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  Abbreviations  

  AAA    Abdominal aortic aneurysms   
  CE-MRA     Contrast-enhanced magnetic 

 resonance angiography   
  CT    Computed tomography   
  CTA    Computed tomography angiography   
  DP    Dorsalis pedis   
  DSA    Digital subtraction angiography   
  DVT    Deep venous thrombosis   
  HU    Houns fi eld units   
  MDCTA    Multi-detector-row CT angiography   
  MOTSA     Multiple overlapping thin slab 

 acquisitions   
  MR    Magnetic resonance   
  MRA    Magnetic resonance angiography   
  MRI    Magnetic resonance imaging   
  PE    Pulmonary embolism   
  PT    Posterior tibial   
  TOF    Time of  fl ight     

       13.1   Introduction 

 Aging is responsible for several changes in the 
heart and blood vessels (Minaker  2007 ; Schwartz 
and Zipes  2007  ) . Aging causes changes in the 
structure and composition of the blood vessels 
that lead to an increase in the incidence of cardio-
vascular diseases, such as cerebrovascular dis-
ease, hypertension, coronary artery disease, heart 
failure, and postural hypotension with enhance-
ment of both morbidity and mortality (Jefferson 
et al.  2011 ; Tow fi ghi and Saver  2011 ; Butler et al. 
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 2011  ) . It is well demonstrated that aging is 
responsible for important changes in vascular 
structure and function, which in turn affect the 
function of the heart and other organs. One of the 
main hallmarks of aging is large artery remodel-
ing, which results in a progressive increase in 
wall thickness and lumen enlargement. Aging is 
almost always accompanied by atherosclerosis in 
humans, but these two processes differ in many 
aspects. 

 Aging is a physiological process that affects 
the entire vascular system, starts after sexual mat-
uration, and leads to enlargement of the lumen of 
large arteries, whereas atherosclerosis is a disease 
that affects limited areas of the arterial tree and 
tends to narrow the lumen in adults. Vascular 
aging is characterized by degenerative processes, 
alterations in endothelial function, and arterial 
stiffening. These changes can re fl ect adaptive or 
degenerative processes. 

 The mechanism responsible for arterial remod-
eling is still a matter of debate, but it seems to 
involve disorganization of the extracellular 
matrix. Arterial aging is associated with exten-
sive quantitative and qualitative changes affect-
ing elastin. Elastase activity was found to be 
increased in the plasma and arterial walls of old 
individuals, which could account for some of the 
observed alterations of elastic  fi bers (Robert et al. 
 1984  ) . Authors demonstrated that elastic  fi bers 
from old animals and humans (Cliff  1970 ; 
Fornieri et al.  1992 ; O’Rourke et al.  1987  )  are 
disorganized, thinner, and more fragmented in 
comparison with those of younger individuals. 
Anidjar et al.  (  1990  )  found that elastic  fi bers have 
a major support role in the arteries, and experi-
mental alterations of elastin result in arterial dila-
tion and formation of aneurysms. 

 Another important feature of age-related 
remodeling is the thickening of the intimal 
layer (Gerrity and Cliff  1972 ; Guyton et al. 
 1983  ) . In the human aorta, a two- to sixfold 
increase in intima thickness between the ages 
of 20–40 and 65 years or more has been evi-
denced (Virmani et al.  1991  ) . Compared with 
the young intima, the aged intima contains 
higher amounts of collagen, glycosaminogly-
cans, fragmented elastic  fi bers, smooth muscle 

cells, and other mononuclear cells (Haudenschild 
et al.  1981 ; Richardson et al.  1988  ) . 

 In the carotid arteries, these pathologic 
changes determine the development of the plaque 
that is the main cause of ischemic stroke of the 
brain (Gao et al.  2009  ) .    In the past the degree of 
stenosis determined by the carotid plaque was 
considered the main risk factor for the develop-
ment of cerebrovascular events (Kolodgie et al. 
 2007 ; Weinberger  2002  ) , but in recent years, the 
concept that the degree of luminal obstruction 
alone is insuf fi cient to predict a plaque’s vulner-
ability has been introduced, thus the concept of 
“vulnerable plaque.” Vulnerable plaques are ath-
erosclerotic plaques that have a high likelihood to 
cause thrombotic complications, such as myocar-
dial infarction or stroke (Naghavi et al.  2006 ; 
Casscells et al.  2003  ) . 

 The challenge for imaging techniques is to 
identify patients with pathologic changes of the 
vessels and those high-risk patients with vulner-
able plaques, before any adverse event occurs. 

 This chapter will discuss the capabilities of 
various imaging techniques in the identi fi cation 
and characterization of the pathology of the cen-
tral and peripheral vessels.  

    13.2   Technical Considerations 

 In recent years the technical evolution of imaging 
modalities like CT, MR, and ultrasound have pro-
vided excellent results for the analysis and char-
acterization of vascular pathology. In particular, 
with the development of extremely fast volumet-
ric CT scanners, it is nowadays possible to visual-
ize the carotid arteries and the circle of Willis in a 
few seconds. In this section the modern imaging 
techniques will be analyzed by explaining their 
capabilities and potential clinical applications. 

    13.2.1   Computed Tomography 

    13.2.1.1   Introduction 
 CT angiography (CTA), in particular multi- 
detector-row CTA (MDCTA), is a powerful non-
invasive imaging tool (Fig.  13.1 ). In the last 
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15 years, CT has experienced tremendous tech-
nological development. The  fi rst generation of 
CT scanners was developed in the 1970s (Prokop 
 2003 ; Walter et al.  2004  ) . Numerous innovations 
have improved the utility and application of CT, 
in particular the introduction of helical CT sys-
tems that allowed the development of the “volu-
metric CT” concept.  

 In the  fi rst- and second-generation scanner 
(sequential scanner), the scan volume was cov-
ered in a stepwise manner: The table, after acquir-
ing an axial section, was moved and the next scan 
was performed. The most important limitation of 
this type of scanning technique was that it was 
extremely slow. A major improvement in the CT 
technology was the incorporation of continuously 
rotating X-ray tubes with a single-detector row 
longitudinally positioned in the gantry. This was 
the introduction of third-generation geometry 
(spiral CT). With these scanners, an X-ray tube 
and a detector array rotate synchronously and 

continuously around the patient, and it became 
possible to acquire volume data of the patient. 
This technique is the basis of CTA because it 
allows rapid and continuous imaging of a large 
volume so that the contrast enhancement is pres-
ent only in the arteries and not in the veins. 

 In 2001 the introduction of 16-slice CT scan-
ners  fi nally allowed isotropic CT scanning with 
the ability to produce 1,000 images in less than 
15 s. As compared to 4-detector-row scanners, 
performance of 32- to 64-detector-row scanners 
has increased more than 20 times owing to more 
detector rows and faster rotation speed. A recent 
important improvement in the CT technology is 
the introduction of the dual source CT 
(Wintermark et al.  2008a ; Fishman  2003  ) . 

 Nowadays, isotropic voxels, high spatial and 
temporal resolution, and use of fast contrast 
material injection rate and post-processing tools 
improved sensitivity and speci fi city of MDCTA. 
This technique allows full vascular imaging in a 

a b

  Fig. 13.1    MDCTA images. Volume-rendered ( a ) and 
 maximum-intensity projection ( b ) post-processed CTA 
images show a bypass between the femoral arteries ( white 

arrow ) in a 67-year-old patient. Also visible is the presence 
of an endovascular stent graft in the abdominal aorta and 
common iliac arteries       
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few seconds from the aorta to the circle of Willis. 
For instance, examination of the whole length of 
the carotid arteries from the aortic arch to the 
circle of Willis requires only a 2-s scan time with 
a 128-detector-row CT (64 × 0.6 mm, pitch of 
1.33, 0.33-s rotation time).  

    13.2.1.2   Principles 
 CT is an X-ray technique in which an X-ray 
source rotates around an object and the X-ray 
passes through the object from various directions. 
The X-ray attenuation along each of the many 
paths through the object is analyzed by a mathe-
matical image reconstruction (inverse Radon 
transformation) to calculate the local attenuation 
coef fi cient at each point within the acquisition 
volume. After this phase the local attenuation 
coef fi cients are normalized to yield CT numbers 
for every point of the matrix. At the end of the 
process, these CT numbers are converted into 
shades of grey. 

 In the use of the MDCTA, a fundamental step 
is to understand the scanning parameters. It is pos-
sible to identify three major categories: (1) acqui-
sition parameters, (2) derivative parameters, and 
(3) reconstruction parameters. The acquisition 
parameters are the following: number of active 
detector rows, section collimation, rotation time, 
table feed per rotation, pitch factor, scan length, 
tube voltage, and tube load. Among these the 
section collimation is extremely important: it is 
determined by the total width of the acquired vol-
ume in the center of the scan  fi eld divided by the 
number of sections. The derivative parameters are 
the following: table speed (which is determined by 
the ratio of table feed and rotation time) and scan 
duration (measured in seconds and determined 
by the ratio of scan length and table speed). The 
reconstruction parameters are the following:  fi eld 
of view (FOV), matrix size, reconstruction  fi lter, 
section thickness, and reconstruction interval. 
The FOV determines which part of the data will 
end up in the images, and the matrix size is the 
limiting factor for spatial resolution. Decreasing 
the matrix can reduce spatial resolution, but a 
very large matrix size cannot increase resolution 
beyond the inherent system resolution.  

    13.2.1.3   Image Processing 
 The latest generation of CT systems allows for 
isotropic imaging, and as a consequence, the dis-
tinction between transverse and in-plane resolu-
tion is gradually becoming a historical remnant, 
and the traditional axial slice is losing its clinical 
predominance. In fact it is now replaced by inter-
active viewing manipulation of isotropic volume 
images. Image processing and three-dimensional 
reconstruction of diagnostic images represent a 
necessary tool for depicting complex anatomical 
structures and understanding pathological changes 
in terms of both morphology and function. 

 In studying the vascular system with MDCT, 
it is possible to use different post-processing 
techniques. Projectional methods project a 3D 
volume into a bidimensional plane: multiplanar 
reformations (MPR), maximum-intensity projec-
tion (MIP), and minimum-intensity projection 
(MinIP). The perspective methods display a 3D 
virtual model with techniques that aim to repro-
duce the perspective of the human eye: shaded sur-
face display (SSD) and volume rendering (VR). 

 The maximum-intensity projection ( MIP ) 
(Fig.  13.2 ) technique simulates rays that are 
traced from the radiologist through the object to 
the display screen, and only the relative maxi-
mum value detected along each ray path into the 
selected slab is considered in the algorithm of 
visualization; in this technique, only the voxel 
with the highest CT number is displayed, depend-
ing on the voxel position along the projecting ray 
(Prokop et al.  1997  ) . With MIP it is possible to 
obtain images similar to digital subtraction 
angiography (DSA), but with this technique, 
there are some artifacts that radiologists need to 
be aware of: in particular a high density structure 
(e.g., calci fi cation) may obscure information 
from intravascular contrast material. Therefore, 
mural plaque calci fi cations may obscure the 
lumen and may lead to an overestimation of the 
degree of luminal stenosis.  

 Multiplanar reformations ( MPR ) (Fig.  13.2 ) 
provide images that can be oriented in every spa-
tial direction by using arbitrary chosen views; this 
technique is mainly used for quantitative lumen 
analysis because it can depict the lumen shape. 
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 Curved plane reconstruction  or CPR  (Fig.  13.2 ) 
is another two-dimensional post-processing 
method that shows the cross-sectional pro fi le of a 
vessel along its length (Calhoun et al.  1999 ; Rankin 
 1998 ; Rubin et al.  1995  ) . This technique is fre-
quently used in the analysis of vessels because 
they commonly have curvilinear  morphology that 

oblique reformations cannot capture. Some authors 
consider CPR a variation of MPR. 

 Volume rendering ( VR ) (Fig.  13.2 ) incorpo-
rates all CT raw data to produce high-quality 
three-dimensional images. The purpose of VR 
algorithms is to represent and analyze volume 
data in a realistic way by integrating a series of 

a b

d ec

  Fig. 13.2    MDCTA post-processing techniques. CTA 
images in a 74-year-old patient who suffered a left tran-
sient ischemic attack. Different post-processing techniques 
demonstrated the presence of the stenosis in the left internal 

carotid artery ( white arrow ). Multiplanar reconstruction 
( a ), maximum-intensity projection ( b ), volume rendering, 
( c ) and curved planar reconstruction ( d ,  e )       
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axial CT sections into a form that is easier to 
interpret than the original images.   

    13.2.2   Magnetic Resonance 

    13.2.2.1   Introduction 
 In recent years, MR has become a fundamental 
method to evaluate vascular pathology. With the 
use of different acquisition techniques, it is pos-
sible to obtain information to quantify, identify, 
and characterize the pathology that affects the 
vessels (Fig.  13.3 ). In particular, in the last decade, 
signi fi cant progress has been made towards non-
invasive detection of vulnerable atherosclerotic 
plaques using MR angiography (MRA) (Saam 
et al.  2007 ; Briley-Saebo et al.  2007  ) . This imag-
ing technique does not involve ionizing radiation 
and enables visualization of the vessel lumen 
(Choudhury et al.  2002 ; Yuan et al.  2001  ) . The 
 fi rst application of MR to the vascular system 
started in the mid-1980s (Alvarez et al.  1986 ; 
Wehrli et al.  1986  ) , and in the last years, there 
have been signi fi cant improvements thanks to the 
increase of the magnetic  fi eld strength (from 0.3 

to 3 T and more), the development of coils dedi-
cated to carotid artery analysis (surface coils), the 
creation of advanced sequences for the data acqui-
sition (black-blood techniques, time of  fl ight), and 
the use of contrast material that improves the 
visualization of the vessel lumen.  

 The  fi rst MRA method, phase-contrast MRA 
was quickly followed by (2D) and 3D time-of-
 fl ight (TOF) MRA. TOF MRA has been widely 
adopted for an array of clinical indications but is 
relatively insensitive to slow  fl ow and is associ-
ated with long scan times and signal voids, all of 
which can lead to poor-quality imaging and over-
estimation of stenosis. More recently, contrast-
enhanced (CE) MRA has been introduced. 
CE-MRA produces high-quality images in a very 
short time and may alleviate some of the draw-
backs associated with TOF MRA. 

 Since atherosclerotic disease affects the entire 
arterial system, it is desirable to extend coverage, 
allowing concomitant assessment of the arterial 
system from the carotid arteries to the distal run-
off vessels. The implementation of “bolus chase” 
techniques extended coverage to encompass the 
entire runoff vasculature, including the pelvic, 

a b

  Fig. 13.3    MRI of carotid arteries. MRI of a 71-year-old patient who suffered right amaurosis. Images show the right 
internal carotid artery ( white arrow ). These images clearly show the anatomical course of the neck vessels       

 



29113 Central and Peripheral Vessels

femoral, popliteal, and trifurcation arteries. It is 
important to underline that MRA, however, is 
sensitive to artifacts caused by slow and turbulent 
 fl ow associated with high-grade stenosis. For 
reliable diagnostic results, physicians and radiol-
ogists must be familiar with the different acquisi-
tion techniques.  

    13.2.2.2   Principles 
 MRI has emerged to be one of the major noninva-
sive methods for the evaluation of the vascular 
system. Most imaging of the vessel analysis by 
MRI has been performed on 1.5 T scanners. 
Recently, 3.0 T scanners and their resulting high-
resolution images have opened the  fi eld of vascu-
lar imaging to new potentials. MR imaging of the 
vascular bed is possible using non-contrast MRA 
and contrast MRA: 

      Non-contrast MRA with Time-of-Flight 
Sequences 
 Time-of- fl ight sequences are gradient-echo 
sequences acquired perpendicularly to the lon-
gitudinal axis of the vessels with extremely 
short repetition times (TR): the resulting dif-
ference in spin saturation between the moving 
protons in blood (unsaturated) and station-
ary tissues (completely suppressed) creates 
the “in- fl ow enhancement” that produces the 
angiographic effect used for ToF imaging 
(Fig.  13.4 ). To achieve the maximum possible 
difference in signal intensity between blood and 
stationary tissue and to avoid venous enhance-
ment, TR should be calibrated based on  fl ow 
velocity. Additional saturation pulses can be 
adopted to further suppress the intrinsic signal 
of these structures. It is possible to acquire ToF 
sequences by using 2D or 3D k-space sampling. 
Three-dimensional k-space sampling is known 
as MOTSA (multiple overlapping thin slab 
acquisitions), and it seems to be more accurate 
for the detection and grading of stenosis. One 
of the main limitations of ToF sequences is that 
at the site of tighter stenosis, blood  fl ow may 
become turbulent, with slow-moving protons 
producing dephasation effects with unpredict-
able signal loss within vessel lumen, leading to 
stenosis overestimation.   

      Contrast-Enhanced MRA with T1-Weighted 
3D Gradient-Echo Sequences 
 CE-MRA is based on the principle of shortening 
the T1 relaxation time of blood by intravenously 
injecting Gd-chelate contrast agents. This causes 
a signi fi 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. 

 The magnitude of vascular enhancement 
depends on the concentration of contrast agent 
within the vascular bed during acquisition, and 
ideally imaging should be performed at the peak 
of vascular enhancement, when a maximum dif-
ference between signal intensity of the target ves-
sel and the surrounding overlapping structures 
exists. An important difference of CE-MRA 
compared to ToF is that CE-MRA is less  fl ow 
sensitive and therefore does not overestimate the 
degree of luminal stenosis as can happen in ToF 

  Fig. 13.4    MR Time of Flight (TOF). MRI in a 71-year-
old patient who suffered right amaurosis. Image clearly 
depicts the arterial vascular system of the neck and the 
absence of the left internal carotid artery, from its origin to 
the circle of Willis       
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sequences. The most relevant limitation of 
CE-MRA in the imaging of carotid arteries is that 
the arterial phase acquisition must be limited in 
duration to avoid the rapid onset of jugular 
enhancement, thus imposing relevant constraints 
to spatial resolution (Nederkoorn et al.  2003 ; 
Lenhart et al.  2002  ) .    

    13.2.3   Ultrasonography 

    13.2.3.1   Introduction 
 Ultrasonography is globally accepted as the stan-
dard imaging modality for  fi rst-line diagnosis of 
vascular pathology in all major vascular beds rang-
ing from the carotid arteries to the arteries of the 
lower extremities. This high-resolution, noninva-
sive technique is readily available, rapidly appli-
cable, and can be performed at relatively low cost 
(Fig.  13.5 ). High-frequency linear transducers 
(>7 MHz) are ideal to achieve high spatial resolu-
tion, whereas lower-frequency linear transducers 

(<7 MHz) are preferred for Doppler examinations 
and analysis of central vessels like the aorta.  

 It has been widely demonstrated that ultra-
sound is a good screening technique even though 
some relevant limitations persist, in particular for 
the quanti fi cation of stenosis, including high 
operator and center variability, artifacts arising 
from calci fi cations, and dif fi culties in distin-
guishing subtotal occlusion from total occlusion.  

    13.2.3.2   Principles 
 Ultrasonography of the carotid arteries is the modal-
ity of choice for triage, diagnosis, and monitoring of 
the pathology affecting peripheral vessels. This is 
an operator-dependent examination that requires a 
good understanding of Doppler physics and hemo-
dynamic physiology. In fact the accuracy, sensitiv-
ity, and speci fi city of carotid ultrasound hinge on 
following standard guidelines and practicing metic-
ulous scanning techniques because there are several 
pitfalls that may mislead the operator to falsely 
interpret color and spectral Doppler  fi ndings. 

a b

ILBODX
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  Fig. 13.5    Ultrasound. Images demonstrate the presence of a small heterogeneous plaque in the right ICA ( a ,  b ). In 
 panel   c  the spectra are given       
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 Two main type of analysis can be performed 
by ultrasound: Doppler ultrasound and B-mode 
(morphological) ultrasound. The Doppler anal-
ysis evaluates the velocity of the  fl owing blood 
and is very useful in analysis of the atheroscle-
rotic disease of carotid arteries as well as of 
iliac, femoral, popliteal, and tibial arteries. In 
this kind of exam, the angle theta affects the 
detected Doppler frequencies. In particular in 
the carotid artery analysis, at a Doppler angle 
of 0°, the maximum Doppler shift will be 
achieved since the cosine of 0° is 1. Conversely, 
no Doppler shift (no  fl ow) will be recorded if 
the Doppler angle is 90° since the cosine of 90° 
is 0. It is possible to visualize the Doppler fre-
quencies in a morphological way by using the 
color Doppler. In the analysis of the vascular 
system, and in particular for carotid and ves-
sels of the lower extremities, Doppler is very 
useful because it allows quanti fi cation of the 
blood velocity. B-mode ultrasound is mainly 
used for the analysis of the carotid artery where 
identi fi cation and characterization of the plaque 
represent an important step in de fi ning the risk 
of cerebrovascular event. 

 One of the most used applications of ultra-
sound is the identi fi cation and quanti fi cation of 
the so-called intima-media thickness, which is 
considered a measurable index for the presence 
of atherosclerosis (Fig.  13.6 ).    

    13.2.4   Other Techniques 

 Digital subtraction angiography (DSA) (Fig.  13.7 ) 
was considered the gold standard imaging reference 
for the evaluation of vascular pathology. However, 
its diagnostic role has been widely criticized for the 
limited number of views, costs, and the small but 
de fi nite risk of complications. Nowadays in most 
institutions, where adequate CT and/or MR tech-
nology is available, the diagnostic use of DSA is 
limited to a small number of cases in which there is 
no agreement between two or more noninvasive 
tests. Instead, DSA procedures are only performed 
when endovascular treatment is needed.  

 Recently, other techniques have emerged that 
allow identi fi cation and characterization of 
pathology that may affect the body vessels. In 
particular positron emission tomography (PET) 
and optical coherence tomography (OCT) should 
be cited. In recent years a variety of studies have 
been performed with the intent to assess the diag-
nostic potential of 18F-FDG PET in the 
quanti fi cation of plaque in fl ammation: based on 
the assumption that unstable, in fl amed plaques 
are in fi ltrated by lymphocytes and macrophages 
and that this latter cell population can absorb 
18F-FDG from the interstitial spaces, 18F-FDG 
PET can be used to directly detect plaque 
in fl ammation in various anatomic locations 
(Tawakol et al.  2006  ) . 

a b

  Fig. 13.6    Intima-media thickness. Intima-media thickness in a 36-year-old patient ( a );  panel   b  shows an automated 
system for automatically detecting the intima-media thickness       
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 Molecular imaging is a new and revolutionary 
 fi eld. The development of multimodal, multi-
functional nanoparticles, in particular when 
imaging the carotid arteries, is a growing  fi eld 
which can help our understanding of the underly-
ing disease processes and which might help to 
improve the treatment of vascular diseases. 
During the development of atherosclerosis, com-
plex interactions take place at the molecular and 
cellular level, with various atherosclerosis-related 
biomarkers present at different stages of the dis-
ease progression. 

 Currently, a number of molecular markers 
have been evaluated for molecular imaging of 
atherosclerosis. These markers are known 

components of atheromas in animal models 
with advanced atherosclerosis. Because of the 
limited imaging contrast from most of these 
biomarkers, external contrast agents that target 
certain biomarkers are introduced for different 
imaging modalities. Molecular imaging is used 
mainly in carotid artery plaque analysis because 
it allows one to study and characterize in vivo 
the presence and activity of a number of mole-
cules and cells related to the atherosclerotic 
disease and in fl am mation process. 

 OCT is an optical signal acquisition method 
that can produce three-dimensional images with 
micrometer resolution from optical scattering 
media. OCT is an interferometric technique and 

a b

  Fig. 13.7    Digital subtraction angiography images. In  panel   a  30 % NASCET stenosis is visible;  panel   b  shows a 
NASCET stenosis    of 80 %,  arrows  indicates point of maximum stenosis       

 



29513 Central and Peripheral Vessels

typically uses near-infrared light. This technique 
has been used in cardiology to help diagnose cor-
onary artery disease (Tahara et al.  2010 ; Guagliumi 
et al.  2010 ; Guagliumi and Sirbu  2008  )    

    13.3   Imaging of Carotid Arteries 

    13.3.1   Introduction 

 Carotid atherosclerosis is one of the major causes 
of ischemic stroke, one of the most common 
causes of death and disability in the world (Sacco 
et al.  2006  ) . The microscopic alterations of the 
initial phase of this disease start during child-
hood, but usually carotid plaques remain asymp-
tomatic until an advanced pathological stage is 
reached. In the 1980s and 1990s, the degree of 
carotid artery stenosis was considered the only 
determinant factor for treatment, while at present 
several other factors are considered potentially 
important markers for future cerebrovascular 
events, including plaque composition, presence 
and state of the  fi brous cap, intra-plaque hemor-
rhage, plaque ulceration, and plaque location 
(Seeger et al.  1995 ; Saba et al.  2007a ; Saam et al. 
 2006 ; Kullo et al.  1998  ) . 

 Advanced plaque imaging techniques allow 
analysis of plaque morphology and its character-
istics as well as the presence of plaque complica-
tions such as ulceration, hemorrhage, and 
thrombus. The ability to identify plaques that are 
more prone to fragment and embolize is now vital 
for the early diagnosis, prevention, and treatment 
of stroke and neurological side effects.  

    13.3.2   Imaging Diagnostic Flow Chart 

 The choice of a speci fi c imaging modality to 
assess the carotid artery depends mainly on the 
clinical indication for imaging and the skills 
available in individual centers. In the past DSA 
was the most used imaging method for patients 
with suspected carotid artery pathology, but 
recently, with the development of noninvasive 
imaging techniques, DSA is less frequently used 

(Saba and Mallarini  2009a  ) . In 2008, authors 
proposed that for patients with a high likelihood 
of vascular disease, CTA may represent an appro-
priate  fi rst exam    (Jaff et al.  2008 ; Libby  1998  ) , 
whereas in patients with a low likelihood of vas-
cular disease, ultrasound should be used. If 
pathology in the carotid arteries is found, CTA as 
well as MRA can be used to con fi rm the diagno-
sis and to accurately determine the precise degree 
of stenosis and to characterize the plaque compo-
sition. DSA is rarely necessary and only used in 
cases of severe multiple vessels disease, for 
which assessment of  fl ow direction and collateral 
patterns may be important or when the image 
quality of noninvasive procedures is considered 
to be nondiagnostic.  

    13.3.3   From Stenosis Degree 
to Vulnerable Plaque 

 In the past, the degree of luminal stenosis in the 
carotid artery has been used as a direct measure 
of atherosclerosis severity (Fig.  13.8 ). However, 
studies in the coronary arteries showed that low 
stenosis degree may also lead to myocardial 
infarction    (Jaff et al.  2008 ; Libby  1998 ; Fuster 
et al.  1990  )  and similar results were obtained in 
the carotid arteries (Lovett et al.  2004a,   b  ) . Since 
low-grade arterial stenosis can lead to cerebro-
vascular events, it appears important to look 
beyond the degree of stenosis at plaque morphol-
ogy and composition.  

 Therefore, the concept of vulnerable plaque 
was introduced into surgical, histopathological, 
and imaging communities, referring to athero-
mas containing large necrotic cores covered by 
a thin or disrupted  fi brous cap with a high ten-
dency to rupture, embolize, and induce thrombus 
formation (Naghavi et al.  2003  ) . Usually, major 
atherosclerotic alterations occur at the outer 
wall of the proximal segment and sinus of the 
internal carotid artery in the region of the low-
est wall shear stress. In contrast, plaque thick-
ness is lowest at the side of the  fl ow divider at 
the junction of the internal and external carotid 
arteries where wall stress is the highest (Hardie 
et al.  2007  ) .  
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    13.3.4   Carotid Artery Stenosis 
Quanti fi cation 

 The degree of stenosis is considered one of the 
most important parameters in the choice of the 
therapeutic option. In fact higher grades of carotid 
stenosis are associated with an increased risk of 
stroke. Three major methods for measuring 
carotid artery stenosis have been proposed: the 
North American Surgery Carotid Endarterectomy 
Trial (NASCET), the European Carotid Surgery 
Trial (ECST), and the Carotid Surgery Index 
(CSI) (North American Symptomatic Carotid 
Endarterectomy Trial Collaborators  1991 ; 
European Carotid Surgery Trialists’ Collaborative 
Group  1998 ; Executive Committee for the 

Asymptomatic Carotid Atherosclerosis Study 
 1995  ) . These methods evaluate the degree of 
stenosis as the percentage reduction in the linear 
diameter of the artery. There are differences in 
the evaluation of the degree of stenosis among 
NASCET, ECST, and CSI, and values derived 
from these methods are not equal: it is always 
important to specify which classi fi cation is being 
used. NASCET is calculated by using the ratio 
between the lumen diameter at the site of the 
stenosis and the normal lumen diameter distally 
in a non-diseased reference segment. ECST is 
calculated as the ratio between the lumen diame-
ter at the stenosis and the total carotid diameter at 
the same location. CSI is calculated by using the 
ratio between the lumen diameter at the site of 

a b
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  Fig. 13.8    CTA stenosis detection. CT angiography in a 
71-year-old patient who suffered a right transient isch-
emic attack. Volume rendering ( a ), axial ( b ), and 

 maximum-intensity projection ( c ,  d ) images show a 75 % 
NASCET stenosis,  arrows  indicate point of maximum 
stenosis       
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the stenosis and the normal lumen of the proxi-
mal common carotid artery multiplied by 1.2. 

 To quantify the degree of the stenosis, both 
NASCET and ECST measurements have to be 
performed on a plane exactly perpendicular to the 
carotid axis. Saba et al. demonstrated that 
NASCET and ECST show a strong correlation 
and that interobserver and intraobserver agree-
ment values are high for both NASCET and 
ECST (Saba and Mallarini  2010a,   b  ) . Moreover 
NASCET, ECST, and CSI can be converted into 
each other with good results. 

 In the evaluation of carotid artery stenosis, 
ultrasound, CTA, and MRA are widely used. 
Nowadays, ultrasound is commonly performed to 
screen patients with possible carotid artery dis-
ease, but the accuracy of ultrasound echo-color 
Doppler is moderate if the purpose is the determi-
nation of the degree of stenosis (Eliasziw et al. 
 1995  ) . In some institutions, the only diagnostic 
imaging test used for selecting patients for carotid 
endarterectomy is ultrasound, but this approach 
may lead to critical errors and has been widely 
criticized (Eliasziw et al.  1995 ; Polak et al.  1993 ; 
Goodson et al.  1987 ; Dawson et al.  1993  ) . 

 Nowadays, CTA probably represents the best 
imaging method to quantify carotid artery steno-
sis: its sensitivity is comparable to angiography, 
but it is associated with fewer risks (Sameshima 
et al.  1999 ; Verhoek et al.  1999  ) . In particular 
CTA sensitivity for stenosis between 70 and 99 % 
in internal carotid artery, using DSA as reference 
standard, can reach excellent results. 

 MRA has become widely used as a noninva-
sive diagnostic imaging modality for carotid 
artery stenosis quanti fi cation because it avoids 
the radiation and iodinated contrast exposure 
associated with CTA, and has a good sensitivity 
in the detection of the degree of stenosis (sensi-
tivity of 93 % and a speci fi city of 88 %) associ-
ated with excellent potential to characterize 
plaque composition and morphology (Yucel et al. 
 1999  ) . ToF is a very simple technique to image 
carotid arteries by using MRI, but it overesti-
mates the degree of stenosis. CE-MRA offers 
better results, compared to ToF, but suffers one 
limitation: the inherent risks of administering the 
contrast material. 

 Recently new concepts have been proposed to 
quantify arterial stenosis in the atherosclerotic 
carotid artery; in particular with the introduction 
of MDCTA, thanks to its high spatial resolution 
(with isotropic voxels of 1 mm), a new direct mil-
limeter method has been proposed by Bartlett 
and colleagues (Bartlett et al.  2006a,   b,   2007  )  to 
overcome limitations of the classical percent 
methods like NASCET, ECST, and CSI. The 
authors showed that threshold values of 1.4–
2.2 mm can be used to evaluate for moderate 
stenosis (50–69 % according to NASCET) with a 
sensitivity of 75 % and a speci fi city of 93.8 %, 
whereas a diameter of 1.3 mm corresponds to 
70 % stenosis with a sensitivity of 88 % and a 
speci fi city of 92 %. The use of a direct millimeter 
method for the quanti fi cation of the carotid artery 
stenosis represents a very interesting option 
because it is possible to avoid cumbersome cal-
culus and because the direct millimeter method 
overcomes the use of ratio-percent methods. Saba 
and Mallarini  (  2010b  )  con fi rmed the observa-
tions of Bartlett by showing that simple millime-
ter measurement of stenosis can reliably predict 
NASCET-type, ECST-type, and CSI-type percent 
stenosis.  

    13.3.5   Carotid Artery Plaque 
Characterization 

 It has been clearly demonstrated that diseased 
carotid arteries can contain large amounts of ath-
erosclerotic mass without signi fi cant luminal nar-
rowing due to compensatory outward remodeling 
of the artery (Toussaint et al.  1996  ) . Thus, imag-
ing methods that can reliably depict the lumen 
and the wall are needed to quantify the athero-
sclerotic plaque burden. For this reason it may be 
important to look beyond the degree of stenosis 
and try to determine plaque characteristics. By 
using CTA plaque has been differentiated into 
three categories, including fatty, mixed, and 
calci fi ed lesions (Fig.  13.9 ), according to the 
Houns fi eld unit (HU) measured in the plaque. In 
this classi fi cation, fatty (soft) plaques are those 
with a density value <50 HU, mixed plaques have 
density values between 50 and 119 HU, and 
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calci fi ed plaques have a density >120 HU. It has 
been demonstrated that HU measurements in the 
center of  fi brous-rich regions and lipid core are 
signi fi cantly different, and it has been suggested 
that very hypodense regions (<30 HU) in the cen-
ter of atherosclerotic carotid plaque are associ-
ated with the presence of a lipid core (e.g., lipid, 
hemorrhage, or necrotic debris). It is important to 
underline that fatty plaques at CTA are often 
associated with the presence of a lipid core, once 
thought to be an inert deposition of lipid, but now 
known to be a highly biologically active area. In 
carotid plaque analysis, two main parameters 
should be evaluated: morphology and composi-
tion. The plaque morphology can be classi fi ed 
into normal, irregular, or ulcerated (Fig.  13.10 ). 
Rothwell et al., by using DSA, demonstrated that 
irregular morphology is associated with the pres-
ence of cerebrovascular events (Rothwell et al. 
 2000  ) . A plaque ulceration has been de fi ned as 
“an intimal defect larger than 1,000  m m in width, 
exposing the necrotic core of the atheromatous 
plaque” (Saba et al.  2007b,   c  ) . It is important to 
identify this condition because ulcerated carotid 
plaques are associated with a higher risk of stroke 
or transient ischemic attack. Kim et al.  (  2000  )  
demonstrated that the presence of ulceration 
alone is an important risk for neurological symp-
toms and a high-grade stenosis, combined with 
plaque ulceration, results in an increased risk of 

stroke. The NASCET study showed that in the 
group of patients who received medical therapy, 
30 % of the patients who had a severe carotid 
stenosis associated with an ulcerated plaque suf-
fered an ischemic cerebral event within 2 years, 
while only 17 % of patients with severe stenosis 
but no ulcerated plaques had an ischemic cerebral 
event within 2 years (European Carotid Surgery 
Trialists’ Collaborative Group  1998  ) . Among the 
imaging techniques, DSA was not suf fi ciently 
reliable for detecting ulcers in the carotid plaque 
(the sensitivity was 74 % and the speci fi city was 
46 %) (Randoux et al.  2001 ; Walker et al.  2002  ) , 
whereas MDCTA showed optimal results with a 
sensitivity of 93 % (Saba et al.  2007b  ) ; the pres-
ence of heavily calci fi ed plaque limits CTA in the 
detection of ulcers (Schwartz et al.  1992 ; 
Cumming and Morrow  1994  ) . Also, MRI showed 
good results in detecting plaque ulceration 
(Alvarez-Linera et al.  2003  ) , whereas the results 
obtained by ultrasound are quite low, with a sen-
sitivity of 38 %. When analyzing the plaque com-
position, two parameters should be identi fi ed: the 
 fi brous cap and plaque characteristics.   

 The  fi brous cap is a layer of  fi brous connective 
tissue. It has been well demonstrated that a thin 
 fi brous cap and its rupture are associated with the 
presence of strokes or transient ischemic attack. 
Saba and Mallarini  (  2009b  ) , using CTA, showed 
that the presence of a  fi ssured  fi brous cap was 

a b c

  Fig. 13.9    Different types of plaques according to HU values. CTA examples of calci fi ed ( a ), mixed ( b ), and fatty ( c ) 
plaques,  arrows  indicate the plaque       
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associated with cerebrovascular events 
( p  = 0.0032). MRI is nowadays the best imaging 
technique to study the  fi brous cap, its thickness, 
and its  fi ssuration (Parker et al.  1991 ; Mitsumori 
et al.  2003 ; Kramer et al.  2004 ; Wasserman et al. 
 2002  ) . In the literature it is quite well demon-
strated that high-resolution MRI using blood- and 
fat-suppressed sequences (black-blood MRI) can 
well distinguish intact, thick  fi brous caps from 
thin or ruptured  fi brous caps. On MRI a thick 
 fi brous cap appears as a juxtaluminal band of low 
signal in ToF images. In plaques with thin  fi brous 
caps, this dark juxtaluminal band is absent. In 
plaques with a ruptured  fi brous cap, the dark band 
is absent and there is a region of hyperintense sig-
nal adjacent to the lumen. Ultrasound showed 
suboptimal results in the study of the  fi brous cap; 
Waki et al.  (  2003  )  demonstrated that ultrasound 
can distinguish between thin and thick  fi brous 
caps in correlation with histology, but Sztajzelet 
et al.  (  2005  ) , studying 31 plaques derived from 

28 patients undergoing carotid endarterectomy, 
obtained a sensitivity and speci fi city of 73 and 
67 %, respectively, in quanti fi cation of the thick-
ness of the  fi brous cap. The use of CT in assess-
ing  fi brous caps has not been studied extensively, 
and its sensitivity is still debatable. Saba and 
Mallarini  (  2009b  )  proposed CTA for the study of 
 fi ssured  fi brous caps, and Wintermark et al. 
 (  2008b,   c ; Arora et al.  2010  )  demonstrated that it 
is possible to measure  fi brous cap thickness by 
using an automatic computer algorithm that 
quantitatively assesses the thickness of the  fi brous 
cap, with signi fi cant results compared to histopa-
thology ( R  2  = 0.77). 

 In the analysis of the plaque characteristics, 
the identi fi cation and quanti fi cation of calcium 
represents an important step because the pres-
ence of calcium in the carotid artery plaque seems 
to relate to a lower risk of cerebrovascular events 
(Nandalur et al.  2005,   2007 ; Saba et al.  2009 ; 
Hunt et al.  2002  ) ; in fact it is hypothesized that 

a b
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  Fig. 13.10    Ulcerated carotid artery plaque in  a  65-year-old patient with left-sided stroke. Maximum-intensity projection 
( c ,  d ), axial ( b ), and volume rendering ( a ) images show an ulcerated plaque in the left internal carotid artery,  arrows  
indicate the ulcer       
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calcium may confer stability, resulting in protec-
tion against biomechanical stress. The presence 
of calcium in the carotid artery plaque can be 
evaluated by using CTA, MRA, or color Doppler 
echocardiography, but the most sensitive tech-
nique in detection, characterization, and 
quanti fi cation remains CTA because of the high 
coef fi cient of linear attenuation produced by CT 
calcium imaging (Fig.  13.11 ).  

 Another important plaque characteristic is 
intra-plaque hemorrhage. It is hypothesized that 
the extravasation of red blood cells or iron accumu-
lation in plaque may represent plaque instability 
and promote plaque progression (Kolodgie et al. 
 2003  ) . The mechanisms that lead to intra-plaque 
hemorrhage are still debated. In an old study by 
Patterson  (  1938  ) , it was hypothesized that intra-
plaque hemorrhage is secondary to the rupture 
of the vasa vasorum, but other authors suggested 
that the condition is due to cracks or  fi ssures that 
may originate at the luminal surface (Davies and 
Thomas  1985 ; Constantinides  1966  ) . It is interest-
ing to observe that intra-plaque hemorrhages are 
more common in those carotid arteries that have a 
stenosis >70 %. MRI is considered the best imag-
ing technique to identify intra-plaque  hemorrhage. 
In 2003 Moody and colleagues  (  2003  )  showed that 

T1-weighted sequences are very sensitive in this 
kind of identi fi cation. Ultrasound is not very sen-
sitive in the identi fi cation of hemorrhage; some-
times intra-plaque hemorrhage can be identi fi ed 
by the presence of a hypo-echogenic area within 
the plaque (Tahmasebpour et al.  2005  ) . Whether 
it is possible to visualize intra-plaque hemor-
rhage with CTA is still debated. Recently, a paper 
by U-King-Im et al.  (  2010  )  showed that mean 
CT plaque density was higher for plaques with 
MRI-de fi ned intraparenchymal hemorrhage (47 
HU) compared with without intraparenchymal 
hemorrhage (43 HU;  P  = 0.02). Other authors 
showed that automated software classi fi cation 
may correctly detect intra-plaque hemorrhage 
(Wintermark et al.  2008d  ) . 

 Another signi fi cant feature of carotid artery 
plaque is the presence or absence of throm-
bus. It is accepted that the presence of a plaque 
thrombus is a risk factor for the development 
of cerebrovascular events because the throm-
bus may determine the development of distal 
embolization. An association between plaque 
thrombus and ulcerated carotid plaque has 
been described (Rothwell et al.  2000  ) . Even 
in this case the best imaging modality to study 
this condition is probably MRI which has the 

a b

  Fig. 13.11    Calci fi ed plaque ( arrows ). Examples of calci fi ed plaque in ultrasound ( a ) and CT ( b ). In  panel   a  the acous-
tic shadowing determined by the calci fi c components of the plaque is clearly visible,  arrows  indicate in both panels the 
calci fi ed plaques       
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 potential to  distinguish fresh thrombi from 
1-week-old thrombi and occluding old thrombi 
(Funaki et al.  2011 ; Altaf et al.  2011  ) .   

    13.4   Central Vessels 

    13.4.1   Aorta 

 In the past 15 years, great advancements have 
been made in the development of imaging proce-
dures and techniques to explore thoracic and 
abdominal aortic pathology. In particular the 
development of MDCTA has led to shorter scan-
ning times and higher spatial resolutions, this 
allowing a fast diagnosis of conditions like aneu-
rysm rupture and arterial dissections. Nowadays, 
it is possible to quickly and accurately diagnose a 
wide range of traumatic and nontraumatic aortic 
conditions. For these reasons, nowadays, CTA is 
the preferred method for imaging in emergency 
abdominal vascular conditions because it enables 
the acquisition of high-spatial-resolution volu-
metric image data during a single-breath hold. 
The most frequent and severe conditions, in par-
ticular in elderly people, are abdominal aortic 
aneurysms and its rupture and aortic dissections. 

    13.4.1.1   Abdominal Aortic Aneurysm 
 An arterial aneurysm is de fi ned as a focal dilation 
of a blood vessel with respect to the original 
artery. Each year in the United States, abdominal 
aortic aneurysm (AAA) ruptures cause 4,500 
deaths, with an additional 1,400 deaths resulting 
from the 45,000 repair procedures performed to 
prevent a rupture. Aneurysmal dilation of the 
aorta is present when there is a diameter of more 
than 32 mm in the case of thoracic aorta and 
29 mm in the case of infrarenal abdominal aorta 
(Mewhort et al.  2011 ; Budde et al.  2011 ; 
Frauenfelder et al.  2004  ) . Based on this criterion, 
the study authors reported that 9 % of all people 
older than 65 have an AAA (Alcorn et al.  1996 ; 
Baumgartner et al.  2008  ) . It was reported that the 
1-year incidence of AAA rupture according to 
initial diameter was 9.4 % for diameters of 5.5–
5.9 cm, 10.2 % for diameters of 6.0–6.9 cm 
(19.1 % for the subgroup of 6.5–6.9 cm), and 

32.5 % for diameters of 7.0 cm or more (Lederle 
et al.  2002 ; Conway et al.  2001 ; Reed et al.  1997  ) . 
Approximately 80 % of aortic aneurysms occur 
between the aortic bifurcation and the renal arter-
ies. Aortic aneurysms constitute the 14th leading 
cause of death in the United States. The decision 
to screen for AAA is dif fi cult to make because it 
would expose many previously undiagnosed 
small aneurysms that are unlikely to rupture, 
resulting in needless disease labeling because 
only aneurysms of a certain size are considered 
for surgery, with smaller aneurysms subject to 
watchful waiting. In the past authors analyzed the 
effectiveness of population-based screening for 
AAA with abdominal ultrasound in people older 
than 65 years of age (Fleming et al.  2005  )  and 
concluded that a mortality reduction of approxi-
mately 50 % can be obtained by using ultrasound 
screening (Norman et al.  2004  ) . 

 It is possible to detect and characterize AAA 
by using ultrasound, MR, and CT, but nowadays 
the best imaging modality to identify and charac-
terize the presence of AAA is CTA. By using 
CTA it is possible to gather all necessary infor-
mation to select the correct therapeutic approach. 
The introduction of MDCT technology allowed 
noninvasive imaging of the abdominal aorta 
(Fig.  13.12 ) and iliac arteries with improved spa-
tial resolution and temporal resolution, thanks to 
the use of a thinner collimation. Moreover, CTA 
is commonly considered the standard of refer-
ence in the detection of endoleaks because of its 
noninvasive nature, widespread availability, and 
high sensitivity and speci fi city (Harris et al.  1999 ; 
Hittmair and Fleischmann  2001 ; Gorich et al. 
 2001  ) . High-quality MDCTA can be obtained 
with the use of thin collimations (1–2 mm), which 
allow increased spatial resolution of both axial 
and 3D images.  

 MRI also showed good results in the detection 
and characterization of AAA (Kaufman et al. 
 1994 ; Weishaupt et al.  2000 ; Atar et al.  2006 ; 
Schwope et al.  2007  ) , but this technique also has 
great potential to study the wall of the AAA by 
analyzing the uptake of the macrophage-speci fi c 
contrast agent using ultra-small paramagnetic 
iron oxide (Truijers et al.  2009  ) . The authors 
demonstrated that iron oxide uptake is limited or 
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absent in the wall of normal-sized aortas and 
most aneurysms but individual abdominal aortic 
aneurysms exhibit high levels of uptake, indica-
tive of extensive macrophage in fi ltration in the 
aneurysm wall. 

 It was found that aneurysm size is one of 
the strongest predictors of the risk of rup-
ture (Aggarwal et al.  2011  ) , with risk increas-
ing markedly with aneurysm diameters greater 
than 5.5 cm; in fact the 5-year overall cumu-
lative rupture rate of incidentally diagnosed 
AAA is 25–40 % for aneurysms larger than 
5.0 cm, compared with 1–7 % for aneurysms 
4.0–5.0 cm in diameter (Johansson et al.  1990 ; 
Nevitt et al.  1989  ) . In the diagnosis of ruptured 
aneurysm, CTA is considered the gold standard 
mainly because it is possible to perform in emer-
gency situations and obtain the results in a few 
minutes.  

    13.4.1.2   Aortic Dissections 
 Aortic dissection is characterized by a spontane-
ous longitudinal separation of the aortic intima 
and adventitia caused by circulating blood 

gaining access to and splitting the media of the 
aortic wall. This condition is the most com-
mon acute emergency condition of the aorta, 
often resulting in death. Each year, in the USA 
and Europe, there are 5,000 new cases of aor-
tic dissection (Castañer et al.  2003 ; Hagan et al. 
 2000 ; Nienaber et al.  2004  ) . The intimal tear, 
between intima and adventitial layers, allows 
blood to enter the media from the vessel lumen. 
The blood- fi lled space within the medial layer 
becomes a false lumen. This results in two 
lumina (the “true lumen” and the “false lumen”). 
The type and extent of the dissection as well as 
the presence of associated complications deter-
mine the overall outcome; therefore, evaluation 
of the entire aorta, branch vessels, and iliac and 
proximal femoral arteries is recommended to 
aid in treatment planning. In particular, assess-
ment of the branch-vessel involvement and the 
relationship of the branch vessels to the true or 
the false lumen is extremely important because 
this kind of information aids in planning treat-
ment with either root replacement, fenestration, 
or intravascular stent placement. 

a b

  Fig. 13.12    Abdominal aortic aneurysm. Maximum-intensity projection ( a ) and volume-rendered ( b ) post-processed 
CTA images show an abdominal aortic aneurysm ( white arrow ) in a 61-year-old patient       
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 According to the temporal window, it is possi-
ble to distinguish acute and chronic dissections 
(Fig.  13.13 ). By de fi nition, acute aortic dissec-
tions are characterized by symptoms that are pres-
ent for less than 14 days; in chronic dissections 
the symptoms are present for 14 or more days.  

 The most used classi fi cation of the types of 
dissection is the Stanford classi fi cation, which is 
based on the need for surgical intervention. 
Stanford type A (60–70 % of all cases) refers to a 
dissection that involves the ascending thoracic 
aorta, and the dissection  fl ap may extend into the 
descending aorta. Stanford type B refers to a dis-
section that involves the descending thoracic 
aorta distal to the left subclavian artery. Type A 
dissection is a more severe condition that typi-
cally requires urgent surgical intervention to 

 prevent extension into the aortic root, pericar-
dium, or coronary arteries, whereas type B dis-
section is a less severe condition that usually 
requires only medical treatment. 

 Due to its wide availability and high diagnos-
tic accuracy, MDCTA is the modality of choice 
for the evaluation of aortic dissection. With this 
technique it is possible to easily distinguish type 
A from type B dissection and localize the intimal 
entry site. When possible, ECG gating techniques 
(ECG triggering and retrospective ECG gating) 
should be used to minimize imaging artifacts 
caused by cardiac motion. With MDCTA it is 
quite easy to identify the intimal  fl ap that occurs 
when blood enters the medial layer through an 
intimal tear, giving rise to a true lumen and a false 
lumen, with the  fl ap separating the two lumina. 

a b
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  Fig. 13.13    Aortic dissection. Multiplanar reconstruction ( a ) and axial images and ( b ,  c ) CTA images show an aortic 
dissection in a 43-year-old woman,  arrows  indicate the false lumen of the aneurysms       
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Sometimes, in chronic dissections with mural 
calci fi cation of the false lumen, it is possible to 
observe a calci fi ed false lumen. Authors have 
also reported an uncommon  fi nding: the 
“Mercedes-Benz sign” when a three-channel dis-
section is present. 

 MRA is an accurate and noninvasive modality 
suitable for the investigation of aortic dissection 
in medically stable patients or those with chronic 
dissections, but it should not be used for patients 
whose condition is not stable. Like CTA, MRA 
can provide a complete visualization of the dis-
section by distinguishing the true lumen from the 
false lumen (Willmann et al.  2003 ; Hernández-
Hoyos et al.  2002  ) . MRA, compared to CTA, has 
the advantage of lacking ionizing radiation but 
suffers from the longer scan time required to per-
form the exam.   

    13.4.2   Pulmonary Arteries 

 Imaging of the pulmonary arteries requires fast 
imaging methods to avoid pulmonary artifacts 
from breathing. For these reasons, CTA is now 
the preferred method for imaging in pulmonary 
artery pathology, but things may change with 
new and promising advances in MRI. Several 
studies showed an increase in pulmonary artery 
pressures (namely, pulmonary hypertension) in 
elderly patients; another more prevalent condi-
tion is pulmonary embolism. In this section these 
two pathologies will be explored. 

    13.4.2.1   Pulmonary Hypertension 
 Pulmonary hypertension identi fi es an increase in 
blood pressure in the pulmonary artery, pulmo-
nary vein, or pulmonary capillaries. This condi-
tion is hemodynamically de fi ned as a mean 
pulmonary artery pressure greater than 25 mmHg 
at rest or greater than 30 mmHg during exercise 
with an increased pulmonary vascular resistance 
(Grosse and Grosse  2010  ) . Pulmonary hyperten-
sion can be a severe disease with a markedly 
decreased exercise tolerance and can result in 
heart failure. According to the most recent 
classi fi cation based on the etiology of the disease, 
it can be divided into  fi ve categories: arterial, 

venous, hypoxic, thromboembolic, or miscella-
neous (Simonneau et al.  2004  ) . 

 Women are almost three times more likely to 
present with idiopathic pulmonary arterial hyper-
tension than men. Up to 4 % of people who suffer 
a pulmonary embolism go on to develop chronic 
thromboembolic disease including pulmonary 
hypertension, and pulmonary venous hypertension 
occurs in most patients with congestive heart fail-
ure. In scleroderma the incidence of pulmonary 
hypertension has been estimated to be 6–60 % of 
all patients, in rheumatoid arthritis up to 21 %, and 
in systemic lupus erythematosus 4–14 %. 

 Usually, pulmonary arterial hypertension 
determines vasoconstriction of blood vessels. In 
addition, the increased workload of the heart 
causes hypertrophy of the right ventricle, making 
the heart less able to pump blood through the 
lungs, ultimately causing right heart failure. In 
pulmonary venous hypertension, there is no 
obstruction to blood  fl ow in the lungs. Instead, 
the left heart fails to pump blood ef fi ciently, lead-
ing to pooling of blood in the lungs. In chronic 
thromboembolic pulmonary hypertension, the 
blood vessels are blocked or narrowed with blood 
clots with increases in the blood pressure within 
the lungs which impairs the blood  fl ow. In 
hypoxic pulmonary hypertension, the low levels 
of oxygen are thought to cause vasoconstriction 
or tightening of pulmonary arteries. 

 Because of the different pathways that can 
determine pulmonary hypertension, a series of 
tests must be performed to distinguish pulmonary 
arterial hypertension from venous, hypoxic, 
thromboembolic, or miscellaneous varieties. 

 Several papers have demonstrated the value of 
MDCT in the detection and characterization of 
pulmonary hypertension (Schwickert et al.  1994 ; 
Remy-Jardin et al.  1992,   2001 ; King et al.  1998  ) . 
MDCT features of pulmonary hypertension can 
be classi fi ed as vascular or parenchymal changes 
(Grosse and Grosse  2010  ) . Vascular changes 
include three different types of  fi ndings related to 
(1) pulmonary arterial hypertension (central pul-
monary artery dilation, right heart chamber 
enlargement, atherosclerotic plaques), (2) chronic 
pulmonary thromboembolism (complete or par-
tial thromboembolic obstruction, bands or webs 
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in the pulmonary arteries), and (3) systemic col-
lateral supply. Parenchymal changes include 
mosaic lung perfusion and the presence of periph-
eral parenchymal opacities. In several studies in 
the late 1970s and early 1980s, investigators mea-
sured the diameter of central pulmonary arteries 
using CT  fi ndings to predict the presence of pul-
monary hypertension (Fig.  13.14 ). Recently, 
some authors showed the value of dual-energy 
CTA in the study of pulmonary hypertension. 
Dual-energy CTA can provide high-spatial-reso-
lution images of pulmonary vascular and paren-
chymal anatomy in combination with functional 
information on the pulmonary microcirculation 
from the same data set (Remy-Jardin and Remy 
 2008 ; Nakazawa et al.  2011  ) . Results of a few 
studies in the late 1990s suggested the utility of 
velocity-encoded MRI with phase-contrast tech-
niques as a noninvasive method for assessment of 
pulmonary hypertension, but the technique was 
not considered reliable. Improved MRI sequences 
and advances in gradient systems have made pos-
sible new 3D gradient-recalled echo sequences 
with ultra-short TR/TE that allow assessment of 
qualitative regional perfusion differences in the 
entire lung with high temporal resolution.   

    13.4.2.2   Pulmonary Embolism 
 Pulmonary embolism (PE) is a potentially life-
threatening condition and is responsible for 
signi fi cant morbidity and mortality in adults (Ritchie 
et al.  2007 ; Tapson  2008  ) . CTA is increasingly used 

as a reliable, noninvasive  fi rst-line imaging study in 
both pediatric and adult patients with clinically sus-
pected PE. Each year it is estimated that there are 
600,000 episodes of PE in the United States with an 
overall mortality rate among untreated patients 
approaching 20–35 %: more than 80 % of deaths 
from PE occur in the  fi rst 30 min and 90 % within 
2.5 h of the event (Righini et al.  2008 ; Stein et al. 
 1995 ; Calder et al.  2005  ) . Two of the most widely 
used scoring systems are the Wells score and the 
Geneva clinical probability score (Wells et al.  1998 ; 
Le Gal et al.  2006 ; Wong et al.  2011  ) . The Wells 
score is a clinical prediction rule, where the follow-
ing parameters are considered: (a) clinically sus-
pected deep venous thrombosis (DVT), 3.0 points; 
(b) alternative diagnosis is less likely than PE, 3.0 
points; (c) tachycardia, 1.5 points; (d) immobiliza-
tion/surgery in previous 4 weeks, 1.5 points; (e) his-
tory of DVT or PE, 1.5 points; (f) hemoptysis, 1.0 
points; and (g) malignancy (treatment within 6 
months, palliative), 1.0 points. 

 Among imaging techniques, it is possible to 
use different approaches. X-rays are often 
obtained of patients with shortness of breath to 
help rule out other causes, such as congestive 
heart failure and rib fracture. Chest X-rays are 
not sensitive or speci fi c for PE and usually lack 
signs that suggest the diagnosis of PE (e.g., 
Hampton’s hump, Westermark sign). 

 Ultrasound can offer indirect sign of pulmo-
nary embolism by examining the legs in search of 
DVT. The presence of DVT, as shown on ultra-
sonography of the legs, according to some 
authors, is in itself enough to warrant anticoagu-
lation, without requiring CTA. This may be a 
valid approach in pregnancy, in which other 
modalities, which use ionizing radiation, could 
increase the risk to the unborn child. 

 In the past years, the gold standard for diag-
nosing PE was pulmonary angiography. Pulmonary 
angiography nowadays is used less often due to 
wider acceptance of CTA, which is currently the 
recommended  fi rst-line diagnostic imaging test in 
most people. 

 Several studies (Remy-Jardin et al.  1996 ; 
Christiansen  1997 ; Mayo et al.  1997 ; Ghaye et al. 
 2002 ; Coche et al.  2003 ; Reinartz et al.  2004  )  
have yielded data ascribing a high sensitivity and 

  Fig. 13.14    Pulmonary hypertension. CTA axial image in 
a 65-year-old patient with pulmonary hypertension. The 
diameter of the truncus of the pulmonary artery is 30 mm, 
demonstrating an enlargement of the structure       
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speci fi city to CTA (Fig.  13.15 ) and showing 
acceptable clinical outcome among patients with 
normal  fi ndings on CTA. CTA is fast, easy, reli-
able, diagnostic, and widely available. These 
attributes have led to a signi fi cant increase in the 
number of patients undergoing imaging for PE 
since the late 1990s. CTA can show presence of 
intraluminal thrombus even in the more distal 
pulmonary arteries. Moreover, compared to DSA 
and MRA, CTA can offer important information 
regarding the parenchyma. This is important for 
planning the correct therapeutic approach.     

    13.5   Peripheral Vessels 

 The availability of state-of-the-art technology in 
ultrasound, CT, and MR revolutionized the evalu-
ation of peripheral vasculature in atherosclerosis 
burden assessment and in those patients with vas-
cular trauma. Evaluation of peripheral vascula-
ture is an integral part of the management of 

patients with peripheral vascular disease and in 
polytrauma patients with suspected vascular 
injury. In past years DSA was considered the 
gold standard in the evaluation of peripheral ves-
sels, especially peripheral vascular disease, but 
nowadays the role of DSA has been challenged 
by recent advances in technology like ultrasound, 
CT, and MR. In particular CTA has experienced a 
technological quantum leap with the introduction 
of multiple detectors with isotropic imaging 
capabilities. 

    13.5.1   Lower Extremities 

 The most frequent cause of peripheral vascular 
disease in the lower extremities is atherosclerotic 
disease. Other causes of peripheral vascular dis-
ease like vascular aneurysms, cystic adventitial 
disease, or popliteal entrapment syndrome are less 
frequently detected (Fig.  13.16 ). Approximately 
eight million Americans are affected by periph-
eral arterial disease (Hirsch et al.  2001  ) , and the 

a b

  Fig. 13.15    Pulmonary embolism. CTA axial images in a 58-year-old patient with pulmonary embolism ( a ,  b ). Multiple 
emboli are visible ( white arrows )       
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estimated prevalence of this pathology in people 
older than 70 years is between 14 and 29 % 
(Selvin and Erlinger  2004  ) . Intermittent claudi-
cation, the classical peripheral arterial disease 
symptom, is present in only 10 % of patients 
(Arain and Cooper  2008  ) . It was reported that 
approximately 50 % of patients with peripheral 
arterial disease have atypical lower-extremity 
symptoms and another 40 % are asymptom-
atic. This heterogeneity of clinical presentations 
may explain why peripheral arterial disease is 
diagnosed and treated in only 25 % of affected 
patients. Patients with peripheral vascular dis-
ease may present with an acute limb threatening 
event, a chronic threatened limb, or merely clau-
dication. Sometimes the disease site of greatest 
severity can be identi fi ed by the location of the 
patient’s symptoms.  

 The purpose of imaging in the analysis of vas-
cular disease of lower extremities is to detect the 
site and anatomical extent of obstruction, to 
delineate the presence or absence of signi fi cant 
obstruction to blood  fl ow, and to assess the status 
of collateral  fl ow and distal vasculature, for plan-
ning treatment as well as to monitor the results of 
therapy and disease progression (Lawrence et al. 
 1995 ; Rubin et al.  1999  ) . 

 Ultrasonography is considered the initial 
imaging modality of choice in suspected periph-
eral vascular disease, especially in popliteal dis-
ease. This simple, cheap, and noninvasive test is 
very useful, but limitations reduce its potential. 
First, it is operator dependent and the interob-
server agreement reported in some studies is 
quite poor. Second, ultrasound is unable to assess 
distal vasculature and fails to demonstrate direct 

ba

  Fig. 13.16    Popliteal artery aneurysm. 64-year-old patient with an aneurysm in the popliteal artery. Volume-rendered 
post-processed image ( a ) and CTA axial ( b ) image clearly demonstrate the presence of the aneurysm ( white arrow )       
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 evidence of cystic adventitial or popliteal entrap-
ment syndrome. One of the most common ultra-
sound Doppler analyses is the ankle-brachial 
index (ABI). An abnormal ABI suggests a diag-
nosis of peripheral vascular disease. This test 
can quantify the severity of peripheral vascular 
disease and also predict the risk of future cardio-
vascular events. By using ultrasound, systolic 
blood pressures in the bilateral brachial, dorsalis 
pedis, and posterior tibial arteries are measured. 
The higher of two brachial artery systolic pres-
sure measurements is used as the denominator. 
The right and left ABI values are determined by 
dividing the higher value of dorsalis pedis or 
posterior tibial pressure measurements in each 
leg by the brachial artery pressure. Usually, 
patients with claudication have ABI values rang-
ing from 0.5 to 0.9. 

 Authors have reported that CTA has more than 
92 % sensitivity, 96.2 % speci fi city, and an over-
all accuracy of more than 95.5 % in the evalua-
tion of peripheral vascular disease (Joshi et al. 
 2004  ) . (Fig.  13.17 ) One of the advantages of CTA 
is the detection and characterization of athero-
sclerotic plaques and the presence or absence of 
calci fi cation within it. However, the presence of 
very heavy calci fi cation is a disadvantage for 
CTA, as the vessels are then not adequately eval-
uated due to volume averaging artifacts, espe-
cially in vessels of smaller caliber, beyond the 
level of the inguinal ligament. The additional 
bene fi t of cross-sectional CT in simultaneously 
depicting extra-luminal structures causing arte-
rial obstruction, as in popliteal artery entrapment 
or cystic adventitial disease, cannot be overem-
phasized. To avoid multiple acquisitions and 

a b

  Fig. 13.17    Atherosclerotic disease of the lower extremities. Volume-rendered ( a ) and maximum-intensity projection 
( b ) post-processed CTA images show lower-extremity vasculature       
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minimize radiation exposure and contrast medium 
volume, it is important to have fundamental knowl-
edge of how to select the CT scan parameters. It is 
also important to know how to apply advanced 
workstation visualization techniques and tool 
functions for the lower-extremity vascular tree.  

 In the analysis of the vascular system of the 
lower extremities, probably the main limitation of 
CTA is the absence of any hemodynamic assess-
ment, which can be obtained by Doppler imaging 
and MRA. However, compared to ultrasound, CTA 
is less operator dependent and it is clearly advanta-
geous in patients with trauma who are often immo-
bilized and in intense pain. Moreover, surgeons 
prefer CTA images to ultrasound as they are pre-
sented in a format similar to conventional angio-
grams with which they are more familiar and 
comfortable. 

 Another frequently used technique for the study 
of peripheral vascular disease is MRA. Compared to 
CTA, MRA has the advantage of being unaffected 
by the presence of vascular calci fi cation and, given 
excellent results, in the evaluation of the distal ante-
rior tibial, peroneal, and dorsalis pedis arteries. 
Recently, Kos et al.  (  2009  )  showed that Gadofosveset-
enhanced MRA of the pedal arteries in patients with 
peripheral arterial occlusive disease has arterial vis-
ibility equal to DSA and that it facilitates depiction 
of clinically signi fi cant stenosis and occlusion. Other 
authors assessed the potential of MRI for popliteal 
entrapment (Ozkan et al.  2008  ) . They found that 
MRI allows visualization of an abnormal relation-
ship of the popliteal artery to adjacent musculotendi-
nous structures, and it can demonstrate more than 
one abnormality. However, MRI is contraindicated 
by implanted devices such as pacemakers, 
de fi brillators, and metal aneurysm clips. Moreover, 
gadolinium, the contrast agent used for MRA scans, 
recently has been linked to development of nephro-
genic systemic  fi brosis in patients with a glomerular 
 fi ltration rate of less than 30 mL/min or those receiv-
ing long-term dialysis (Sadowski et al.  2007  ) .  

    13.5.2   Upper Extremities 

 From a technical and interpretative perspec-
tive, vascular imaging applications in the 

upper extremities are challenging. Aging has 
marked effects on the cardiovascular system 
in many ways. Nevertheless, it can be dif fi cult 
to separate the effect of true normal vascular 
aging from disease-related changes in Western 
populations. Cross-sectional studies have 
shown an age-related increase in arterial diam-
eter, length, and wall thickness of the brachial 
artery. Although vascular disorders of the upper 
extremity are less common than in the lower 
extremities, they may carry a poorer progno-
sis. The most common vascular pathologies 
involving the upper extremities are vascular 
injuries, arterial occlusion, arterial extravasa-
tion, vasculitis, focal stenosis, and pseudoa-
neurysm (Anderson et al.  2008 ; Pieroni et al. 
 2009 ; Foster et al.  2011  ) . An important and 
interesting modern application of imaging 
is to explore the upper-extremity vessels in 
patients who have undergone plastic surgery 
(Audolfsson et al.  2009 ; Balakrishnan  2011  ) . 

 It is possible to image pathologies affecting 
the upper extremities by using ultrasound, CT, 
and MR, but usually CT and MR are used. 
Ultrasound is commonly used as “ fi rst-line” exam 
for the analysis of the upper extremities, but it is 
too operator dependent. 

 Given the improved temporal resolution using 
modern MDCT technology, with the ability to 
acquire isotropic data sets and the myriad 
 post-processing options, upper-extremity arterial 
visualization and characterization is now  common 
(Fig.  13.18 ). Moreover, the replacement of DSA 
with CTA for extremity trauma re fl ects practice 
that is common for the lower extremities, given 
decreased morbidity associated with CT and the 
excellent image quality provided by current 
MD-CT technology. However, obtaining an 
 optimal analysis of the arteries of the upper 
extremities can be dif fi cult by using CTA because 
synchronizing the relatively large scan coverage 
with a single bolus of contrast medium requires 
precise selection of acquisition and contrast 
delivery parameters. Evaluation of upper- 
extremity trauma poses considerable additional 
technical challenges, including the smaller size 
of the arterial bed and dif fi culties in proper 
 positioning during image acquisition.  
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 Authors have demonstrated that MRI accu-
rately de fi nes steno-occlusive lesions in 
patients with atherosclerosis and embolus; 
moreover, it can help to diagnose thoracic out-
let syndrome, vascular malformations, and 
vasculitis. Some studies have shown that MRI 
can identify vascular injuries after blunt or 
occupational trauma, corkscrew collaterals in 
Burger disease, and pathological vessels in 
malignant tumors and have suggested that this 

technique can be used for planning the treat-
ment of vascular disorders of the upper extremities 
(Razek et al.  2010  ) .   

      Conclusions 

 Nowadays, the use of advanced imaging tech-
nologies allows exploration of peripheral vas-
cular pathology with an exquisite level of 
detail. The most important methodologies 
today are ultrasound, CT, and MRI. 

a b

  Fig. 13.18    Disease of the upper extremities. Volume-rendered ( a ) and maximum-intensity projection ( b ) post- 
processed CTA images show right-arm vasculature of a patient with neuro fi bromatosis       
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  Usually ultrasound represents a “ fi rst-line” 
exam and it is possible to obtain good diag-
nostic results; however, it suffers two main 
limitations: the  fi rst is the poor interobserver 
variability. The second one is the presence of 
some physical limitations that reduce the 
applicability and diagnostic accuracy of the 
technique (e.g., presence of calcium in the 
vessels, uncooperative patients). These two 
limits do not allow the use of ultrasound for 
advanced vascular disease characterization. 
  CT and MR are both “second-line” exams 
and they can explore the entire vascular sys-
tem. CT is probably used more to explore the 
peripheral arterial system and offers a better 
level of detail than MRI. Still, MRI has two 
main advantages compared to CTA: no radia-
tion exposure and, in some cases, no need for 
contrast material.      
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