for which conventional 

treatment is unavailable or has ceased to be effective. 
Fulminant hepatic failure, a disorder that ordinarily 
affects young people, causes a large portion of liver tis-
sue to be destroyed in a short time, leading to failure 
of liver function, changes in mental status (hepatic 
encephalopathy), infections and kidney failure. Chronic 
liver diseases that may be treated by transplantation 
include chronic hepatitis B and C, autoimmune chronic 
hepatitis, primary biliary cirrhosis, primary sclerosing 
cholangitis, alcoholic liver disease and drug induced 
liver injury. Hereditary disorders of metal metabolism 
including hemochromatosis and Wilson disease 
(involving disordered iron and copper metabolism) 
also may require transplantation. Pediatric diseases 
requiring liver transplantation include biliary atresia 
and neonatal hepatitis (Boraschi and Donati 2004).

12.2.2
Surgery in Orthotopic Liver Transplants

Generally OLT is performed with standard surgical 
technique using a veno-venous by-pass:

the retro-hepatic vena cava is resected and an end-
to-end interposition of the donor vena cava is made 
(Glanemann et al. 2002). Reperfusion of the graft is 
obtained after completion of both the portal vein and 
arterial anastomoses. Arterial anastomosis is usually 
performed between the donor hepatic artery with 
aortic patch or celiac trunk and the CHA of the recip-
ient at the insertion of the GDA (Figs. 12.5 and 12.6).

In case of stenosis of the celiac trunk or small 
diameter of the hepatic artery of the recipient, arte-
rial reconstruction is performed by the anastomosis 
between the donor hepatic artery and the recipient 
aorta using an (supraceliac or infrarenal) iliac artery 
interposition graft or connecting the donor hepatic 
artery and aortic patch with the splenic artery of the 
recipient (Stange et al. 2003).

12.2.3
Complications After Orthotopic Liver 
Transplants

Despite the improvement in survival due to advances 
in organ preservation, improved immunosuppressive 
therapy agents and refi nement of surgical techniques, 
there are still signifi cant complications following liver 
transplantation. These complications mainly include 
biliary strictures, stones and leakage; arterial and 
venous stenosis and thrombosis; lymphoprolifeative 
disorders; recurrent tumors; hepatitis virus C infec-
tion; liver abscesses; right adrenal gland hemorrhage; 
fl uid collections and hematomas. The diagnosis of 
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acute rejection, one of the most serious complications 
following liver transplantation, is established with 
graft biopsy and histologic study. The role of imaging 
methods consists of excluding the other complica-
tions, which can have clinical signs and symptoms 
similar to those of acute rejection (Boraschi and 
Donati 2004; Pandharipande et al. 2001) 

12.2.3.1
Vascular Complications

Advances in surgical techniques have contributed to 
the improved results of living related liver transplan-
tation, which, however, has a high risk of vascular 

complications because of complex reconstruction of 
the hepatic artery and portal vein. Thus, a signifi cant 
percentage of liver grafts are still lost because of vas-
cular complications after living related liver trans-
plantation (Kim et al. 2003).

Vascular complications have been reported in 
approximately 9% of patients with liver transplants 
(Boraschi and DONATI 2004).

Hepatic artery stenosis and thrombosis are the 
most common posttransplant vascular complica-
tions, and their incidence varies between 6% and 
11% (Brancatelli et al. 2002) (Figs. 12.7–12.9).

Early diagnosis of these complications may 
allow successful treatment, with urgent surgical 
revascularization of the graft or with percutaneous 

a b c

Fig. 12.5. Normal transplanted vascular anastomoses. Coro-
nal oblique MIP (a) and VR (b) reconstructions from gado-
linium-enhanced MRA demonstrate both patent portal vein 
at anastomotic site and normal transplanted hepatic artery. 

Coronal MIP (c) image from venous phase shows the veno-
venous by-pass at the level of the retro-hepatic vena cava 
obtained with an end-to-end interposition of the donor vena 
cava

Fig. 12.6. Normal transplanted hepatic artery. Coronal oblique 
VR image from arterial phase of MRA shows normal trans-
planted hepatic artery

Fig. 12.7. Hepatic artery thrombosis. Coronal oblique VR im-
age from arterial phase of MRA shows abrupt cut-off of he-
patic artery
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 angioplasty, and avoid re-transplantation before 
the development of severe hepatic failure or over-
whelming sepsis (Cavallari et al. 2000).

Hepatic artery pseudoaneurysm is an uncommon 
complication of liver transplantation, which causes 
hematobilia, hemoperitoneum and gastrointestinal 
bleeding that may be life threatening. The most com-
mon site for pseudoaneurysm formation is the arte-
rial anastomosis; it is generally accessible by 
endovascular techniques for transcatheter emboliza-
tion (Leelaudomlipi et al. 2003).

Clinical presentations of vascular complications 
vary from mild elevation of hepatic function tests to 
fulminant hepatic failure. Because the clinical 
 presentation is so varied, their early detection and 
adequate management are important elements for 

ensuring graft and patient survival after OLT. For 
this reason, imaging studies can be particularly 
helpful in fi nding or eliminating vascular complica-
tions with the differential diagnosis (Boraschi and 
Donati 2004).

Venous complications are less common and 
include stenosis and thrombosis of the portal vein or 
IVC. Portal vein stenosis and thrombosis are rela-
tively rare complications of hepatic transplantation, 
occurring in fewer than 3% of transplant recipients, 
most commonly at the anastomotic site (Katyal 
et al. 2000; Marujo et al. 1991).

Portal vein complications may be asymptomatic or 
may cause symptoms of portal hypertension (Ito et al. 
2000).

Portal vein thrombosis usually requires surgical 
thrombectomy, venous grafting or re-transplantation, 
although several studies have reported good results 
with trans-hepatic balloon dilation for the treatment 
of portal vein stenosis.

Stenosis of the IVC is a rare complication of hepatic 
transplantation (0.8–2.8%) (Glanemann et al. 2002).

Supra-hepatic caval stenosis causes hepatic 
venous obstruction and may lead to Budd-Chiari 
syndrome. Caval stenosis may occur in the early 
postoperative phase or several years after transplan-
tation. Its consequences are extremely serious; graft 
outfl ow obstruction leads to persistent ascites, edema 
of the lower limbs, protein-losing enteropathy and 
progressive deterioration of the graft (Cavallari 
et al. 2000).

IVC thrombosis is rare, occurring in fewer than 3% 
of patients. It is caused by technical problems or com-
pression of vessels by a fl uid collection (Bowen et al. 
1996).

However, if left unrecognized, caval thrombosis will 
develop in many patients with obstruction of the IVC 
and may extend into the hepatic veins (Pfammatter 
et al. 1997).

Fig. 12.8. Hepatic  artery 
stenosis after liver trans-
plantation. Coronal 
oblique VR (a) image from 
arterial phase of MRA 
shows severe hepatic artery 
stenosis at the anastomotic 
site, confi rmed at DSA (b)

a b

Fig. 12.9. Hepatic artery stenosis in hepatic-aortic anastomosis 
after liver transplantation. Coronal oblique MIP image from 
gadolinium-enhanced MRA shows arterial reconstruction, per-
formed by the anastomosis between the donor hepatic artery 
and aortic patch with the splenic artery of the recipient, and 
demonstrates hepatic artery stenosis at the anastomotic site
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12.2.3.2
Vascular Complications: Imaging

Clinical presentations of vascular complications vary 
from mild elevation of hepatic function tests to ful-
minant hepatic failure. Because the clinical presenta-
tion is so varied, their early detection and adequate 
management are important elements for ensuring 
graft and patient survival after OLT. For this reason, 
imaging studies can be particularly helpful in fi nd-
ing or eliminating vascular complications with the 
differential diagnosis (Boraschi and Donati 2004).

In general OLTs are followed up routinely at 6 and 
12 months and yearly after OLT, by techniques  including 
DUS. In case of suspicious fi ndings, further diagnos-
tic investigations with abdominal CT scan, MRI, 
endoscopic retrograde cholangiography (ERC), or 
DSA are performed (Stange et al. 2003).

DUS is the primary modality used to evaluate the 
hepatic artery in the posttransplantation period.

The reported sensitivities of DUS for the detection 
of hepatic artery stenosis and thrombosis are 80–85% 
and 60–80%, respectively (Abbasoglu et al. 1997).

However, occasionally, US is technically limited by 
extensive bowel gas or ascites and can show false-
negative results because of the development of exten-
sive arterial collaterals that produce an arterial signal 
on DUS, leading to the diagnosis of a patent artery.

DSA is the gold standard for diagnosing hepatic 
artery complications and allows a concomitant 
angioplasty procedure under some circumstances; 
however, it is not an ideal screening test because of 
the associated high cost and invasive nature of the 
procedure with the associated risks and potential 
complications (Brancatelli et al. 2002).

CTA, particularly with the development of a multi-
detector row CT scanner with reconstruction 
 algorithms, has been shown to accurately depict hepatic 
vasculature and its complications when compared with 
DSA (Katyal et al. 2000).

Furthermore with CT, higher injection rates and 
contrast material volumes are needed for optimized 
angiographic evaluations compared with those for 
gadolinium-enhanced MR imaging.

12.2.4
MR Angiography in OLT

Early and accurate diagnosis of vascular complications 
after liver transplantation is critical to the survival of 
the graft. MRA can demonstrate the entire vascular 
tree with a single injection of contrast material.

Three dimension CEMRA has recently become 
an alternative means of accurate, non invasive and 
rapid evaluation for hepatic vascular disease because 
image quality can be improved with thinner sections 
and shorter TR, resulting in a faster scanning time 
and fewer motion artifacts from incomplete breath-
holding. Improved temporal resolution and repeated 
sequences after contrast administration allow opti-
mal and separate enhancement of the arteries and 
veins (Watanabe et al. 2000).

A growing body of literature supports the accu-
racy of 3D CEMRA compared with that of DSA and 
in particular there has been good agreement between 
these techniques for the depiction of arterial and 
venous abnormalities, despite some limitations in 
small intrahepatic arteries (Hany et al. 1997; Ernst 
et al. 2000).

Glockner et al. reported high sensitivity of MRA 
in detecting vascular complications in liver-trans-
plant recipients (86%) (Glockner et al. 2000).

Kim et al. reported a sensitivity of 100% for the 
detection of hepatic artery stenosis; however, the 
authors obtained a specifi city of 74%, with 7 out of 23 
false-positive cases, indicating that CEMRA tends to 
overestimate hepatic artery stenosis (Kim et al. 2003).

This fact might be explained by the following fac-
tors. First, the susceptibility artifact from the surgical 
clips adjacent to the hepatic arterial anastomotic site 
creates focal signal loss of the hepatic artery, mim-
icking stenosis. Second, low-fl ow states can play an 
important role in creating false-positive fi ndings of 
arterial disease. Low-fl ow states are caused by the 
infl ow of small amounts of contrast material into the 
intrahepatic artery because of elevated end-organ 
resistance (i.e., recently transplanted edematous liver, 
graft rejection) or a decrease of systemic (i.e., sys-
temic hypotension) or localized (i.e., splenic artery 
steal) blood volume (Pandharipande et al. 2001).

Third, because of the small size of the lobar hepatic 
artery in living related liver transplantation grafts, 
subtle vascular signals cannot be distinguished from 
background signals in a small vessel, thereby pro-
ducing an overestimation of the amount of stenosis .

Nevertheless, MRA has a high sensitivity and an 
excellent negative predictive value for the detection of 
clinically signifi cant vascular stenosis (Kim et al. 2003).

In addition MRA shows a higher sensitivity and 
accuracy than DSA for the detection of thrombosis 
or the assessment of vessel patency in any part of the 
portal venous system (Mori et al. 1992).

MRA, may be also performed to evaluate the extent 
and degree of the porto-systemic collateral vessels 
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resulting from portal hypertension. It is important 
that a diagnosis of portal vein stenosis correlates with 
both the clinical fi ndings and DUS (most cases of por-
tal vein stenosis are accompanied by symptoms of 
portal hypertension, such as varices, upper gastroin-
testinal hemorrhage, splenomegaly, massive ascites, 
hepatic failure and intestinal swelling).

Besides, CEMRA can be used to evaluate the IVC. 
IVC thrombus is depicted as an intraluminal defect. 
Coronal scanning is useful for determining the extent 
of IVC thrombus (Ito et al. 2000).

Furthermore, high-performance work-station and 
multiplanar reformations have entered the  clinical rou-
tine. Most published studies on the topic state that vol-
ume rendered images are superior to MIP images for 
the grading of stenoses. Multiplanar reformations also 
allow for a superior conspicuity of the vascular struc-
tures, which is most valuable in case of a complex anat-
omy (Mallouhi et al. 2002; Baskaran et al. 2002).

12.3

Conclusions

The advances of hardware, software and contrast 
agents have effectively increased the quality of 
abdominal MRA. The high image quality and the 
small number of side effects have made MRA of the 
abdominal vessels a fi rst line imaging tool for vari-
ous pathological entities. Actually, 3D MRA can be a 
useful, noninvasive technique for evaluating vascular 
anatomy in preoperative imaging and an appropriate 
substitute for repetitive follow-up examinations for 
early and accurate diagnosis of vascular compromise 
in patients post-OLT. Besides, MR imaging can pro-
vide a comprehensive assessment of parenchymal, 
biliary and vascular fi ndings both in presurgical and 
postsurgical evaluation, restricting the use of inva-
sive procedures to patients for whom therapeutic 
procedures are advocated or whose MR studies are 
equivocal (BORASCHI et al. 2008).
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ABSTRACT

Thanks to the technical and technological advance-
ments, MRA has been more and more applied 
in the pre and postoperative evaluation of trans-
plants, being used both in cases of presurgical 
analysis of kidney living donors, as well as in the 
follow-up of transplanted pancreas and kidneys in 
patients, especially in cases of suspected vascular 
complications.

Actually CEMRA studies show a high diagnostic 
accuracy in the evaluation of vascular complica-
tions of transplanted pancreas and kidneys. CEMRA 
can therefore become an appropriate method of 
diagnostic angiography in the detection of trans-
plant vessel stenosis and/or thrombosis, and can 
help to rapidly and noninvasively select patients for 
therapeutic interventional angiography, surgical 
correction or medical management.

13.1

Introduction

Pancreatic and renal transplants represent the defi ni-
tive treatment for patients affected by diabetes mel-
litus of type I and chronic renal failure, respectively 
(Morris et al. 2004).

In these last few years, thanks to the improve-
ments and refi nement of surgical techniques and to 
the effi cacy of posttransplant medical care, trans-
plants have been quite frequently performed, show-
ing high rates of peri- and postoperative survival, as 
well as a decreased peri-operative mortality or organ 
failure episodes (Hagspiel et al. 2007).

Anyway, transplantation still remains a techni-
cally challenging procedure, often affected by serious 
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complications, as for example, sepsis, rejection and, 
even more frequently, by graft-vessel diseases, which 
frequently result in transplant necrosis and necessi-
tate graft removal (Krebs et al. 1995).

Since its introduction, magnetic resonance angiog-
raphy (MRA) has stirred up an increasing interest 
among the multiple noninvasive exploring tech-
niques, especially because of the widespread fi eld of 
appli cation. Recently, thanks to the technical and 
technological advancements, MRA has been more 
and more applied also in the pre and postoperative 
evaluation of transplants, being used both in cases 
of presurgical analysis of kidney living donors, as 
well as in the follow-up of transplanted patients, espe-
cially in cases of suspected vascular complications 
(Vosshenrich and Fischer 2002).

Nowadays, vascular complications represent in fact 
the most common cause of early transplant failure, 
both in cases of renal and pancreatic allograft, while, 
thanks to the introduction of powerful immunosup-
pressive drugs, acute or chronic allograft rejection has 
become only the second cause of graft loss (Hagspiel 
et al. 2007).

Among all possible diseases, graft vascular throm-
bosis is the most common cause of vascular pancre-
atic transplant dysfunction (Grewal et al. 1993; 
Douzdjian et al. 1993) with an incidence ranging 
between 2 and 19% (Hagspiel et al. 2007) and it often 
necessitates pancreatectomy, while in cases of renal 
transplant, arterial stenosis is the most common cause 
that usually occurs in a percentage ranging between 
1 and 25% (Fervenza et al. 1998).

The importance of obtaining an accurate and 
early diagnosis of a suspected vascular complication 
after a pancreatic transplant fi nds its rationale in the 
successful treatment of a number of complications, 
by performing a surgical or endovascular approach, 
as reported in some published studies (Orsenigo 
et al. 2003).

13.2

Vascular Anatomy in Transplants

13.2.1 
Pancreas

Apart from the different exocrine drainage (enteric or 
vescical), two types of vascular drainage can be applied 
when performing a pancreatic transplantation. The 
fi rst introduced technique foresees the intraperitoneal 

placement of the allograft in the pelvis and the subse-
quent anastomosis between the donor splenic and 
superior mesenteric artery (SMA) and the recipient’s 
iliac arteries by way of a donor Y-graft, with pancre-
atic venous outfl ow typically collecting into the com-
mon or external iliac vein and thus achieves the 
systemic circulation (Hagspiel et al. 2007).

A further variant of pancreatic transplantation, 
reintroduced in 1995, is the commonly referred 
“porto-enterical” variant. In this technique, the pan-
creatic allograft is placed intraperitoneally but higher 
in the recipient’s abdomen. The pancreatic arteries, 
splenic artery and SMAs are anastomosed to the iliac 
arteries or aorta as well because of the higher posi-
tion in the abdomen by way of a longer Y-graft 
formed from the donor’s common, internal, and 
external iliac arteries. Pancreatic venous outfl ow is in 
this case achieved by anastomosing the transplant 
portal vein with the recipient’s portal venous system, 
typically the superior mesenteric vein and less com-
monly the splenic vein (Heyneman et al. 1999).

13.2.2
Kidney

Different from pancreatic transplantation  techniques, 
the method adopted in cases of renal transplant is sim-
pler and contemplates a direct anastomosis between 
donor and recipient vessels without the need of a 
Y-graft. Transplanted kidney is preferentially placed 
extraperitoneally in the right iliac fossa. Generally the 
harvest kidney is the left one because of the longer 
renal vein with respect to that of controlateral. The 
donor artery is usually anastomosed to the ipsilateral 
external or common iliac artery, even if in some cases 
the anastomosis is realized to the recipient hypogas-
tric vessel. The ureter is anastomosed to the bladder 
(Hohenwalter et al. 2001).

13.3

Transplants and Diagnostic Imaging

As clinical and laboratory analysis can often be 
insensitive and unspecifi c in detecting the fi rst signs 
of allograft rejection, imaging modalities are nowa-
days considered as the reference methods in order to 
highlight a suspected graft dysfunction.

Diagnostic imaging, including computed tomog-
raphy (CT), color-Doppler ultrasonography (US) and 
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digital subtraction angiography (DSA), have demon-
strated to be sensitive in detecting pancreatic dys-
function but are relatively unspecifi c in differentiation 
between vascular and parenchymal causes of organ 
failure.

Anyway, among all the different imaging tech-
niques able to visualize and analyse transplanted 
organs and relative transplanted vessels, in these last 
few years MR, and particularly MRA, has stirred up 
an increasing interest thanks to the intrinsic charac-
teristics of the method.

13.4

MR Angiography

MR angiography is actually considered as a valid and 
accurate alternative of DSA in the evaluation and 
analysis of suspected pathologies of vessels (Tan 
et al. 2002). The strong contribution of MRA in the 
diagnostic imaging of both on list and transplanted 
patients has markedly risen up during these last few 
years, mainly because of the characteristics of the 
technique, as well as of the remarkable improvements 
of technology.

As well known, the avoidance of ionizing radiations 
and the possibility to obtain images on multiple spa-
tial planes are two fundamental characteristics of MR 
imaging that allow the performance of the technique 
even in patients with chronic renal failure, often per-
mitting tissue characterization without the use of con-
trast medium. By acquiring conventional MR images 
of the abdomen before contrast administration, the 
same MR examination allows to evaluate not only the 
presence of incidental pathologies but also to accu-
rately evaluate the graft parenchymal status, especially 
in cases of suspicion of acute or chronic organ failure 
(Choyke et al. 1997).

Moreover, differently from conventional angiog-
raphy, MRA requires only intravenous administra-
tion of gadolinium-based contrast material, thereby 
averting the catheter-related risks.

Anyway, despite the multiple advantages in per-
forming MRA, the technique shows some disadvan-
tages mainly related to artefacts associated with 
respiratory and bulk motion, and frequent inadvertent 
venous enhancement.

Recently, the use of 2D time-of-fl ight and phase 
contrast MRA has been clinically abandoned for the 
study of abdominal vessels, because of the advent of 
newer contrast-enhanced MRA (CEMRA) techniques 

that enable the evaluation of the vasculature in less 
time, with greater detail and showing a greater stabil-
ity (Hagspiel et al. 2007).

Faster 3D gradient-echo MR imaging pulse 
sequences can be in fact used within the time frame of 
a single breath hold without loss of spatial resolution, 
which help in minimizing motion artefacts, usually 
affecting the previously applied fl ow-based sequences.

Moreover, the decreased echo times of the newer 
sequences can help to reduce the signal intensity loss 
associated with spin de-phasing and therefore may 
help to minimize the overestimation of stenoses that, 
to varying degrees, fi rst plagued all bright-blood 
MRA techniques (Bosmans et al. 2001).

13.4.1
Study Technique

The evaluation of abdominal vessels with CEMRA 
must be performed with high-fi eld strength magnets 
(1.5–3 T), by applying a dedicated phased-array coil 
(Hagspiel et al. 2007). Various improvements in the 
hardware (faster gradients, higher magnetic fi eld 
strengths, multiple parallel receiver channels and 
dedicated coils), the sequence techniques (volume-
interpolated breath-hold-sequences), the contrast 
agents (agents with higher relaxivity, such as 
Gd-BOPTA and Gadobutrol) and the postprocessing 
software have become available during the past few 
years (Michaely et al. 2006).

Baseline MR study usually includes axial T1- 
weighted fast low-angle shot sequences and axial 
T2-weighted turbo spin-echo sequences with fat sup-
pression, mainly applied in order to identify peri-graft 
fl uid collections and to evaluate transplants paren-
chyma. In cases of evaluation of pancreatic trans-
plants, it can be also useful to perform T1-weighted 
images in order to evaluate normal pancreatic signal 
intensity (Winston et al. 1995) and to highlight peri-
pancreatic hematoma or hemorrhagic necrosis; 
moreover, the use of fat suppression can aid in evalu-
ating the signal intensity of the pancreas, which is 
normally hyperintense relative to the liver (Dobos 
et al. 2005).

More recently, CEMRA study includes a breath-
hold 3D interpolated spoiled gradient-echo sequence 
(VIBE, LAVA, THRIVE) in the axial or more fre-
quently in the coronal plane; these latter sequences 
are basically very similar to 3D-GRE sequences as 
they are used for abdominal MRA, yet they only sam-
ple one part of the k-space and perform a zero-fi lling 



160 P. Boraschi, F. Donati, and V. Battaglia

in the 3D (partition) phase-encode direction to com-
plete the k-space. As fast 3D sequences, they are 
mainly applied for multi-phasic studies of the liver, 
kidneys and pancreas. They are heavily T1-weighted 
and can provide substantial angiographic informa-
tion when acquired immediately postcontrast agent 
administration, but they also offer morphologic 
information (Lee et al. 2000).

The average amount of contrast media injected to 
perform a study of the abdominal vessels has been 
reported to be 0.01–0.02 mmol/kg (15–30 mL), admin-
istrated at a fl ow rate of 2–3 mL/s, with a minimum 
of two acquisitions performed with an inter-imaging 
delay of 10 s to depict both the arterial and the venous 
enhancement phases (Hagspiel et al. 2007).

Imaging acquisition is performed during both the 
arterial and venous phases of enhancement to evaluate 
the arterial and venous components of the transplant, 
respectively, followed by delayed axial fat-suppressed 
T1-weighted imaging (Dobos et al. 2005).

All examinations are acquired in breath-hold, 
sometimes with subtraction technique, both for the 
arterial and the venous phase. Imaging dataset is 
then analyzed at dedicated workstation, where it is 
possible to perform also 3D reconstructions such as 
multi planar volume reconstruction (MPVR), curved 
planar volume reconstruction (CPVR), maximum 
intensity projection (MIP), and volume rendering 
(VR). Even if these algorithms can furnish a para-
mount vision of the focused abdominal region, arte-
facts must be always be detected and considered; 
MIP reconstruction often results in an overestima-
tion of the degree of stenosis and can also obscure 
small intraluminal fi lling defects such as dissection 
fl aps, but it has proved to be very useful in the detec-
tion of small accessory vessels (Bakker et al. 1998).

13.5

MR Angiography and Vascular 
 Complications of Pancreatic Transplant

The role of MR angiography in the detection of vas-
cular complications of pancreatic transplants has 
been investigated till now in a limited number of 
studies (Hagspiel et al. 2007).

Multiphasic breath-hold gadolinium-enhanced 
3D MR imaging is nowadays considered as an 
extraordinarily accurate diagnostic technique, which 
can provide information to make the specifi c  diagnosis 
of vessel complications and to assess  parenchymal 

 viability after pancreas transplantation (Hagspiel 
et al. 2005). The technique allows the evaluation of 
the normal venous and arterial anatomy of pancre-
atic allograft (Fig. 13.1), showing the appearance of 
the major vascular complications.

The performance of diagnostic MRA, revealing 
a vascular complication amenable to intraluminal 
therapy, would in fact obviate the need for invasive 
procedure such as diagnostic conventional angiogra-
phy. Instead, in case of a pathological fi nding, MRA 
furnishes anyway an accurate diagnosis, allowing the 
reduction of imaging frames and the amount of con-
trast medium when performing an eventual thera-
peutic DSA.

Vascular thrombosis is the most common cause of 
pancreatic allograft dysfunction, with a reported inci-
dence of 2–19%, followed by rejection (Fernandez 
et al. 1991).

Transplanted pancreas is believed to be more vul-
nerable to thrombosis than renal graft because of the 
lower rate of blood fl ow received in transplanted 
pancreas (approximately the 1.3% instead of the 5% 
of cardiac output) (Krebs et al. 1995).

Graft thrombosis can be classifi ed as early or late 
according to the time after surgery.

Early graft thrombosis is usually the result of vas-
cular graft anastomotic error or microvascular dam-
age from preservation injury. Late thrombosis (i.e., 
that which occurs more than a month after surgery), 
usually results from severe acute rejection with 
alloimmune arteritis and causes occlusion of small 
vessels, which leads to complete major vessel occlu-
sion. Identifi cation of total graft thrombosis and 
infarction is important, because the transplanted 
organ should be removed immediately to avoid the 
severe systemic effects of graft.

The evaluation with MR angiography has more-
over the advantage to allow also the graft  parenchymal 
status study. Initially in fact, MR study is performed 
as a standard baseline MR evaluation, in which T1- 
and T2-weighted images are performed in the axial 
plane more frequently than in the coronal plane, 
especially for the detection of areas of altered signal 
intensity with respect to normal parenchyma, con-
sisting mainly in either partial or complete lack of 
enhancement of the graft parenchyma after the intra-
venous administration of Gadolinium-chelates, as 
well as the detection of fl uid collections (Eubank 
et al. 2000). Then, contrast enhanced examination 
permits to highlight areas of altered parenchymal 
perfusion and moreover the presence of a graft vessel 
disease.
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In the evaluation of a transplanted pancreas, the 
vessels usually analyzed are: (1) the distal aorta, the 
common, external and internal iliac arteries; the iliac 
Y-graft as well as the splenic artery (Fig. 13.2), SMA 
(Fig. 13.3) and the respective anastomoses; (2) the 
inferior cava vein; the common, external and internal 
iliac veins, the superior mesenteric vein, the portal 

vein and their respective anastomoses (Hagspiel 
et al. 2007).

The signs of vascular pathologies are anyway the 
same as those depicted in common DSA, as well as in 
the CT evaluation (Krebs et al. 1995).

The typical appearance of an acute thrombosis on 
contrast-enhanced MR angiography consists of a very 

a b

c d

Fig. 13.1. MIP reformations (a, b) obtained from arterial 
phase of CEMRA show the vascularization of the pancreas 
in a case of combined kidney–pancreas transplantation with 
enteric-portal pancreatic drainage. Mesenteric and splenic 
branches of the arterial graft anastomosed with the right 

common iliac artery are depicted. MIP reconstructions (c, d) 
of the venous vessels from venous phase of CEMRA show 
the anastomotic junction between the donor’s portal vein 
and the recipient’s superior mesenteric vein which allows the 
insulin drainage in the portal vein
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a b

c d

Fig. 13.2. MIP (a) and volume-rendered (b) images obtained 
from arterial phase of CEMRA, exhibit the complete throm-
bosis of the splenic branch of the pancreatic arterial graft in 
a case of combined kidney–pancreas transplantation with 

enteric-portal pancreatic drainage. Mesenteric branch of the 
arterial graft anastomosed with the common iliac artery is 
identifi ed. Volume-rendered reconstructions (c, d) show  regular 
patency of the venous vessels
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a b c

Fig. 13.3. MIP (a) and volume-rendered (b, c) reconstruc-
tions of CEMRA show the complete thrombosis of the mes-
enteric branch and the mild stenosis of the splenic branch 

of the pancreatic arterial graft anastomosed with the right 
common iliac artery in a case of isolated pancreas transplan-
tation with enteric-portal drainage

dark hypointense fi lling defect occluding the arterial 
(Fig. 13.4) or the venous lumen (Fig. 13.5), with or 
without a trailing edge (Hagspiel et al. 2005). In cases 
of arterial thrombosis, parenchymal status can any-
way appear as normal, because patency of only one 
allograft artery is suffi cient to supply adequate perfu-
sion to the entire gland (Hagspiel et al. 2005).

Apart from acute or chronic thromboses, other 
frequent complications that can occur are stenoses of 
anastomoses (Figs. 13.3 and 13.4) and kinking of the 
graft, especially in cases of porto-enteric drainage 
grafts, in which the longer Y-graft can undergo no 
such complication. In these cases, MR can furnish a 
detailed, non invasive, fi rst diagnosis, permitting to 
accurately assess or exclude the presence of vascular 
complication and allowing then the performance of a 
therapeutic DSA only in true positive cases (Hagspiel 
et al. 2005).

13.6

MR Angiography and Vascular 
 Complications of Kidney Transplant

Kidney transplantation can be single or double 
(Fig. 13.6).

Vascular thrombosis after renal transplantation 
usually occurs more frequently than in cases of pan-
creatic allografts (Krebs et al. 1995).

Vascular complications associated with renal 
transplantation merit urgent investigation as they are 
often correctable and timely intervention can help to 
keep the graft kidney safe. Renal  transplantation is 

associated with a 1–15% incidence of vascular com-
plications (Jain and Sawhney 2005).

The most important complication after renal 
transplantation is represented by arterial stenosis 
(TRAS), that can occur either in the native or in the 
donor artery as well as at the anastomosis (Fig. 13.7) 
and represents by itself the 75% of all posttransplant 
vascular complication (Hohenwalter et al. 2001).

It usually becomes apparent between 3 months 
and 2 years after renal transplantation, but it can 
present at any time. It frequently shows with worsen-
ing or refractory hypertension and/or graft dysfunc-
tion in the absence of rejection, ureteric obstruction, 
or infection.

It has been shown by some recent studies that 
CEMRA offers a diagnostic evaluation comparable to 
that of DSA, with the advantage of not exposing the 
patient to ionizing radiations (Bakker et al. 1998) 
and it can be applied as a screening method in sus-
pected cases, with DSA reserved to selected patients 
who may be amenable to angioplasty (Hohenwalter 
et al. 2001). If the main renal artery shows a normal 
morphology and a normal intravascular blood fl ow 
at CEMRA, DSA can infact be avoided.

Stenosis at the peri-anastomotic site (Fig. 13.8) is 
the most common vascular complication of renal 
transplantation, with a 1–15% incidence; in the diag-
nosis, CEMRA has proved to be highly accurate, 
showing a sensitivity and specifi city of 100 and 96%, 
respectively (Hohenwalter et al. 2001).

Donor renal artery stenosis is a rarer cause of 
TRAS: Fibromuscular dysplasia, vasculitis and extrin-
sic compressions due to fl uid collections and masses 
can result in donor artery stenosis. Renal artery 
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branch stenoses are also forms of donor artery 
stenosis.

On the contrary, older transplant recipients are 
prone to peripheral vascular disease and may have 
pseudo-TRAS because of atherosclerotic vascular 
disease involving their iliac system. Pretransplant 

assessment of the native arteries with CEMRA may 
be useful in high-risk diabetic and chronic hyperten-
sive patients, in order to prevent this complication.

On imaging examination, the presence of TRAS 
can be indirectly assessed by many signs, as for 
example the arterial occlusion (visualized as a  fi lling 

a

b d

c

Fig. 13.4. MIP (a, b) and volume-rendered (c) images ob-
tained from arterial phase of CEMRA demonstrate the 
complete thrombosis of both the splenic and the mesenteric 
branch of the pancreatic arterial graft anastomosed with 
the right common iliac artery in a case of isolated pancreas 

transplantation with enteric-portal drainage. A stenosis at 
the level of the anastomotic junction between the donor’s 
portal vein and the recipient’s superior mesenteric vein is 
showed on MIP reformation (d) obtained from venous phase 
of CEMRA in the same case
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a b c

d e

Fig. 13.5. MIP (a) and volume-rendered (b, c) images obtained 
from arterial phase of CEMRA highlight the pancreatic arterial 
graft anastomosed with the right external iliac artery (splenic 
branch is not visualized) and the renal graft anastomosed with 
the left external iliac artery in a case of combined kidney–
pancreas transplantation performed by means of the systemic-
bladder drainage technique. On MIP reconstructions (d, e) 

obtained from venous phase of CEMRA the splenic and the 
superior mesenteric veins are patent, while the anastomotic 
junction between the donor’s portal vein (very thin) and the 
recipient’s right iliac vein is completely obstructed. The venous 
graft of the kidney anastomosed with left external iliac vein is 
patent and normally represented

a b

c

Fig. 13.6. Axial T2-
weighted image (a) shows 
a double renal transplan-
tation in the right iliac 
fossa. MIP reconstructions 
(b, c) show the renal grafts 
anastomosed with the right 
common iliac artery and 
with the right external iliac 
artery
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defect of the vessels), a poststenotic dilation, as well 
as a delayed renal enhancement or a parenchymal 
mass reduction (cortical thinning and reduced 
renal length), especially in cases of chronic stenoses. 
Other signs of chronic arterial stenosis or occlu-
sion of smaller branch arteries or thin accessory 

vessels are perfusion defects and infarcts, very well 
depicted as inhomogenously enhancing areas, 
especially in the arterial phase. MRA has revealed 
moreover an excellent method in identifying not 
only the main renal artery stenoses but also the 
possible kinking of the vessel that can occur in 

Fig. 13.7. MIP (a, b) and volume-
rendered (c, d) images obtained from 
arterial phase of CEMRA demonstrate a 
stenosis at the anastomotic site between 
the donor’s renal artery and the recipi-
ent’s right external iliac artery in a case 
of isolated kidney transplantation in the 
right iliac fossa

a

c

d

b
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cases of excessively long donor artery. In CEMRA 
the kinking can be both morphologically and func-
tionally detected, as a turbulent blood fl ow (Amante 
and Kahan 1994).

Differently from pancreatic transplants, renal 
vein diseases are much more uncommon than arte-
rial ones. Renal vein thrombosis is not so common 
and generally it occurs within the fi rst week after 
transplantation, in up to 4% of patients. It is usu-
ally related to inadequate surgical technique, hypo-
volaemia or systemic venous thrombosis. Renal 
vein thrombosis often results in transplant infarc-
tion and graft loss. Even if the diagnosis is usually 
made by a not expensive, as well as not invasive, 
techniques (color-Doppler US), both contrast-
enhanced CT and CEMRA can easily demonstrate 
the abnormality.

Renal vein stenosis as well as anastomotic steno-
sis or extrinsic renal vein compression caused by 
local fl uid collections or local fi brosis represent even 
much rarer complications.

13.7

Conclusion

Actually CEMRA studies show a high diagnostic 
accuracy in the evaluation of vascular complications 
of transplanted pancreas and kidneys. CEMRA can 
therefore become an appropriate method of diagnos-
tic angiography in the detection of transplant vessel 
stenosis and can help to rapidly and noninvasively 
select patients for therapeutic interventional angiog-
raphy, surgical correction or medical management.
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Phase-array coil design, 109
Phase contrast (PC) MR angiography

3D acquisition, 5 –
abdominal aorta and renal artery, 116–117 –
bipolar gradient, 4 –
encoding gradient characteristics, 4–5 –
limitations, 5 –

Popliteal aneurysm, 132
Popliteal artery entrapment syndrome, 132–134
Portal vein trifurcation, 148
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