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  Pref ace   

 Nowadays atherosclerosis represents the leading cause of mortality and morbidity 
in the world. Two of the most common, severe, diseases that may occur, Acute 
Myocardial Infarction and Stroke, have their pathogenesis in the atherosclerosis that 
may affect the coronary arteries as well as the carotid\intra-cranial vessels. 

 Therefore, in the past there was extensive research in identifying pre-clinical 
atherosclerotic diseases in order to plan the correct therapeutical approach before 
the pathological events occur. 

 In the last 20 years imaging techniques and in particular Computed Tomography 
and Magnetic Resonance had a tremendous improvement in their potentialities. 
In the fi eld of the Computed Tomography, the introduction of the multi-detector-
row technology and more recently the use of dual energy and multi-spectral imag-
ing allow reaching an exquisite level of anatomic detail. The MR thanks to the use 
of strength magnetic fi eld and extremely advanced sequences can image very fast 
the human vessels by offering an outstanding contrast resolution. 
 In this book our purpose is to offer a synthetic but complete window into the state 
of the art of the CT\MR imaging application for the study of arteriosclerosis by the 
means of the most renowned scientist in this fi eld.  

  Cambridge, UK     Rikin     Trivedi      
Cagliari, Italy    Luca     Saba      
Roseville, CA, USA    Jasjit     S.     Suri     
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Principles of Computed Tomography

Michele Porcu, Luca Saba, and Jasjit S. Suri

 History and Basic Physics of X-rays [1]

In 1895, Wilhem Röentgen discovered X-rays and opened new ways for medicine, 
improving diagnosis and therapy.

X-rays are electromagnetic waves (speed: 3 × 109 m/s) with very short wave-
length (between 0,1 and 10 nm), high frequency (f) between 1017 and 1019 Hz, and 
thus high energy (E), according to the formula (1):

 E = hf  (1)

where h is the Planck constant (value: 4,135 × 10−15 eVs).
These properties allow X-rays to interact with the different tissues of the human 

body: once they have been generated from an X-ray source and have crossed the 
patient’s body, emerging X-rays hit a detection system, interact with it and create an 
image which can be read by radiologists.

Various sources can generate X-rays; in 1913 William David Coolidge, a 
researcher of General Electric Company, invented the so-called “X-ray Coolidge 
Tube” which represents still today the model on which are designed modern X-ray 
sources (Fig. 1).

The general principle of Coolidge Tube is very simple: in a vacuum tube are 
placed a cathode and an anode (both made of tungsten, an element with high atomic 
number) with a difference in potential (ΔV1) created between them:
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• Bremsstrahlung X-rays: these are produced by the deceleration and deflection 
of electrons emitted from the cathode when they hit the crystal lattice of the 
anode. This kind of X-rays is that produced more during an “electron-beam” 
collision.

Fig. 1 This picture shows 
the Coolidge tube model:  
the electrons created on the 
cathode (+) for thermionic 
effect, are accelerated and hit 
the tungsten plate of the 
anode (−). An X-rays-beam  
is generated from this 
interaction. The X-rays can 
only goes out from the 
opening of the tube not 
covered by the lead

Fig. 2 This picture shows 
the interaction of an electron 
with the inner orbitals, 
characterised by the 
deceleration of the electron, 
the deflection of the 
trajectory, and the emission 
of an X-ray (Bremsstrahlung
X-ray)

 1. The cathode consists of a little pigtail wire in which flows an electric current 
generated by a little potential difference (ΔV2). This wire is heated because of 
the Joule effect.

 2. The anode consists of a plate of tungsten.

Thanks to the ΔV1 between the two electrodes, electrons generated for therm-
ionic effect from the pigtail wire are accelerated and an “electron beam” travels 
through the vacuum from the cathode to the anode with an incredible speed. The 
kinetic energy of the impact of the “electron beam” is converted into heat for 99 %, 
the other 1 % as “X-ray beam”.

This X-ray beam has its own intensity and the X-rays which it consists of have 
their own average energy. It is made of two kinds of X-rays, bremsstrahlung 
X-rays and characteristic X-rays (Fig. 2):

M. Porcu et al.
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• Characteristic X-rays: these are produced after the collision of electrons 
 emitted from the cathode with the electrons of inner orbital of the atoms that 
constitute the anode (in this case tungsten).

We must point out that the entire process is probabilistic, since a single electron 
could be decelerated and deflected by outer or inner orbitals of the tungsten atoms 
of the anode, creating single X-rays with different frequency (and thus energy). 
Actually the number of electrons and X-rays generated is so great that we consider
the average value of energy of every single X-ray of the beam; thus we talk in terms 
of “X-ray beam”, “intensity of the X-ray beam” and “energy of X-rays”.

The intensity of the X-ray beam can be considered as “the number of  X- rays” 
emitted from the source; its value depends on the amount of electrons emitted 
from the cathode (i.e. the charge of the cathode): we can increase X-rays number, 
and thus of the intensity of the X-ray beam, increasing the charge (q) of the cath-
ode, according to the formula (2):

 q t= DV2  (2)

where t is the time and ΔV2 is the difference in potential between the two ends of 
the pigtail wire of the cathode. The unit of measure of the X-rays intensity is mAs 
(1 mAs = 10−3 C (Coulomb)). Greater the total charge, greater the number of elec-
trons emitted for thermionic effect, greater the intensity of X-ray beam, greater the 
definition of the image, greater the total ionising dose (TID) given to the patient. 
In daily practice, in order to obtain a greater charge (and thus X-ray beam intensity), 
we modify in particular the ΔV2 value.

The energy (E) is the average “strength” or the “passing ability” of the single 
X-rays of which the beam is made of; it depends on Eq. (3):

 E = q VD 1  (3)

where q is the charge and ΔV1 is the potential difference between the electrodes. 
The unit of measure is keV (1 keV = 1.6 × 10−16 J (Joule)). Since the charge of a
single electron is constant and it is 1.6 × 10−19 C (Coulomb), if we want X-rays with 
greater energy, we have to increase the potential difference ΔV1. High energy X-rays 
(hard X-rays) are generated for high ΔV1 values, whereas low energy X-rays (soft 
X-rays) are generated for low ΔV1 values. Harder X-rays have greater capability to 
penetrate through the patient and reach the detection system.

X-rays at different energies interact in different ways with human tissues, 
depending on their composition.

Radiology technicians can modify these two parameters (intensity of X-ray beam 
and X-ray energy) to obtain an optimal image, both in traditional radiology and CT 
(see below).

Once the X-rays emerge from the Coolidge tube, they interact with human tis-
sues, in a probabilistic way. This interaction will be different based on the density 
and atomic composition of the tissue. Possible interactions are the following:

Principles of Computed Tomography
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Photoelectric and Compton effects are important because they explain the 
 ionising capability of X-rays, responsible for undesirable effects (teratogenic effects, 
mutagenic effects) which limit use of X-rays in clinical practice (in particular in preg-
nancy) according to stochastic and non-stochastic effects on the tissues (see below).

When an X-ray beam crosses a patient’s body, it loses its intensity according to 
the principles just exposed, and reaches a detection system placed over human body, 
with intensity (I) lesser from the original (I0) as we can see in the formula (4):

 I I e x= -
0

m

 (4)

Fig. 3 These pictures show the most important interaction of X-rays with the atoms of the human- 
body. In (a) is shown the “Photoelectric effect”, characterised by the fact that the X-ray interact 
with an electron of the inner orbitals, throwing it out. In (b) is shown the “Compton effect” in 
which the X-ray interacts with an electron of the outer orbital, resulting in a loss of energy and 
deflection of its trajectory, and in a emission of the electron hit

 1. X-rays scattering: X-rays are deflected in all the directions by the crystalline 
lattice of the tissues. This kind of interaction is responsible for the scattered 
effect of the image, the so-called “noise” of an image (see below).

 2. Photoelectric effect (Fig. 3a): an X-ray hits an electron of the inner orbitals of 
an atom and gives it all his energy; this results in the ejection of the electron from 
its orbital, and the ionisation of the atom.

 3. Compton effect (Fig. 3b): an X-ray hits an electron of the outer orbitals of an atom 
and gives it a part of its energy (less energy is required to eject an electron from 
outer orbitals than the inner orbitals): this interaction results in the ejection of the 
electron outside the atom and the deflection and loss of energy of the X-ray.

 4. Couple production: an X-ray interacts near the atomic nucleus, and this led to a 
production of a couple which consists of electron and positron (This kind of 
interaction happens only for high X-ray energy, greater than 1.02 MeV; these 
energies are not used in traditional radiology and CT).

M. Porcu et al.
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where I is the intensity of X-ray beam emerging from the patient , I0 the intensity of 
X-ray beam originated from the source, e the Euler number, μ the linear attenuation 
coefficient (different for every tissue based on their composition) and x the tissue 
thickness.

 Applications of X-Rays in Clinical Practice [2, 3]

All the concepts exposed before are the basic physical principles that permit to
explain how it is possible to obtain an image (a radiograph, a fluoroscopic image or 
a CT) using X-rays. Now we quickly expose the most important applications of 
X-rays in clinical practice.

In traditional radiology X-rays originated from a Coolidge tube once have 
crossed human body reach a detection system: this detection system originally was 
a photographic film impressed by X-ray beam, while nowadays it is a radio-
graphic cassette made of photo-stimulate phosphors read by a laser optic viewer 
after the execution of a radiograph, or a plane made of digital sensors, which once 
has detected the X-rays displays directly digital images on a monitor. The images 
obtained are two-dimensional (2D) static images called radiographs, and they  
do not allow to discriminate the three-dimensional (3D) arrangement of body 
structures.

In fluoroscopy, X-rays emerging from human body were detected originally by 
a fluorescent screen, while nowadays they are detected by an X-ray image intensi-
fier and a CCD camera; in this way, images are displayed on a monitor in real time. 
This technique allows to obtain dynamic 2D images, used for such examinations as 
angiographies in which the operator needs to follow the diffusion of a contrast 
medium or radiopaque objects (catheters, coils …) along the body structures in 
diagnostic and, above all, therapeutic procedures.

Computed Tomography (CT) allows to obtain sectional axial images of the 
body and, in modern CT scanners, thanks to the spiral acquisitions, multiplanar 
sectional and 3D images of the body.

 Introduction to CT [4]

In 1970s, thanks to the work of Sir Godfrey N. Hounsfield and Dr. Conmark, winners
of the Nobel Prize in 1979, CT was introduced in clinical practice. It was a revolu-
tion because of its incredible capability in diagnosis and management of patient.

The great contrast resolution (the ability to detect in an image two different 
points with different degrees of intensity—in b/w images, shades of gray), spatial 
resolution (the ability to distinguish two different points next to each other—
the lesser the distance between two points, the higher the spatial resolution) and 
temporal resolution (the time for acquisition of a frame) of modern CT scanner, 
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in  particular in the evaluation of soft tissue, make CT an essential instrument for 
detection and staging of various pathological conditions.

In fact, traditional X-ray radiographs are still important instruments to assess 
patient condition, but cannot offer a complete evaluation; moreover, CT’s intrinsic 
capability to explore deep organs despite ultrasonography (US) and its very low
execution time than Magnetic Resonance (MR) allow us to have many and detailed 
information in a very little time. Anyway, we must remember CT uses ionising rays
that can have mutagenic effects on human tissues (with increased risk of neoplasms 
and, in pregnant women, of foetal malformations and spontaneous abortions).

 How a CT Scanner Is Made [4, 5]

CT uses X-rays to produce a series of images that will be analysed by the 
radiologist.

Modern CT scanner consists of (Fig. 4):

• Circular gantry
• Moving patient table
• Control console

Fig. 4 This picture shows the parts of which a Modern CT scanner is made: the control console (1), 
the circular gantry (2) and the moving table (3)

M. Porcu et al.
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The circular gantry consists of a solid structure containing an X-ray source 
(made based on a Coolidge tube, see above) and a detection system, firmly con-
nected opposite to each other forming a 180° angle between them, and a rotation 
system that rotates the X-ray source and detection system by a 360° angle. Thanks 
to the “slip rings” technology, a wireless electrical connection, the X-ray source- 
detection system complex can rotate continuously over 360° degrees (allowing the 
“helical scanning”, see below). Detection system is connected with a data-
acquisition- system (DAS) which converts X-rays in electric pulses that will be 
analysed and managed by the computer to create an image series. Moreover, the 
circular gantry contains a laser sighting system to correctly position the patient in 
the moving patient table, and an important cooling system to dissipate the great 
heat generated by the X-ray source.

The moving patient table carries the patient into the gantry hole.
The control console is managed by the radiology technician, who controls the 

whole procedure supported by the radiologist.

 General Acquisition Principles [1, 4, 6]

The general principle is very simple: X-rays, generated from a rotating X-ray 
source placed in the circular gantry, cross the patient body lying on the moving 
table in the centre of the gantry and are detected by the detection system placed 
opposite to the X-ray source (Fig. 5). The X-ray beam generated at a known inten-
sity value, equal for every degree of rotation, reaches detection system with an 
intensity value less than that at the source because of the interaction with human 
body structures, according to the formula (5) derived from the formula (4):

Fig. 5 This picture shows the general principles of a CT scan: the patient lies on the moving table, 
and an X-ray beam generated by the X-ray tube crosses the patient’s body. Once they have crossed 
the patient, they interact with the detection system placed opposite to the X-ray source. The X-ray 
tube and the detection system rotate together around the patient

Principles of Computed Tomography
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 I I e

L

=
ò- ( )

0
0

m x dx

 (5)

This formula indicates that the intensity of X-ray beam measured by the detector 
(I) is equal to the product of the intensity of X-ray beam originating from the source 
(I0) multiplied by the Euler number (e) elevated to the integral of every X-ray linear 
attenuation coefficient (μ(x)) from the origin (0) to (L), where L is the distance 
between the source and the detector covered by the beam.

X-ray beam generated from the rotating source when crossing human body and 
its deep structures interacts with tissues and yields them energy; this interaction is 
different depending on tissue composition (water, blood, lipids, bone and crystal-
line structures) and the rotation degree of the source.

Detection system is made of different detectors. Although early CT scanners
used gas ionisation-detectors, in modern CT scanners detection system consists of 
solid-state detectors made of ceramic of rare-earth oxides, which have high capture 
efficiency (total amount of emerging X-rays absorbed by the detector) and conversion 
efficiency (capability to accurately convert X-rays into electric signal). Detectors are 
aligned side by side, divided by thin septa made of tungsten to minimise the “noise” 
of the image (i.e. artefacts from scattered radiation generated by X-rays interaction 
with body structures), and are able to capture the greatest amount of X-rays emerging 
from the patient. Once the X-ray beams emerging from human body reach the detec-
tion system with intensity value I, they are transformed into electric pulses by the 
data-acquisition-system (DAS). These electric pulses, converted into data series, 
will be then processed and analysed by the computer, and then converted into axial 
images series.

 CT Generations [4, 5]

From an engineering point of view, we describe four generations of CT scanner 
(Fig. 6).

 1. First generation

The first CT scanner (MARK 1) was made by EMI in 1972. It was only a head
scanner, and required about 20 min to obtain a complete axial scan of the head, with 
a slice thickness of 13 mm. It consisted of a box-shaped gantry in which lay the head 
of the patient, an X-ray beam source generating a very narrow beam, and a detection 
system containing a couple of detectors placed against each other in two adjacent 
rows to scan two slices concurrently and reduce acquisition time. The complex 
X-ray source—detection system scanned the head moving in the gantry according 
to a translation–rotation process, in which were sampled 160 detection data by a 
translation movement of the system for every degree of rotation, and an overall 180° 
rotation.

M. Porcu et al.
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 2. Second generation

This generation differs from the first because of the use of an X-ray narrow 
cone beam and of a detection system with multiple detectors (from 3 for the 
first model up to 20 for the latest); the detectors are not placed on multiple rows, 
but on a single row. The complex X-ray source–detection system moved according 
to a translation–rotation movement. The CT scanner was implemented with a 
moving table, a laser indicator and the capability to tilt the gantry, allowing not only 
the head scan, but also the body scan for the first time. Scanning time was lesser
than first generation, allowing to scan one slice of the chest holding one breath; 
there were still severe movement artefacts, and to limit them it was necessary to 
avoid the translation movement, maintaining the rotation movement.

 3. Third generation

In principle, the power supply of CT scanners was provided by electric cables 
which limited the movement of the system constituted by the complex X-ray source–
detection system: in fact, after a 360° rotation, the system had to stop and then re-start 
moving in the opposite verse. This limitation allowed only sequential axial scans.

In the third generation of CT scanners has been introduced the “slip rings” tech-
nology. It has been a revolution. In fact, with the introduction of this technology, 

Fig. 6 This picture shows the five generations of CT scanners. The third generation scanners are 
the most diffuse in clinical practice nowadays

Principles of Computed Tomography
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electric cables have been abolished, allowing a continuous rotational movement of 
the system, over the 360°, and abolishing the need of a translation–rotation move-
ment. A new era of Helical CT started (see below).

Another improvement in CT technology that led to further decrease of scan tim-
ing has been the use of a detection system which consists of multiple detectors 
placed not on a single slice but on multiple slices, so that the use of cone-beam 
X-rays covers a greater section of the body in little time; this is the multislice-CT 
technology (see below).

Nowadays, the principal manufacturers produce only multislice CT scanners 
with this kind of architecture, which allows to generate sequential or helical CT 
scans.

 4. Fourth generation

The fourth generation has not had a great impact. In fact, high production costs 
were a limitation for its development. It differed from third generation in the archi-
tecture of the detection system: in fact detectors cover entirely the inner part of the 
gantry, and only the X-ray source (placed adjacent to the detectors and slightly 
inclined to them) rotates in the gantry.

 5. Fifth generation

Electron beam computed tomography (EBCT) was developed to evaluate 
heart. It consisted of a cathode that generated an electron beam, diverted and rotated 
by an electromagnetic fold; the electrons hit four semicircular anodes placed around 
the patient, generating X-rays captured by detectors placed adjacent to the anodes. 
Despite the high temporal resolution (about 50 ms), EBCT did not have great suc-
cess due to high costs and intrinsic technician limitations.

 Spiral-Volume Scanning and Multislice-CT [2–7]

With the introduction of “slip rings” technology in 1987, a new era started in CT.  
In fact, the capability to have a continuous rotating movement allowed not only to 
achieve faster scans in lower time but also multiaxial images. Before this innova-
tion, scanners allowed to obtain only axial images for the limited movement of the 
complex X-ray source–detection system because of electric cables; in fact CT scan-
ners were able to execute only axial sequential scans (slice-by-slice).

Third generation CT scanners with “slip rings” technology work with a continu-
ous rotating movement of the complex X-rays-source–detection system; while the 
complex rotates, the table moves consensually along the z-axis (the longitudinal 
axis of the patient; the other two axes, x and y, are perpendicular to z-axis and rep-
resent the coordinates of axial images). This innovation, together with improve-
ments in computing calculation speed, took CT scanner to a higher level, and in the 
early 1990s, Kalender et al. [5] developed the algorithm of spiral volume scanning 
(Spiral or Helical-CT) (Fig. 7).

M. Porcu et al.
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Beside the introduction of “slip rings” technology, researchers developed a new
system to improve Helical-CT scan faster than before. The idea was to create a new 
detection system, or better, to improve the old detection system in order to obtain 
more data in less acquisition time. The engineers created a detection system made 
of not only a single array of detectors (slice), but multiple rows of detectors, aligned 
in arrays, side by side. This detection system is able to capture X-rays-beam in a 
wider range along the z-axis. These scanners are called multislice-CT (MSCT) 
scanners. Nowadays there are CT-scanners capable to cover in a single rotation a 
field of view of 128 mm, using 256-rows detectors in a 0.5 s rotation time; this 
means that in 1 s it can cover a body section of about 26 cm, and a slice thickness of 
0,675 mm, very impressive!

Currently, MSCT scanners are a fundamental instrument to evaluate patients, in
particular for the great amount of clinical information they provide in very little 
time, especially, but not only, in emergency.

The recent manufacturing developments in CT-scanner technology, such as dual 
and multi-energy scanners, are exposed below.

 Images Reconstruction [2, 4, 5, 7]

As we have seen before, in CT scanners images are created comparing data acquired
from different acquisition obtained at different rotation degrees.

Computer represents every scan circle as a matrix with a 512 × 512 of 3D boxes 
called voxels (Fig. 8). Every voxel has three axes mutually perpendicular: x and y 
are the axes perpendicular to the longitudinal axis of the patient (called z-axis), and 
every voxel on a screen is represented by a 2D square, called pixel. To create 2D 
images, the computer has to obtain for every voxel, and hence pixel, the correspond-
ing attenuation coefficient value (μv).

Fig. 7 This picture shows 
the principle of the 
helical-CT: the scan can be 
acquired with the patient 
placed on a moving table 
which moves during the 
continuous rotation of the 
complex X-ray tube. 
detection system around the 
patients. This continuous 
rotation with an angle >360° 
is possible thanks to the slip 
rings technology

Principles of Computed Tomography
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To obtain attenuation coefficient (μv) of the voxel, the computer must extract 
the linear coefficient attenuation value (μ) for every emerging X-ray beam (I) inter-
cepted by the detectors during a 180° rotation, knowing the X-ray beam intensity at 
origin (I0) and the distance covered by the beam (L), according to the formula (6) 
derived from the formula (5):

 0 0

1L

x dx
L

I

Iò ( ) =-
æ

è
ç

ö

ø
÷m ln

 

(6)

The computer can calculate every voxel attenuation coefficient (μv) knowing the 
linear attenuation coefficient (μ) of every projection obtained during a 180° 
rotation, because in the gantry the intensity of X-ray beam emerging from human 
body, and thus linear attenuation coefficient (μ), measured on the same direction 
and opposite verse (0° and 180°, 1° and 181° and so on) are equal. The algorithms 
used by the computer could be the filtered back-projection (FBR) or, in most 
recent CT scanners, the iterative algorithms.

For convention, once the computer has achieved the correct attenuation coeffi-
cient value (μv) for every voxel of the matrix, this value has to be converted into an 
integer according to the formula (7):

 
CTnumber HU v water water( ) = ´ -( )éë ùû1000 m m m/

 
(7)

where μwater is the attenuation coefficient of water. We remember here that μv of air 
is 0 because X-ray beam is not attenuated along his route.

CT number indicates the density of the tissue included in the analysed voxel; 
the unit of measurement of CT number is called Hounsfield Unit (HU).

These values are included in a scale note as Hounsfield Scale, where the value 
of water is 0, the value of bone is +1,000 and air −1,000. This value, as we have said 

Fig. 8 This picture shows 
the principle of the image 
reconstruction. The volume 
acquired can be divided in 
matrix constituted of voxels, 
which can be imagined as 
many little cubes one beside 
the other. Once the computer 
has calculated the attenuation 
coefficient value of every 
voxel (μv), the voxel will be 
converted into pixel and the 
μv will be converted into HU

M. Porcu et al.
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Monitors can show about 250 shades of gray despite the 2,000 values of the 
Hounsfield scale; moreover, human eye can discern about 100 shades of gray, and 
so more HU values will be grouped in a single gray shade. Radiologists when ana-
lysing images have to select the window of view, namely, select the window centre 
(e.g. 0 HU for water) and window width (the range of CT number to display); this 
process, called windowing, allows to change the contrast resolution of the image, 
modifying the shades of gray of the image in which are grouped ranges of HU to 
better visualise anatomic details.

The analysis of tissues that differ for very low HU, like abdominal organs, requires 
greater resolution contrast and radiologists analyse the images easier choosing a nar-
row window width (400–500 HU) and with the window centre at 20–40 HU, whereas 
to analyse bones details radiologists choose a large window width (2,000 HU) and an 
higher window centre (550–600 HU) (Fig. 10).

Fig. 9 These pictures show the same slice of the chest CT examination of a patient, reconstructed 
with two different kernels: in (a) it has been used a smooth kernel (B20) in order to evaluate the
mediastinum; in (b) has been used a sharp Kernel (B46f) which allows to better analyse the lungs

before, changes according to the type of tissue; in particular fat has a negative value, 
whereas blood and abdominal organs have a positive Hounsfield value. This concept 
is very important to correctly interpret imaging findings (e.g. a steatotic liver has a 
middle HU lower than a non-pathologic liver because the steatotic liver contains 
more fat than normal).

Now the computer has all data to build an image on the monitor: 3D voxels 
included in the 512 × 512 matrix (spatial resolution) with a defined CT number  
are converted into 2D pixels with a defined CT number using a predefined kernel, 
that is, an algorithm of reconstruction that allows to obtain images “smoother” or 
“sharper” in order to better evaluate different districts, such as lung or abdominal 
organs. Sharp kernels such as the B46f allow to evaluate structures in which the
 tissues differs for very high density values, like lung and bone, whereas smooth 
kernels such as the B20f allow us to evaluate structures in which the tissues do not
differ for high degrees of density, like the abdomen or the mediastinum (Fig. 9). For 
every pixel is assigned a different shade of gray of a grayscale according to CT 
number; in particular pixel with higher HU values, like bone, tend to appear white, 
while those with lower HU values, like air, tend to appear black.
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 Post-processing

In modern systems, every radiological investigation (radiographs, US, CT, angiog-
raphy and MRI) is collected in a digital file, which format is defined DICOM 
(Digital Imaging and Communication in Medicine). This kind of file can be read 
and analysed on a PC by various software.

Modern software, moreover, allow to reformat images in various ways, thanks to 
specific algorithms, developed by biomedical informatics engineering: this is the 
post-processing, and it is a fundamental phase of the interpretation of CT-findings.

Let us talk about the principal post-processing methods used in clinical practice:

 1. Multi Planar Reconstruction (MPR) (Fig. 11): once CT scans were composed 
only by axial images; as we have seen before, with the introduction of slip rings 
and then Spiral and Multislice CT technology, it was possible to obtain very thin
scans (nowadays up to 0.625 mm thin!); this method allows the radiologists to 
obtain sectional imaging of the body along any axis of the space (sagittal, coro-
nal, oblique) starting from an axial acquisition. Thin layer longitudinal axial 
acquisition (indifferently if sequential or spiral) is the only care needed to obtain 
optimal and diagnostic cross-sectional imaging using MPR. This is the main 
post-processing method used and allows to clarify doubts derived from misun-
derstandings in the analysis of the longitudinal axis images only. A particular
method very useful for the evaluation of the vessels is the so-called “Stretching 
MPR” (Fig. 12) in which, thanks to different software, the vascular structures 
are “stretched” along the long axis, allowing to evaluate the course and any nar-
rowing or enlargement.

Fig. 10 These pictures show the same coronal slice of a CT examination of the chest of one 
patient: they are reconstructed with the same kernel (smooth, B20). In (a) has been set a narrow 
window width with the centre at 20–40 HU in order to better evaluate tissues which differs between 
them having very low HU values; in (b) has been chosen a large window width with a high window 
centre at 550 HU in order to better evaluate bone and lung structures
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Fig. 11 These pictures show a Multi-Planar Reconstruction (MPR) elaborations of the same 
patient. (a) sagittal view. (b) axial view. (c) coronal view

Fig. 12 The pictures show the “Stretched” Multi-Planar Reconstruction (MPR) elaborations of
the right coronary artery. (a) VR of the heart and of right coronary artery. (b, c) A normal
“stretched” right coronary artery
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 2. Maximum Intensity Projection (MIP) (Fig. 13): with this method, we can 
obtain an image constituted by a fusion of a packet of adjacent images (from 2 to 
all the images of the study). For every pixel of the matrix of this reconstructed 
image is assigned the highest HU value among all the images of the packet. The 
images obtained with this method, which in some way have a 3D aspect, allow to 
obtain a better definition of tissues with high linear attenuation coefficient (like 
the vessels in contrast medium CT, see below) and often help radiologist and cli-
nicians to identify small findings otherwise difficult to detect only with MPR.

Fig. 13 These pictures show the Maximum Intensity Projection (MIP) elaborations of the body of 
the same patient. (a) normal non-MIP coronal view. (b) MIP coronal view, enhancing in particular 
the vascular structures

Fig. 14 The picture shows 
the Volume Rendering (VR) 
elaboration of the skull

 3. Minimum Intensity Projection (MinIP) (Fig. 14): it is analogous to the MIP, but 
in this case for every pixel of the matrix of the reconstructed image is assigned the 
lowest HU value of that same point of the matrix of all the images of the packet. 
This method is helpful to identify structures with low linear attenuation coefficient, 
such as pathologies of Wirsung duct, biliary tract or pulmonary emphysema.
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 4. Volume rendering (VR): thanks to this method, it is possible to obtain 3D model 
of the body from 2D images (thin layer axial acquisition is needed); this is pos-
sible converting the pixel of the images in voxel, and every voxel in small poly-
hedral. It is possible to choose the structures to represent modifying the window 
of view, and underlined them with different colours. This kind of post-processing 
allows to obtain very impressive images, useful in particular for clinics to 
approach in a more familiarly way the pathologic findings and for the surgeons 
in the preoperative planning.

 Contrast Agents [2, 3]

A radiologic study can be made with or without contrast agent (or contrast medium).
What are contrast mediums? They are substances, obviously compatible with 
human organism, that because of their compositions enhance the structures in 
which they diffuse and improve the contrast resolution of the images once they 
are administered in the body by various ways.

There are different contrast mediums. We can classify them as follows:

• Natural contrast agents, such as air, water and CO2.
• Artificial contrast agents:

Barium sulphate
Diatrizoic acid
Injective iodinated contrast agents
Gadolinium based drugs (used only in MRI)
Sulphur hexafluoride (used only in US)

These contrast agents can be administrated in the human body by various ways: 
for example they can be administered directly in the gastrointestinal tract by mouth 
or anus, or can be injected directly in the blood (intravenously or intra-arterially) 
and are indispensable in every radiological investigations (MRI, CT, traditional 
radiology, US, angiography and interventional radiology).

In CT are used natural contrast agents, diatrizoic acid and iodine based contrast 
agents:

 1. Natural contrast agents (air, CO2 and water) are used in such studies in which 
is needed the distension of GI tract, like CT-enteroclysis or virtual colonoscopy.

 2. Diatrizoic acid is used when we have to study the G.I. tract, in particular  coupled 
with air in CT-enteroclysis.

 3. Intravenous iodinated contrast agents are used in many condition, and could 
be consider essential to obtain diagnostic scans, in particular in vascular CT. Now 
we analyse them in detail focusing on their composition, precautions for use, 
dose, fluxes and possible adverse reactions.
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 Intravenous Iodinate Contrast Agents and Contrast CT 
Acquisition [2, 3, 8, 9] 

These water-soluble drugs are organic molecule covalent linked with iodine atoms. 
Iodine has a great atomic number (Z = 53) and has a very high X-ray linear attenua-
tion coefficient (μ); when an iodinate contrast agent is injected intravenously, it 
spread in the plasma linked to plasmatic proteins, and follows the haematic circle 
from veins to lungs and then to the arteries of the great circle.

It is then eliminated by the kidney and minimally by the liver, settling in the 
urinary tract by (pelvic, ureters and bladder) and in the biliary tract (gallbladder); in 
wealthy people, about 85 % of the total amount of contrast agent is eliminated after 
12 h from administration, 95 % in a period between the 24 and 96 h.

They may be divided into two categories:

 1. Ionic iodinate contrast agents (ioxaglate, metrizoate or diatrizoate): tend to 
have high osmolality (except ioxaglate). They are no more used nowadays 
because of their high osmolality and high risk of adverse reactions onset.

 2. Non-ionic iodinate contrast agents (iomeprolo, iopromide, iopamidol, iohexol, 
iodixanol and iodixanol).

There are many non-ionic iodinate contrast agents, at various iodine concentra-
tions (for example, iopromide can be found in formulas between 300 and 400 mg/dl). 
To obtain an optimal contrast CT-examination, the radiologist has to correctly set up 
some parameters concerning total amount and fluxes, according to the patient and 
the type of study to be made:

• Contrast medium iodine concentration: The total amount of contrast agent to 
be administer is lower for higher iodine contrast agent concentration.

• Weight: patient with higher weight need more contrast agent. In particular, for 
contrast medium with a 370 mg/dl iodine concentration, the radiologist can 
 calculate approximately the total amount of contrast necessary for the CT-scan 
multiplying the weight of the patient by a conversion factor of 1,7. Anyway it is
important administering the lowest contrast medium amount useful to obtain 
diagnostic images and in order to limit of a contrast induced nephropathy (CIN, 
see below).

• Examination type: based on the venous access and the type of CT-study the 
radiologist has to make, once he has to set up the total amount of contrast agent, 
he has to decide the injection flux: for example, if he has to make a scan which 
target is to enhance arterial structures, he need to inject a lesser total amount of 
contrast medium (despite those calculated based on the weight) at a very high 
flow rate (from 4,0 to 7,0 ml/s), in order to maximise the contrast resolution in 
arterial districts. On the other hand, for a contrast CT-scan of the head, are used 
lower flow rate (2.5 ml/s) to enhance in the best possible way the cerebral 
tissues.
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It could be streamlined in this ways:

Arterial studies: high fluxes and lower total amount of contrast agent despite 
those calculated on the weight.

Parenchymal and venous studies: low fluxes.

• Furthermore, we must remember that for several studies it is necessary to use a 
dual or multiphase contrast agent administration: the contrast agent could be 
administered in two ore more times with different flow rates.

After the contrast medium injection, it is important to administer a saline bolus
(a dose between 20 and 30 ml) in order to wash out the venous access and limit 
adverse reaction in the injection site and the creation of artefacts on the images.

The evaluation of the contrast medium spread in human vessels during its admin-
istration, and thus the correct time of acquisition of CT-scan, is possible relying on 
standard known physiological circulation times (for example, a parenchymal study 
80–90 s after the beginning of contrast agent administration) or using two more 
precise methods:

• Bolus tracking: based on the scanogram (the preliminary 2D scan which allows 
to choose the limit of our CT-scan and the correct field of view (FOV)), the radi-
ology technician chooses a single slice which will be scan sequentially to evalu-
ate the changing in HU value of a determined region of interest (ROI). The ROI 
position depends on the type of scan to make and on the CT-scanner specifica-
tions. For example, the technician can decide to acquire a supradiaphragmatic 
slice, choosing the descending aorta as ROI; this ROI has a mean basal HU value 
that increase with the contrast medium infusion. Concurrently with the contrast 
medium infusion, the CT-scanner makes sequential scans of the single slice pre-
viously chosen; when the selected ROI reaches a mean HU value greater than a 
threshold value previously established by the technician, the CT-scanner starts 
scanning the selected body region.

• Bolus test: even in this case a ROI of a single slice of the scanogram made by the 
technician is chosen and monitored with sequential scans during the contrast 
medium infusion. This method is similar to bolus tracking, but in this case a little 
amount of contrast agent (between 10 and 15 ml) is used just to evaluate the 
arrival time of this bolus of contrast agent after the beginning of injection; no 
CT-scan is made after the bolus infusion. Based on the calculated bolus arrival
time, the technician can set up the beginning time of the following CT-scan.

Based on scan and contrast medium administration time, the contrast agent will
be spread in different body districts, and this fact allows to enhance them in the best 
way possible.

For example (taking no notice of the total amount of contrast) a patient with a 
suspected pulmonary embolism has to be examined with a so-called ANGIO-CT
scan; this kind of examination is made scanning the chest very soon after i.v. con-
trast agent administration; in this way the greatest amount of contrast agent is in the 
pulmonary circle, enhancing it in the best way possible and allowing the radiologist 
to find minus images suspected of embolism.
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If, in the same patient, a new CT-scan will be acquired soon later, in absence of 
a massive lung embolism, will be visualised the principal arterial structures (aorta, 
epiaortic vessels, abdominal vessels).

A CT-scan made after 80 s after the start of the infusion, will better enhance the
parenchymal structures, such as mediastinum and abdominal organs, because  
the contrast medium has had the time to spread in this organs following blood circle 
through arteries and capillaries; the pulmonary circle and the arteries in this  
case will be not well enhanced as the prior CT-scans.

A CT-Scan made between 5 and 15 min after the start of i.v. infusion, will
enhance well the excretory ways (calyceal system, the ureters and the bladder) 
because of the elimination of contrast medium by kidneys, whereas the other organs 
will be lesser evident because of the uniform spread of contrast agent through the 
venous circle in the whole body.

 Contrast Induced Nephrotoxicity (CIN), Acute Adverse 
Contrast Reactions, and Other Risks Related to Non-ionic 
Iodinate Contrast Agent i.v. Infusion [10–14]

In CT, non-ionic iodinate contrast medium is injected intravenously; like any other 
drug, it has certain relative contraindications for its use and after its administration 
there could be some adverse reactions which are important to be recognised and 
managed: a correct pathologic and laboratoristic anamnesis and a close cooperation 
with the clinicians are fundamentals. There are two principal kinds of adverse 
reaction:

 1. Contrast induced nephrotoxicity (CIN)
 2. Acute adverse reaction

Contrast induced nephrotoxicity (CIN) is the first adverse reaction we must 
pay attention; it is defined as a sudden deterioration in renal function, in the absence 
of any other causes, following the injection of contrast medium. It is indicated by an 
increase of at least 0.5 mg/dl of the basal level of serum creatinine.

The CIN is a not unpredictable complication of contrast medium administration 
because can occur even in wealthy patient with no risk factors or chronic kidney 
disease (CKD); anyway it is known that there is an increased risk of CIN or of
aggravation of nephropathy in patients with high serum creatinine level [8].

According to Herts et al. [12], a more accurate parameter than the only creatinine 
serum level could be used to evaluate kidney function, the estimated Glomerular 
Flow Rate (eGFR) [13]. This parameter can be obtained using the MDRD [14] or 
the Cockcroft–Gault formula, knowing age, sex, weight, race and height of the 
patient. There are five different stages of Kidney Failure (Table 1):

Before the execution of every CT-examination (even in emergency conditions if
possible) it is recommended to calculate the eGFR of the patient using the serum 
creatinine value of a blood examination not older than 7 days.

M. Porcu et al.



21

According to the ESUR manual on contrast media guidelines 8.1, we can con-
sider patients at risk for CIN:

 1. Patients with eGFR <60 ml/min/1.73 m2 who have to undergone examinations 
with intra-arterial infusion of contrast medium (i.e. angiographic examinations)

 2. Patients with eGFR <45 ml/min/1.73 m2 who have to undergone examinations 
with intra-venous infusion of contrast medium (all the CT examinations)

Other known risk factors are:

• History of renal disease
• Age >70
• Dehydration
• Cardiac failure (NYHA class 3 or 4) or recent myocardium infarcts (<24 h)
• Intra-aortic balloon pump
• Periprocedural hypotension
• Low haematocrit values
• History of diabetes mellitus or gout
• Metformin or metformin-containing drug combinations or nephrotoxic drugs 

assumption.

In CT (where all the examinations which requires contrast medium are executed 
with an intra-venous administration) for those patients with a eGFR value <45 ml/
min/1,73 m2 or with other known risk factors, it is necessary to think about  alternative 
diagnostic examinations if possible, consult with the clinicians and the nephrologist, 
and, if it was really indispensable making a contrast medium examination, provide 
an adequate hydration with 0.9 % saline solution (1.0–1.5 ml/Kg) at 100 ml/h 6–12 h
before and 4–6 h after the contrast medium injection; in this case it is moreover 
recommended the use of N-acetyl-cysteine, although there are not still secure scien-
tific evidences in the CIN prevention. Anyway, in all of these cases it is required a
new evaluation of eGFR 48–72 h after the examination.

Patients in chronic haemodialytic treatment can undergo contrast medium 
 examination with no problems because the contrast medium can be eliminated from 
the blood thanks to the haemodialysis.

It is necessary to consult the nephrologist if it is required a contrast CT examina-
tion in patients with acute renal insufficiency and if a CIN occurred despite these 
precautions.

Table 1 Stage of kidney
disease according to the egfr 
rate

eGFR value Stage of chronic kidney disease

>90 ml/min/1.73 m2 1 (no disease)
60–89 ml/min/1.73 m2 2
45–59 ml/min/1.73 m2 3a
30–45 ml/min/1.73 m2 3b
15-29 ml/min/1.73 m2 4
<15 ml/min/1.73 m2 5
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Acute adverse reactions could be the classified in:

 1. Mild reaction (not medical care required): pain on injection, heat sensation 
 during the injection, mild urticaria and mild angioedema.

 2. Moderate reactions (medical care required, but not life threatening manage-
ment): severe urticarial and angioedema, bronchospasm or transient hypotension 
with tachycardia.

 3. Severe reactions (life threatening management required): altered mental status, 
glottis edema, anaphylactic shock, cardio-pulmonary arrest.

There are no secure data about the frequency of the acute adverse reactions after 
the intravascular administration of non-ionic iodinate contrast agent, but in several 
studies it is comprise between 5 and 15 % of all patent. Although a serious acute
adverse reactions could be happen in subjects with no history of allergies, during the 
anamnesis it is important to investigate if the patient is atopic, if in the past he has had 
adverse reaction to iodinate contrast agents or any allergen, identifying the triggering 
substances and specifying which kind of reactions occurred after the contact.

Unfortunately, we must remember that preliminary intradermal skin testing is not 
predictable for an adverse reaction. Moreover, we don’t know well the pathologic 
mechanisms of contrast-medium acute adverse reactions, although several studies indi-
cate the degranulation of basophiles and Mast-cell by a mechanism IgE- independent 
and the consequent liberation of histamine, as the principal etiologic mechanism of 
anaphylactoid reactions. Based on this, we can identify patients “at risk” for an adverse 
reaction (i.e. the atopic patients): they are those with a known history of moderate or 
severe adverse reaction to iodinate contrast agent or other allergens, and those with a 
not well-identified history of adverse reactions. We have to administer them an anti-
allergic premedication. Unfortunately, the premedication is useful to avoid mild  
and moderate adverse reactions, whereas it seems to have no effect on the severe 
reactions.

There are several premedication protocols (according to the ACR Committee on
Drugs and Contrast Media—Manual on Contrast media Version 8 2013) [10]:

 1. Elective premedication:

• Prednisone (50 mg by mouth) 13, 7 and 1 h before the contrast agent admin-
istration, or Methylprednisolone (32 mg by mouth) 12 and 2 h before the 
injection.

• Diphenhydramine (50 mg i.v., i.m or by mouth) 1 h before the contrast agent 
administration (obligatory with Prednisone, optional with Methylprednisolone).

 2. Emergency premedication:

• Methylprednisolone sodium succinate (40 mg. i.v.) or Hydrocortisone 
sodium succinate (200 mg i.v.) every 4 h until the contrast agent administra-
tion; if the patient is allergic to one of those drugs before mentioned, 
Dexamethasone sodium sulphate (7.5 mg i.v.) or Betamethasone (6.0 mg 
i.v.) every 4 h until the contrast agent administration.

• Diphenhydramine (50 mg i.v.) 1 h before the contrast agent administration.
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Contrast medium warming to human temperature before injection (around 
37 °C) decreases the risk of acute adverse reactions.

In those cases in which an acute severe reaction occurred in a patient “not at risk” 
or “at risk” (even if it was taken every precaution) the medical and paramedical 
equipment has to be prepared to act quickly, in particular if a patient has a severe 
acute adverse reaction which endangers the patient life; the structure must ensure in 
every case the basic cardiac and advanced life support to the patient.

We must remember other possible adverse reactions, given below, which contra-
indicate the use of iodinate contrast medium:

• Lactic acidosis in patients who take Metformin: Metformin is a drug used in 
the treatment of diabetes mellitus type 2. For those patients who regularly take it, 
after the administration of contrast medium a lactic acidosis may occur. The 
ESUR 8.1 contrast media guidelines suggest for patients who have to undergo
intravenous contrast medium administration:

 1. In patients with eGFR > 45 ml/min/1.73 m2 and without any known comor-
bidities it is not necessary to suspend the therapy with Metformin.

 2. In patients with renal dysfunction (eGFR between 45 and 30 ml/
min/1.73 m2) it is necessary suspending the administration of metformin 
48 h before the contrast injection and reintroduce it with caution after 48 h 
if there have been no changes in renal function after the contrast agent 
administration.

 3. In patient with eGFR < 30 ml/min/1.73 m2 contrast medium administration is 
contraindicated.

• Possible arising of sickle cell crisis in patients affected by sickle cell anaemia.
• Possible arising of myasthenic crisis in subjects with myasthenia gravis or 

suspected thymoma.
• Possible arising of hypertensive crisis in subjects with phaeochromocytoma 

or thyrotoxicosis.

In the end, if an extravasation of contrast agent occurs in the cutaneous or 
subcutaneous tissues, it could determine reactions that in the most of cases are not 
serious (such as local erythema and edema) but sometimes could be serious (from 
the appearance of ulcers to the compartment syndrome). To limit this occurrence, 
can be taken precautions such as testing the venous access injecting normal saline 
solution at high flow rate; if a complication occurs, it is important monitoring the 
patient, elevate the limb and, in the worst cases, ask for a surgical advice.

For other information, including the non-ionic iodinate contrast agent management 
in children and pregnant women, see the ESUR contrast media guidelines 8.1
(http://www.esur.org/guidelines) and the ACR Committee on Drugs and Contrast
Media – Manual on Contrast Media (http://www.acr.org/Quality-Safety/Resources/
Contrast-Manual).

Principles of Computed Tomography



24

 Radiobiology [13, 15–21]

As we have seen before, CT-scanners use X-rays to obtain an image. X-rays are
ionising electromagnetic waves that produce various effects on biologic structures, 
which can be divided in two groups:

 1. Stochastic effects: these are probabilistic effects, i.e. they can manifest them-
selves more likely, but not necessarily, increasing the amount of radiation dose 
administered to the patient. There is not a dose threshold value for this kind of 
effects, and their development is deferred with respect to time of administration. 
The stochastic effects of X-rays on biological structures are the mutagenic 
effects on DNA:

 (a) In somatic cells, the mutagenic effects of X-rays could determine or cellular 
death (apoptosis) or neoplasms development. In pregnancy, embryos and 
foetuses could develop malformations of various type or miscarriages, 
depending not only on the doses but even on the gestational time.

 (b) In germinal cells, the X-rays mutagenic effects could determine or cellular 
death (apoptosis) or irreversible DNA mutations with variable effects on the
product of conception (foetal malformations, miscarriages).

Tissues with great replication rate, such as hematopoietic tissues, are more sensible 
to stochastic effects despite those with low replication rate, such as bone or 
 nervous tissues.

 2. Non-stochastic effects: these effects are not probabilistic, i.e. there is a threshold 
value of X-rays radiation dose for which these effects appear. Of course, the dose 
threshold and the biologic reactions are different for every tissue. The knowledge 
of this kind of effect is very important in radiotherapy and nuclear medicine.

Every time we make a CT-scan, we have to know the dose administered to the 
patients, to minimise the X-ray exposure of the patients. In particular, we have to 
know these concepts:

 1. When an X-ray beam interacts with a mass, it gives energy to the mass. The 
“absorbed dose” (D) is the measurement of the average amount of energy 

de( )  absorbed by an element with a certain mass (dm); this concept is 
expressed by the formula (8)
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d
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The SI unit of measurement is Gray (Gy): one Gy corresponds to one Joule 
absorbed by a mass of 1 Kg, according to the formula (9):

 
1

1

1
Gy

J

Kg
=

 
(9)
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In clinical practice the submultiples are often used, mGy and cGy (respectively 10−3 
and 10−2 Gy).

 2. The absorbed dose determines different biologic effects in relation to the type of 
the radiation and tissue involved. The “equivalent dose” (H) is the measurement 
of biologic effects inducted by the absorbed dose (D) of a specific radiation (R) 
in a specific organ or tissue (T); this concept is expressed by the formula (10):
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where wR is the weighted factor of the specific radiation (R).
The SI unit of measurement is Sievert (Sv) according to the formula (11):

 
1

1

1
Sv

Kg
=

J

 
(11)

Even here, in clinical practice, the submultiples are commonly used, mSv and cSv, 
(respectively 10−3 and 10−2 Sv).

3. A human body consists of different tissues and organs; for a certain dose, there
will be different biological effects depending on the characteristics of every sin-
gle tissue of the human body. The “effective dose” (E) is the weighted sum of 
the equivalent dose (HT) multiplied by every single tissue weighted factors 
(wt) which constitutes human body: it is expressed by the formula (12):
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The tissue weighted factor (wT) is specific for every tissue of human body, and the 
sum of the values of wT is 1.

The SI unit of measurement is the same of the equivalent dose, the Sievert (Sv).

These concepts are very difficult to evaluate, and in particular tissue weighted 
factor (wT) and the weighted factor of the specific radiation (wR) derived from 
experimental data.

In CT, in particular in volumetric CT-scans, we must remember that the same 
volume of tissue could be irradiated different times during the spiral acquisition. 
The absorbed dose is experimentally measured making CT-scans of CT acrylic 
phantoms (with different sizes for adult and paediatric patients) that contain holes 
in which are placed cylindrical dosimeters. This method allows us to obtain the so- 
called computed tomography dose index (CTDI), expressed in Gy; these values are 
reviewed continuously by the scientific community and are converted into effective 
doses using the above formulas.

Every year we are exposed to natural radiation, and the world average 
equivalent dose is 2,4–3 mSv. According to Metter et al. the CT average effective
doses range from 2 mSv of a head CT-scan to 16 mSv for a coronary angiography
(Table 2). It is important remembering that these values are very important, because 
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in only one scan (few seconds or minutes) we are administering great effective 
doses to the patient, increasingly the probability to induce stochastic effects to the 
patients.

It is fundamental limiting as much as possible the total radiation exposition of 
the patient and in particular the CT-examinations have to be justified and made to 
confirm a specific clinical question or to search a pathologic condition after an 
 accurate anamnesis, clinical examination, appropriates laboratory exams and non- 
invasive procedures, such as US.
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           Introduction to Cardiac Imaging 

 Cardiovascular diseases (CVD), and in particular coronary artery disease (CAD), 
are among the principle causes of mortality and morbidity in Europe and in the 
USA, representing high sanitary costs for insurance and national health systems. 

 In the USA, 83.6 million American adults suffer from CVD (42.2 million with 
an age ≥60), and among these, 15.4 millions suffer from a CAD [ 1 ]. The average 
incidence of fi rst cardiovascular event varies from 3/1,000 among men between 35 
and 40 y.o. up to 74/1,000 among men between 85 and 94 y.o., whereas among 
women similar values have been founded 10 years later in life [ 1 ]. The direct and 
indirect costs of CVD for 2009 have been about 300 billion dollars [ 1 ]. These num-
bers show the importance of a proper management of this kind of patients. 

  Coronary angiography  ( CA ) is still the gold standard for the real-time visuali-
sation and assessment of coronary circle, and a fundamental interventional tool for 
intravascular thrombolysis and stenting placement procedures.
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 Intracoronary ultrasonography  ( ICU ) is a complementary examination that 
allows the evaluation of plaque morphology and the assessment of the coronary 
walls. These fundamental tools have the disadvantages of being invasive (in fact 
they are based on the selective catheterisation of the coronary arteries through an 
arterial access, which generally is the brachial or the femoral artery) and not without 
intraoperative and postoperative complications, such as plaque rupture followed by 
thrombosis in situ and ischemia, death and infections. 

  Coronary CT angiography (CTA) , despite CA and ICU, is a non-invasive 
examination that offers a global evaluation of the coronaries, including vessel 
lumen, conditions of the coronary walls, plaque type and morphology and relation-
ships of the vessels with the heart. CTA is also considered a better examination than 
cardiac MRI for the assessment of the coronary arteries [ 2 ]. 

 For these reasons, CTA has become a very important instrument to evaluate 
CAD; in particular it is a preliminary examination for such symptomatic patients 
with a low-intermediate risk for CAD [ 3 ], which could need a more invasive exami-
nation such as CA and ICU. Of course, in CTA the execution of interventional pro-
cedures, such as stenting placement and intravascular thrombolysis, is not yet 
possible. 

 It is moreover important to remember that cardiac CT is an examination which 
can be made not only for the assessment of coronary arteries, but even for many 
other conditions, including valve disease, cardiac tumours and pericardium 
 diseases [ 4 ]. 

 In this chapter we focalise on:

•    Normal coronary anatomy  
•   American Heart Association (AHA) left ventricle segmentation model and coro-

nary distribution territories  
•   Coronary Artery Calcium Score (CACS)  
•   CTA examination, including technique of execution  
•   CTA indications  
•   Principal CADs and imaging fi ndings     

    Normal Coronary Artery Anatomy 

 The two main coronary arteries, right and left, originate from the sinuses of Valsalva, 
at the origin of the aortic root, between the aortic valve and the sino-tubular junc-
tion. They course along the epicardial surface, wrapped by fat [ 5 ]. 

 Normally there are three sinuses of Valsalva: the right (or anterior) sinus, the left 
(or posterior) sinus and the non-coronary sinus. The  right coronary artery  ( RCA ) 
origins from the right coronary sinus, whereas the  left coronary artery  ( LCA ) 
origins from the left coronary sinus [ 5 ].
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    1.     RCA : After its origin it courses anteriorly and laterally along the right atrioven-
tricular groove and then goes to the acute margin of the right ventricle; it supplies 
the free wall of the right ventricle and can be divided into three main portions:

    (a)     Proximal portion : from origin in the right sinus of Valsalva to the acute 
marginal origin.   

   (b)     Mid portion : from the acute marginal origin to the horizontal tract of the 
posterior right atrioventricular groove.   

   (c)     Distal portion : the last tract that bifurcates into two important vessels:

•     Posterior descending artery   (  PDA  ) : It courses along the posterior inter-
ventricular groove, supplying the posterior third of the interventricular 
septum.  

•    Posterolateral left ventricular branches   (  PLV  ) : They course along the 
posterior portion of the left atrioventricular groove, and supply the poste-
rior surface of the left ventricle.       

    Moreover, from the RCA originate branches for the  conus  (although in 50 % of 
the cases this branch origins from the aortic root), the  sinoatrial node ( about 
60 % of the cases, in 40 % it origins from left circumfl ex artery (LCX)),  acute 
marginal branches  and  atrioventricular nodal branch  [ 5 ].   

   2.     LCA : It originates from left sinus of Valsalva; it originates as  left main artery  
( LMA ), and then divides into (Fig.  1 ) [ 5 ]: 

    (a)     Left anterior descending artery   (  LAD  ) : It courses anteriorly along the 
interventricular groove to the apex. From this artery originate: 
•     The  septal perforator arteries  which supply the anterior two-thirds of 

the interventricular septum.  

  Fig. 1    ( a )  1 : Common trunk;  2 : left anterior descending artery;  3 : intermediate branch. ( b )  Arrow : 
Circumfl ex artery       
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•   The  diagonals , which supply the anterolateral portion of the left ventri-
cle; they are up to six, and they are numbered sequentially as they arise 
(D1, D2 …).    

 Moreover, LAD can be divided into three main portions:

•     Proximal portion : from the origin to the fi rst septal perforator or diago-
nal artery.  

•    Mid portion : from the origin of the fi rst septal perforator or diagonal 
artery to the second diagonal.  

•    Distal portion : from the origin of the second diagonal up to the apex. 
•  Occasionally, the LMA does not divide but trifurcates into LAD, LCX 

and a middle branch between them, known as  ramus intermedius.       

   (b)     Left circumfl ex artery   (  LCX  ) : It courses along the left atrioventricular groove 
up to the obtuse margin of the heart (in 80–85 % of patients, see below); it sup-
plies the lateral portion of left ventricle. From this artery originates the  obtuse 
marginal arteries  ( OM ) numbered sequentially as they arise (OM1, OM2 …). 
It can be divided into two portions:

•     Proximal portion : from origin to the origin of the greatest OM  
•    Distal portion : from the origin of the greatest OM.       

      There is another one important concept to explain:  the dominance  (Fig.  2 ). The 
dominance of the coronary circulation is determined by the origin of the atrioven-
tricular nodal artery, PDA and PLV. In fact, the dominance can be [ 5 ]: 

  Fig. 2    ( a ) Right dominance: The posterolateral branch ( yellow arrow ) and the posterior interven-
tricular branch ( white arrow ) originate from the right coronary artery. ( b ) Left dominance: The 
posterior interventricular branch ( arrow ) originates from the circumfl ex artery       
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    1.     Right dominance  ( 80–85 % ): the atrioventricular nodal artery, PDA and PLV 
originate from RCA.   

   2.     Left dominance  ( 8–10 % ): the atrioventricular nodal artery, PDA and PLV 
 originate from LCX.   

   3.     Codominance  ( 7–8 % ): the PDA originates from the RCA and the PLV origi-
nates from the LCX.    

      American Heart Association Left Ventricle Segmentation 
Model and Coronary Distribution Territories 

 According to the AHA left ventricle segmentation model [ 5 ,  6 ] we can divide the 
left ventricle cavity into three regions on the long axis, and the walls in 17 segments 
( seen on a short-axis plane and numbered in anticlockwise )  as you can see in 
the table  (Table  1 )  and in the fi gure  (Fig.  3 ).

    Regarding the  blood supply , the LAD provides for the supply of blood of 
the segments 1, 2, 7, 8, 13 and 14; LCX provides for the supply of blood of the 

  Table 1    AHA left ventricle 
segmentation model  

 Basal region  Mid-cavity  Apical region 

 Anterior (1)  Anterior (7)  Anterior (13) 
 Anteroseptal (2)  Anteroseptal (8)  Septal (14) 
 Inferoseptal (3)  Inferoseptal (9)  Inferior (15) 
 Inferior (4)  Inferior (10)  Lateral (16) 
 Inferolateral (5)  Inferolateral (11)  Apex (17) 
 Anterolateral (6)  Anterolateral (12) 

  Fig. 3    AHA left ventricle segmentation model and blood supply       
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 segments 5, 6, 11 and 12, meanwhile RCA (when it is dominant) supplies segments 
3, 4, 9, 10 and 15 [ 6 ]. The segment 17 can be supplied by any of the three arteries, 
but generally is assigned to the LAD [ 6 ].  

    The Coronary Artery Calcium Score 

 The CACS is a method of evaluation of the amount of calcium localised in the coro-
nary arteries, which is indicative of the risk of cardiac major events [ 7 ], but its use 
in clinical practice is controversial [ 8 ]. It has been introduced in the clinical practice 
with the invention of the electron beam scanners, and many authors have proposed 
different methods of measurement of this score. 

 The most important and tested in clinical practice is the so-called Agatston- 
Janowitz score [ 8 ,  9 ] introduced by Agatston and colleagues in 1990: it is a semi- 
quantitative method calculated on the basis of basal ECG-gated scans at 130 kV and 
630 mA, with a slice thickness of 3 mm, on a matrix of 512 × 512 [ 8 ]. In order to be 
included in the calculation of the score, all the calcifi cations of the coronary arteries 
must cover a surface of more than 1 mm 2  and have to have a value of at least 130 
HU [ 8 ]. The area of every single calcifi cation is then multiplied for an attenuation- 
weighting factor (with a value between 1 and 4) according to the highest HU value 
of the plaque [ 8 ]. In this way it is possible to calculate the calcium score of the 
single vessels, or the total calcium score given by the sum of the calcium vessels 
calcium score [ 8 ]. Nowadays various software which automatically calculate the 
CASC are available, in particular using the Agatston-Janowitz method. 

 The indications for the execution of the CT scan for the CASC are the evaluation 
of asymptomatic patients with an intermediate risk for CAD (values higher than 400 
according to the Agatston-Janowitz score suggest modifi cations in the lifestyle and 
medical therapy in order to reduce the risk of major cardiac events), and of symp-
tomatic patients as screening before invasive procedures or CTA (CTA could be 
useless in patients with high calcium score because of the increased incidence of 
artifacts), or if it is impossible to execute other examinations [ 8 ]. 

 The CASC is directly related with the risk of major cardiac events, and it has 
been seen a gradual decrease of the overall survival related with the increase of the 
Agatston score, in particular for value above 1,000 [ 10 ]. 

 Anyway, it is important to underline that the CASC does not allow the evaluation 
of the patency of the coronary arteries and the number, the morphology and the 
characteristics of the non-calcifi ed plaques [ 8 ].  

    CTA Examination 

 Thanks to the introduction of single-source 64-slice CT scanner, CTA has become a 
very useful and feasible exam for the assessment of coronary arteries. In fact this 
kind of CT scanners, because of their high temporal (up to 150 ms) and spatial 
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resolution, have higher sensitivity and specifi cities in CAD detection (sensitivity 
85–99 % and specifi city 86–96 %) despite 4-slice (sensitivity and specifi city between 
76 and 93 %) and 16-slice CT scanner (sensitivity and specifi city between 82 and 
95 %) [ 11 ]. In addiction, the introduction of 128-slice, 256-slice and 320- slice CT 
scanner in clinical practice and the dual source CT (DSCT) has further improved 
spatial and temporal resolution (up to 75 ms in DSCT), and allows to  reduce radia-
tion dose in combination with some dose-saving strategies  (see below). 

  The great challenge of CTA is freezing a continuous moving structure , and 
the collaboration of the team radiologist-technician with the patient has to be as best 
as possible in order to make a diagnostic exam. 

  The anamnesis is a fundamental part of radiology  ( and of course in medi-
cine ) , and in particular in CTA : The radiologist has to know every useful data of 
the patient for the correct interpretation of the examination. In particular the radi-
ologist has to investigate on familiarity for CAD, previous and/or coexisting pathol-
ogies (diabetes, hypercholesterolemia, hypertension …), smoke, symptomatology 
(angina, dyspnea …) and possibly the results of previous tests executed (basal and 
stress electrocardiography, basal and stress echocardiography …); moreover, since 
CTA is an examination which involves the use of  iodinate contrast medium , the 
radiologist must investigate about any risk factors concerning that (see Chap. 
“Principles of Computed Tomography”). 

 After the anamnesis, the radiologist has to explain to the patient the phases and 
the risks related to the procedure, obtaining the informed consent. 

 Once assured about this, another important step is the measurement of the  heart 
beat rate  ( HBR ): in patients with  HBR >65 bpm  the use of  β-blockers  could be 
necessary (in particular β1-selective blockers, such as metoprolol, atenolol) so as to 
lower HBR and to make the rhythm more regular [ 12 ]. We obtain better scans if the 
heart beat rate is <65 bpm, and  this value is indispensable if a prospective ECG- 
triggering acquisition mode is chosen  ( for the use of β-blockers in transplanted 
heart see below ). Contraindications to their use are seen in the table (Table  2 ) [ 12 ].

   As these conditions are excluded, the radiologist could administer a premedica-
tion of β-blockers orally. For  metoprolol , one 50 mg dose at least 1 h before the 
examination monitoring the HBR every 15 min: if it does not lower <65 bpm (or 
<60 bpm if the HBR is irregular) and after a 15-s breath hold there is not any 
 lowering of the frequency, metoprolol I.V. can be administered when the patient lies 
on the moving table, one 2.5 mg dose in 1 min, and if necessary another 2.5 mg dose 
after 5 min; if the HBR still remains elevated after 5 min the last bolus could be 

  Table 2    Contraindications to 
β-blockers  

 Heart rate <60 bpm 
 Systolic blood pressure <100 mmHg 
 Uncompensated cardiac failure 
 Aortic stenosis 
 Allergy to β-blockers 
 Asthma or COPD on β2-agonist inhaler 
 Active bronchospasm 
 Second- or third-degree atrioventricular block 
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given up to two additional single doses of 5 mg every 5 min (maximum I.V. dose: 
15 mg) [ 12 ]. If metoprolol I.V. is given, the patient has to be observed at least 
30 min after the last administration; if the HBR is <45 bpm, the radiologist has to 
consider the use of atropine, whereas if bronchospasm occurs it is necessary admin-
istering a β-agonist (for example albuterol) [ 12 ]. 

 Patients with severe arrhythmias (such as atrial fi brillation) are very diffi cult to 
evaluate because of the irregular heart rhythm; further technologic improvements 
have still to be made [ 13 ]. 

 Anxious patients have to be ensured, because anxiety is related with high HBR; 
if it would be necessary, it is moreover advised administering oral benzodiazepine 
such as  diazepam  5 mg (5–15 drops 15 min before the examination). 

 After these preliminary moments, the patient can be placed supine on the moving 
table, with ECG electrodes positioned on his/her chest, and a cannula (minimum 
dimension 18G) inserted in the right antecubital vein. ECG is registered and anal-
ysed by the CT scanner in real time.  Every CTA is achieved through ECG-gated 
scans  .  

 The technician makes the scanogram, and then places a ROI on the aortic root: 
the scan delay time from the beginning of contrast medium I.V. infusion is chosen 
according to a  bolus test  (20 ml contrast medium bolus at the same fl ow of the 
examination) or an  automatic bolus-triggering  technique [ 5 ], knowing the techni-
cal specifi cs of the own CT scanner. The scan has to cover the chest from the dia-
phragm up to the aortic arch, in order to cover the heart and the great thoracic 
vessels. In certain cases, the scan has to cover also the epiarotic vessels (in particu-
lar in patients with arterial coronary artery bypass graft (CABG), see below). Few 
seconds before the beginning of the scan, it is recommended to administer  nitro-
glycerine 0.4 mg sublingual  (spray or tablet) to dilate the coronary arteries [ 14 ]. 

  The next step is the contrast medium infusion:  Generally  a 50–60 ml contrast 
medium bolus  is administered, with a  biphasic  (contrast medium bolus followed 
by a 50 ml saline solution bolus to wash the right chambers and better evaluate 
RCA) or  triphasic technique  (contrast medium bolus followed by a mixture of 
contrast medium and saline solution to evaluate right chamber, and followed then by 
a bolus of saline solution) [ 5 ], with a fl ow of 5–6 ml/s. 

  The acquisition mode  depends on the type of scanner used; for a  single-source 
CT scanner  (64-slice CT scanner or more) two different techniques can be used (it 
is necessary that the patient holds the breath during the examination):

•     “Retrospective ECG gating”  (Fig.  4 ): It is a spiral scan, with a very low pitch 
(0.2–0.4) [ 11 ], acquired continuously and simultaneously to the ECG [ 15 ]. Once 
scan is obtained, CT scanner elaborates the projection data acquired during the 
helical scan with the ECG, and  reconstructs the exam “retrospectively” , 
obtaining images of the entire cardiac cycle. The images can be reconstructed in 
two different ways, with the partial scan reconstruction or the multiple-segment 
reconstruction (see below).  

 The advantages of this technique are  a good temporal resolution  ( 80–
250 ms ) [ 15 ] better than prospective ECG-triggering acquisition, whereas  the 
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absorbed dose is very high  ( between 7.6 and 31.8 mSv ) [ 16 ] because of con-
tinuous  radiation emission during the scan (very low pitch and great overlap in 
the same section of the thorax) [ 15 ].  

•    “Prospective ECG triggering”  (Fig.  5 ): Even in this case, the scan is made 
synchronised with the ECG.  It is a sequential scan: data acquisition takes 
place only in a predefi ned temporal window of the R-R cycle  (i.e., in the dia-
stolic phase, when the heart is more stable, between 20 and 80 % of the R-R 
cycle; or between 50 and 80 % if the rhythm is lower, in order to reduce the 
amount of radiation dose),  and the X-ray tube turns only when triggered by 
the ECG signal registered by the CT scanner  [ 11 ].     

 The most important advantage of this technique is  a lower radiation exposure  
( absorbed dose values between 2.1 and 9.2 mSv ) [ 16 ] compared with the retro-
spective ECG gating, but it has even  a lower temporal resolution  ( 200–250 ms ) 
[ 15 ], requiring an HBR necessarily lower than 65 bpm, and it is also more subject 
to artifacts. Recent studies [ 17 ,  18 ] have shown that prospective ECG-triggering 
CTA are similar in quality to those obtained with retrospective ECG gating with a 
lesser dose of radiations (about 76.5 %) [ 17 ]. 

 The step-and-shoot technology with dual-source CT in patients with less than 
70 bpm allows to obtain diagnostic images in more than 97 % of the cases reducing the 
amount of dose given to the patient compared to retrospective ECG gating  analysis [ 19 ]. 

  Fig. 4    Retrospective ECG gating: The scan is obtained with a spiral CT during the entire cardiac 
cycle and it is then retrospectively reconstructed according to the registered ECG       
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 With the introduction in clinical practice of the  dual-source CT scanner , tem-
poral resolution has been further improved, up to 75 ms, allowing a new acquisition 
mode, known as  “fl ash mode” : this method, thanks to a high pitch (>3.4) and large 
detector coverage, consents to acquire a heart scan during a single heart beat in a 
quarter of second with very low radiation doses (<1 mSv) [ 11 ]. 

 The examinations can be  reconstructed in two methods :

•     Partial scan reconstruction : With this modality, used either for retrospective ECG 
gating and prospective ECG triggering acquisition modes, the data used for the 
reconstruction derived from a predefi ned R-R interval of a single heart cycle [ 15 ].  

•    Multiple-segment reconstruction : In this reconstruction modality scan projec-
tion data used to obtain the images are selected from various sequential heart 
cycles [ 15 ]. This modality can be used only with retrospective ECG gating 
acquisition mode [ 15 ].    

 If the CT scanner uses fi ltered backprojection reconstruction algorithms, the 
B46f kernel is the most used in clinical practice; the latest CT scanners use iterative 
image reconstruction algorithms with a substantial reduction in radiation doses 
(see below). 

 Once the exam has been correctly executed, the radiologist using different 
 post- processing techniques analyses it, such as  MIP, or volume rendering , which 
is useful in particular for clinicians to have a simple and anatomic view of the 

  Fig. 5    Prospective ECG triggering: The scan is obtained with a sequential CT during a predeter-
mined phase of the cardiac cycle, according to the ECG       
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 coronaries [ 20 ].  Curved multiplanar reformation  is widely used because it allows 
to “stretch” the coronaries, in order to follow the entire course of the vessels and to 
depict lumen and wall abnormalities [ 20 ]. 

  A correct report includes  [ 5 ]  all the information seen above  (Table  3 ).
   Before talking about the principal CTA indication and principal image fi ndings 

in CADs, it is important remembering that nowadays there are many  dose reduc-
tion strategies  which allow to obtain very good examinations with lower radiation 
doses than in the past; in fact, with the prospective-ECG-triggering and fl ash acqui-
sition mode seen before we can obtain examination at low doses using lower peak 
kilovoltage values (100 kV are suffi cient if the patient has a BMI <25 kg/m 2 , and 80 
if the BMI is <20 kg/m 2 ) [ 11 ]; another way to reduce radiation dose is  the use of the 
iterative image reconstruction algorithms , which allows to obtain CTA with 
lower radiation doses, lower noise and better quality despite the traditional backpro-
jection algorithms [ 11 ,  21 – 23 ]. 

 In the pediatric population in order to obtain a diagnostic examination sedation 
could be required if the little patients are not collaborative with different approaches 
(midazolam 0.1 mg/kg/dose with the anesthesiologic assistance) [ 24 ]. Sedation and 
breath hold would not be required in newborn and quiet babies, especially if modern 
faster scanners are used. It is of course important giving the lowest radiation of dose 
“as low as reasonably achieved” (“ALARA”) to the patient, adopting several strate-
gies, like increasing the pitch value, reducing the volume coverage and tube kV 
(80 kV with a weight less than 25 kg) and adjusting the value of mAs to the weight 
of the patient [ 24 ]. It is moreover preferable to use the ECG-gated acquisition to 
limit the motion artifacts, and if available, prospective ECG triggering or the fl ash 
acquisition mode than retrospective ECG gating mode.  

    CTA Indications 

 Like other radiologic examinations that involve X-rays, CTA can be executed if 
there is a favourable risk-benefi t ratio for the patient, and this risk has to be evalu-
ated individually for every single patient [ 3 ]. CTA is indicated for  symptomatic 

   Table 3    Elements of a correct report   

 Report data 

 Clinical question for the examination 
 Use of drugs before the examination (β-blockers, nitroglycerin, benzodiazepine) 
 Acquisition mode (retrospective ECG gating, prospective ECG triggering …) 
 IV contrast medium bolus information (type, quantity, administration modality) 
 Imaging fi ndings, indicating: 
   • Dominance of the coronary circle (right, left or codominance) 
   • Coronary fi ndings (including malignant and non-malignant anomalies), describing type, 

location and extension of lesions 
   • Other cardiac fi ndings 
   • Non-cardiac fi ndings 
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patients  that on the bases of age, sex, symptoms and previous non-radiologic exam-
inations have a  low to intermediate probability of signifi cant CAD , in particular 
symptomatic young patients with no ECG changes and serial enzymes negative, 
with an ECG uninterpretable, unable to exercise or stress test, with uninterpretable 
or equivocal stress test, or with suspected non-aterosclerotic coronary anomalies 
(such as anatomic anomalies or aneurisms) [ 3 ,  25 ]. 

 A detailed meta-analysis of different studies have confi rmed the correlation 
between CAD severity detected on CTA examinations and increased risk of related 
heart adverse events: the absence of CAD is related with a low risk of adverse 
 cardiac events, whereas a non-obstructive or obstructive CAD is associated with an 
increase of the likelihood of adverse cardiac events [ 26 ]. Another study [ 27 ] con-
fi rms these data and extends the outcome over the 5 years. 

 Other indications are  the evaluation of stents and CABG before the execution 
of a CA . 

 Thanks to technical improvements and introduction of modern CT scanners 
(single- source 64-slice or more and dual source) in clinical practice and in 
Emergency Departments (ED), another emerging indication for CTA is the evalua-
tion of acute chest pain in ED (not as a replacement examination, but done besides 
clinical evaluation, ECG and serum cardiac enzyme) [ 11 ,  14 ]. In fact, the so-called 
 triple rule out  allows to evaluate at the same time, and eventually exclude (or con-
fi rm), three important clinical conditions [ 14 ]:

•     Coronary thrombosis   
•    Pulmonary embolism   
•    Thoracic aortic dissection     

 Currently there is still no indication as screening examination for asymptomatic 
patients because of the high radiation exposure [ 3 ]; thanks to the technological 
improvements for dose reduction such as fl ash acquisition mode (see above [ 11 ]) 
we can even imagine that in few years CTA will become a screening examination 
for CAD. 

 Dual-source CTA is a useful examination in the pediatric population, in particu-
lar in those with a high likelihood of coronary artery anomalies [ 28 ], and when 
associated with ECG-triggered prospective spiral acquisition with high pitch, low 
tube current tube and iterative reconstruction method [ 29 ].  

    Principal CADs and Imaging Findings 

  Atherosclerosis  is the principal coronary disease, but it is not the only one; in fact, 
as we have seen before, other pathologic conditions that have been evaluated are the 
anatomic malignant and non-malignant variants, aneurisms and fi stulas and the 
evaluation of stents and bypass grafts. 
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    Coronary Anatomic Anomalies 

 Coronary anatomic anomalies are inborn anomalies that occur in 1 % of the general 
population [ 30 ], even if necropsies show lower incidence (0.3 %) [ 30 ]. Moreover, it 
is known that sometimes patients with congenital heart diseases have one or more 
associated coronary artery anomalies [ 31 ]. There are many anatomic variants and 
could manifest in young patients with symptoms like atypical chest pain shortness 
of breath or acute myocardial infarction [ 32 ], but most of that have no clinical out-
come [ 5 ]; thereby, some of them are malignant and have to be recognised and 
described. 

 Some of these anomalies could be not recognized with the traditional CA [ 33 ]. 
CTA is the best examination available in the study of these clinical conditions [ 32 ] 
because of its intrinsic ability in the global morphologic study of the heart and 
vessels. 

  Malignant coronary anomalies  (Fig.  6 ) manifest clinically with chest pain, 
dyspnoea, syncope, myocardial infarction, ventricular fi brillation or sudden death, 
rarely with reproducible effort angina [ 30 ]. There are many different malignant 
variants, and  Bland-White-Garland syndrome  [ 34 ] is one of them: even known as 
ALCAPA syndrome (anomalous origin of the left coronary artery from the pulmo-
nary artery), and consists of the anomalous origin of the left coronary artery (or, 
sometimes, of the right coronary artery, ARCAPA, which is a more favourable 

  Fig. 6    Volume-rendering reconstruction demonstrates a malignant coronary anomaly with inter- 
arterial course of the right coronary artery ( arrow ) that origins from the left sinus of Valsalva       
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 condition [ 32 ]) from the pulmonary artery. The incidence is of 1/300,000 live birth, 
and without therapy the rate of death is 90 % during the fi rst year of life [ 32 ]. If this 
condition is not corrected, and a compensatory and ectasic circle develops between 
RCA and left coronary circle as compensatory mechanisms, the patient survives and 
can develop early signs of pulmonary hypertension and of heart failure [ 32 ].  

  Coronary artery originating from the opposite sinus of Valsalva  is another 
malignant anomaly: in this case, the acute angle formed at the origin of the vessel 
could be responsible of transitory ischemia during the systole [ 5 ]. 

  Coronary artery with origin from the opposite or non-coronary sinus  
( ACAOS )  associated with an interarterial course between the aortic root and 
common trunk of pulmonary artery  is often found in young athletes and militar-
ies, and requires surgical treatment for the high risk of sudden death [ 5 ]. The patho-
physiological mechanisms of sudden death are still unclear, but it could be explained 
by a reduced blood fl ow due to the acute angle which often characterised the 
 emergency of the coronary artery associated with the intramural course and the 
compression of the artery every systolic phase [ 32 ]. ACAOS associated with prepul-
monic, intraseptal and retroaortic course are considered benign [ 32 ]. 

  Coronary artery fi stulas  are discussed below in this chapter. 
 Another important condition is the  “  myocardial bridging  ”  (Fig.  7 ), an  anoma-

lous course of a coronary tract through myocardium , preceded and succeeded 
by a normal epicardial course [ 5 ]. Myocardial bridging is visualised on CA as a 
systolic narrowing of an epicardial coronary [ 35 ], whereas in CTA it is visualised as 
a tract of coronary surrounded by myocardial fi bres using multiplanar reformation 
[ 36 ]. The signifi cance of this condition is still debated, but it has been seen that 
atherosclerosis is present with higher frequency in the segment proximal to the 
 tunnelled tract and at this level an endothelial dysfunction is moreover present 
which could predispose to vasospasm and thrombosis [ 35 ]. When radiologists 
encounter a myocardial bridging they have to report it; the treatment, medical or 
surgical, will be evaluated by the clinical team.  

  Fig. 7    Long-axis left 
ventricular multiplanar 
reconstruction illustrates a 
myocardial bridging ( arrow ) 
of the middle tract of the left 
anterior descending artery       
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 In the end, it is important to remember that in certain cases we could be unable 
to fi nd a coronary artery because of an  atresia or agenesis,  in particular in those 
cases of  single coronary artery . This fi nding has a prevalence of 0.024/0.066 % in 
the general population, and could be associated with other congenital heart disor-
ders [ 37 ]. It could be totally asymptomatic and fi nd as an incidental fi nding in the 
execution of a CTA. The anomaly is classifi ed into three different groups according 
to the Lipton classifi cation [ 37 ]; the prognosis of patients with this pathological 
condition is not clear: it of course depends on the presence of other heart anomalies 
associated, but it has even seen that a major cardiac event occurs in 15 % of patient 
under 40 years [ 37 ]. At the moment there are no guidelines on the management of 
the patient with this condition [ 37 ].  

    Coronary Stenosis: Atherosclerosis and Atherosclerotic Plaques 

    Pathophysiology and Clinical Manifestation 

 Coronary atherosclerosis is the most important disease of the coronary arteries. 
Atherosclerosis is a well-known and described clinical condition related to various 
factors, including familiarity, tobacco smoke, obesity, hypertension, diabetes, high 
cholesterol serum levels and reduced physical activity. In particular, it consists of 
the development of plaque on arterial walls that reduce the vessel lumen, diminish-
ing the blood supply to heart walls. 

 Atherosclerosis begins at birth and progresses in a non-linear and unpredictable 
manner [ 8 ], but statistically this development will be faster and greater if the patient 
has one or more of the risk factors mentioned before [ 38 ]. 

 Coronary plaques originate in intimal tunica as focal accumulation of foam cells 
rich in lipids, and become bigger accumulating lipids and involving intima and 
media tunica [ 38 ]; with time they change their composition and occupy the vessel 
lumen, restricting it. 

 Atherosclerotic plaque may lead to various pathologic conditions [ 38 ] such as 
the  development of aneurism and dissection or the rupture of the arterial wall  
(we will talk about the coronary aneurism in the following paragraphs). 

 Another pathologic condition which could happen is  the progressive growth of 
the plaque, determining critic stenosis : as the vessel lumen becomes smaller even 
the blood supply becomes smaller, and when the blood supply is not suffi cient to 
satisfy the request of myocardium (the fi xed obstructive stenosis of the vessel lumen 
generally has to be >75 % under stress and >90 % at rest [ 38 ]) clinical manifesta-
tions appear: angina pectoris (stable, unstable; under pressure or at rest), dyspnoea, 
arrhythmias, myocardium ischemia or infarct and death. Sometimes, such as in 
transplanted hearts [ 39 ] and patients with long story of diabetes, myocardium 
infarction can occur with no symptoms. 

 In the end,  plaque rupture and wall thrombosis with infarction of the tissue 
supplied by the vessel involved  can occur, determining the typical unstable angina 
with infarction of the myocardium. 
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 Some plaques can calcify, in part or totally, becoming more stable; others remain 
soft, and their rupture can determine wall thrombosis, ischaemia and infarction of 
the myocardium supplied by the vessel. Presently the virtual intravascular endos-
copy in CTA is useful for the evaluation of coronary artery patency, in particular to 
evaluate the presence and compositions of the plaques [ 40 ]. 

 Nowadays CTA allows to evaluate the characteristics of the atherosclerotic 
plaques, but it is important to underline that it has still a much lower spatial resolu-
tion compared to IVU. The introduction in clinical practice of dual- or multi-energy 
CT still does not provide a morphologic evaluation of coronary atherosclerotic 
plaques comparable with IVU due to the insuffi cient spatial resolution of this tech-
nique; nowadays further improvements of this technology will make possible a 
detailed morphologic characterisation of the plaques even with this technique 
[ 41 – 43 ].  

    CTA Findings 

  In CTA we can distinguish three types of coronary plaques  [ 11 ]:

•     Non-calcifi ed plaques  (Fig.  8 ): They can be recognised on CTA because they 
have a greater radiodensity than neighbouring soft tissue, but lesser than contrast 
medium of the vessel lumen. This kind of lesion is the most diffi cult to visualise 
on CTA [ 38 ] and more prone to rupture and vessel thrombosis.   

•    Calcifi ed plaques  (Fig.  9 ): Plaques completely calcifi ed, with radiodensity 
greater than neighbouring soft tissues and contrast medium of the vessel lumen.   

•    Mixed plaques  (Fig.  10 ): Plaques with calcium content between 20 and 80 %, 
within a single lesion or a segment of the coronary artery.     

  Fig. 8    Occlusion at the third proximal of the right coronary artery, with rehabilitation of the vessel 
by anastomotic hetero-coronary circulation; multiplanar reconstruction ( a ) demonstrates that a soft 
plaque is present at the proximal tract of the right coronary artery, completely occluding the lumen. 
This fi nding is confi rmed in volume rendering three-dimensional reconstruction ( b )       
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  Fig. 9    Multiple calcifi ed plaques on proximal tract of the right coronary artery: multiplanar recon-
structions show calcifi ed lesions that fi ll the vessel lumen >70 %       

  Fig. 10    Volume rendering ( a ) and multiplanar reconstruction ( b ) show multiple plaques on the 
anterior descending artery with severe stenosis of the lumen due to a fi bro-calcifi ed lesion on the 
middle tract, illustrated also by a cross section of the vessel ( d ). Coronary angiography ( c ) con-
fi rms the severe degree of stenosis at that level       
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 Proximal and mid portions of the coronaries are the locations in which athero-
sclerotic plaques are more often localised and the ostium is rarely involved [ 8 ]. A 
study has revealed that there is even a correlation between the angle of bifurcation 
of the left coronary and the development and dimension of the plaques in this artery 
[ 44 ]. In native coronary arteries, plaque rupture occurs in the proximal tract of the 
LAD, in the proximal or distal tract of the RCA, and anywhere in the LCX [ 8 ]. 

  The severity of stenosis is calculated as   diameter stenosis , rather than area 
stenosis [ 8 ]; this is possible according to the formula ( 1 ) [ 8 ]

   N A B= -1 ( / )   
 ( 1 ) 

   

where  N  is the  critical narrowing  of the vessel converted and expressed in percent-
age (%),  A  is the  actual lumen  of the vessel at the critical narrowing level, expressed 
in millimetres (mm), and  B  is the  expected lumen  diameter at the same level of  A , 
measured from intima to intima, and expressed in millimetres (mm). 

 Because of the progressive tapering of the coronary arteries, the  expected lumen  
( B ) is obtained as an average of the normal arterial segment lumen  proximal  ( P ) to 
and  distal  ( D ) to  A  according to the formula ( 2 )

   B P D= +( ) / 2   
 ( 2 ) 

   

  These two points ( P  and  D ) are equidistant one to each other and expressed 
in mm. 

 In practice there are many software able to calculate  N  % using the so-called 
stretching MPR, choosing the critical narrowing of the vessel and  P  or  D . 

  There are six degrees of coronary artery stenosis, according to the N value  
[ 8 ] from normal to the total occlusion (Table  4 ).

       CTA Report 

 To write a correct CTA report, it is fundamental to analyse the entire coronary cir-
cle (in particular with curved multiplanar reformation), indicating the dominance 
of the circle (right, left or codominance), and describing every coronary artery 
(Table  5  [ 8 ]):

  Table 4    Coronary artery 
stenosis degree  

  Normal —no diameter reduction ( N  = 0 %) 
  Minimal — N  with a value between 1 and 25 % 
  Mild — N  with a value between 26 and 50 % 
  Moderate — N  with a value between 51 and 70 % 
  Severe — N  with a value between 71 and 99 % 
  Occlusion — N  = 100 % 
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        Coronary Artery Dilatation: Ectasia, Aneurisms 

    Defi nitions, Aetiology, Pathophysiology, Classifi cation and Clinical 
Manifestations 

 Arterial abnormal dilatations are rare clinical fi ndings that can affect coronary 
circle. 

 The aetiology varies depending on the geographic location and age; in Western 
countries atherosclerosis is the most common, followed by congenital and infec-
tious causes, whereas in Japan the principal cause is the Kawasaki’s disease [ 39 ]. 
Other causes are vasculitis such as Takayasu’s disease [ 45 ], or medical and surgical 
procedures such as angiography, stent placement or CABG (see below) [ 34 ]. 

 Arterial wall damage is the common pathophysiologic mechanism (except for 
congenital dilatation, which is often born as compensatory mechanism as a conse-
quence of congenital fi stula or other coronary anomalies) [ 34 ]; in particular in ath-
erosclerosis, it is a consequence of wall weakening due to the atherosclerotic 
plaques, in vasculitis for different infl ammatory mechanisms acting on the arteries 
walls and in infective dilatation because of direct invasion of the wall by microbes 
or septic micro embolisation of the vasa vasorum [ 34 ]. There are two types of 
dilatation:

    1.     Ectasia :  It is a diffuse dilatation of coronary artery  [ 34 ,  46 ]. More properly, 
it is a diffuse dilatation of the vessel (at least 1.5 times the normal vessel diam-
eter) that extends along it for 50 % or more of its length [ 34 ]. There are four 
types of ectasia (Table  6  [ 34 ]), and types I and II are those with the worst prog-
nosis [ 34 ].

       2.     Aneurysm :  It is a focal dilatation of a coronary artery  [ 34 ]. We have to dis-
tinguish between “true” and “false” aneurysms (called pseudoaneurysms), 
according to the numbers of layers involved: in fact in the “ true” aneurysms  the 
wall of the lesion involves all the layers which constitute the vessel, i.e. the tunica 
intima, media and adventitia [ 34 ], while in the  pseudoaneurysms  are involved 
only one or two layers because there is a damage of the integrity of the vessel 
wall (this kind of lesions are more frequently seen after chest trauma or catheter- 
based procedures [ 34 ]).    

   Table 5    Report data for coronary stenosis   

 Description of plaque: 
   • Number 
   • Location 
   • Morphology (eccentric, concentric) 
   • Extension 
   • Types (non-calcifi ed, calcifi ed-mixed) 
   • Presence-absence of ulceration 
 Degree of stenosis 
 Characteristics of the distal circulation 
 Presence-absence of collateral circles (although this can be better visualised in CA) [ 17 ] 
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  Moreover, according to their morphology, they can be divided into  “saccular” 
aneurysm,  characterised by  a transverse diameter   greater   than the longitudinal  
[ 34 ], usually located distal to a stenosis, adjacent to it, and more prone to thrombo-
sis and rupture [ 34 ], and  “fusiform” aneurysm , characterised by  a transverse 
diameter   smaller   than the longitudinal  [ 34 ] (Fig.  11 ).  

 Coronary dilatation clinically can be silent or manifest with symptoms according 
to the underlying causes [ 34 ]. Atherosclerotic dilatation could manifest with 
 symptoms similar to those of atherosclerotic stenosis [ 34 ]; for dilatation derived from 

  Table 6    Ectasia types    Type I : ectasia in 2 or 3 vessels 
  Type II : ectasia in one vessel and aneurism in another 
  Type III : ectasia in one vessel 
  Type IV : coronary aneurism in one vessel 

  Fig. 11    Coronary CTA in a patient with Kawasaki’s disease: volume-rendering reconstructions 
( a  and  b ) show a fusiform aneurism on middle tract of the right coronary artery. Curved multipla-
nar reconstruction ( c ) demonstrates the partially calcifi ed walls of the aneurism       
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other conditions, the symptoms could be the same, but associated with others related 
to the underlying disease, such as septic fever for infective dilatations, or cutaneous 
and other systemic symptoms (asthenia, weight loss, fever) for vasculitis [ 34 ]. 

 Coronary dilatations can evolve determining complications such as distal 
embolisation, rupture, fi stulas, hemopericardium, thrombosis, dissection and vessel 
compression [ 34 ].  

    CTA Findings 

 A coronary dilatation is characterised by an anomalous enlargement of the arterial 
wall, with the characteristics mentioned before. The walls could be normal, thinner 
or thicker than those of the other tracts, and lumen patent (hyperdense) or stenotic 
because of the deposition of low-attenuation materials inside. Of course there could 
be not only one but multiple dilatation along the same coronary or in different 
arteries.  

    CTA Report 

 In a correct CTA report, coronary dilatations have to be described indicating every 
characteristic of them, in particular including the type, size and extension (Table  7 ).

        Coronary Artery Dissection 

    Defi nition, Aetiology, Pathologic Findings and Clinical Features 

 Coronary artery dissection can be defi ned as a delamination of the layers that con-
stitute the walls of the coronary arteries with the evidence of an intimal fl ap. When 
this event occurs, the blood can fl ow through the “true lumen”, which inner walls 
are constituted by the normal intima of the vase, or through the so-called false 
lumen, generated by the delamination of the layers and separated by the true lumen 
by the intimal fl ap [ 47 ]. If the dissection is characterised by the presence of a wide 
connection between true and false lumen thanks to the presence of at least two 

  Table 7    Report data for 
coronary artery dilatation  

 Type (ectasia or aneurysm) 
 Number 
 Location 
 Dimensions of the aneurism/maximum diameter of the ectasia 
 Dimension of the residual lumen 
 Walls characteristics (thin, normal, thick) 
 Any associated anomalies 
 Characteristics of the distal circulation 
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lumens (one proximal and one distal), the vessel assumes a larger calibre, and there 
is a high risk of rupture of the outer walls (more fragile) with the possibility of rup-
ture of the outer fragile layer with hemopericardium and cardiac tamponade. If there 
is only an orifi ce without a wide connection between the true and the false lumen, 
the continuing blood fl ows in the false lumen could contribute to the delamination 
process, restricting the true lumen and leading to the closure of it with ischaemia 
and infarction of the territory distal to the occlusion, and even to the rupture in 
 pericardiac space with hemopericardium and cardiac tamponade. 

 According to the aetiology, coronary artery dissection could be  post-traumatic  
(for example iatrogenic after a stent placement during angioplasty) or  spontaneous . 

 Spontaneous coronary artery dissection is a rare event with a not clear aetiology 
and pathogenesis, related in particular with intense physical exercise, pregnancy or 
use of oral contraceptives [ 48 ]. 

 Clinically both types of dissections can manifest with sudden typical or atypical 
chest pain, dyspnea, palpitations, syncope or sudden death. This condition can be 
identifi ed on CA or CTA.  

    CTA Findings and Reports 

 On CTA a coronary dissection can be suspected if on CTA an anomalous enlarge-
ment of the vessel in one or more points and a linear hypodensity corresponding to 
the intimal fl ap in the vessel lumen are observed, which anyway must not be con-
fused with any artifacts. 

 In analogy with the aortic dissection [ 47 ], sometimes it can be possible distin-
guishing the false lumen from the true according to the “beak sign”: the false lumen 
forms two wedges outer the true lumen, and generally appears hypodense than the 
true lumen because of the delayed enhancement of the contrast medium. The true 
lumen could progressively narrow up to the complete occlusion (Fig.  12 ).  

  Fig. 12    ( a ) Curved planar reconstruction shows a focal dissection of the middle tract of the left 
anterior descending artery ( curved arrow ;  AA  aortic sinus,  LM  left main artery). ( b ) Angiographic 
exam confi rms this fi nding ( curved arrow )       
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 A correct report should include in particular information about the location, the 
vessel involved, the feature of the vessel walls and other pathologic conditions 
related, such as hemopericardium, anomalous sparing of contrast medium for active 
bleeding or involvement of the aortic root (Table  8 ).

        Coronary Artery Fistulas 

   Defi nition, Aetiology, Pathologic Findings and Clinical Features 

 A coronary artery fi stula is an anomalous termination of the coronary circle [ 49 ]. It 
is a direct connection of a coronary artery (RCA in 50 % of patients, LCA in 42 % 
and both in 5 % [ 49 ]) with one of this structure, bypassing the capillary bed [ 49 ]:

•    A cardiac chamber (the most common, in particular right ventricle and atrium)  
•   A pulmonary artery or a pulmonary vein  
•   Superior vena cava or coronary sinus    

 This pathologic condition determines a left-to-right shunt, with a reduction of 
blood supply to the myocardium, followed by a series of adaptive changes like the 
development of collateral circles, right ventricular enlargement and hypertrophy of 
the residual myocardium. 

 It is a not frequent CA fi nding (0.3–1.3 % of patients who are undergoing CA) 
[ 49 ]. In most cases fi stulas are congenital, derived from embryogenic disorders; in 
other cases they are complications of other clinical conditions, such as chest blunt 
trauma, evolution of aneurisms or microtrauma after CABG. 

 The most common pathologic fi ndings of fi stulas are dilatation of the vessel 
involved with mural thinning, concomitant atherosclerosis and thrombosis, accom-
panied by myocardial hypertrophy with focal fi brosis [ 49 ]. In most cases they are 
singular, and rarely multiple [ 49 ]. 

 From a clinical point of view, the clinical presentation depends on the severity of 
the left-to-right shunt [ 49 ]; patients could be asymptomatic if the entity of the shunt 
is modest. In symptomatic patients the most important clinical manifestation is the 
right ventricular enlargement with pulmonary hypertension [ 49 ]; others can be 
arrhythmias, myocardial ischemia or infarction and heart failure. Most of adult 
patients are asymptomatic [ 49 ], whereas an important left-to-right shunt will 
 manifest clinically easier in young patients.  

   Table 8    Report data for coronary artery dissection   

 Location 
 Vessel involved, with origin and termination 
 Length 
 Features of false and true lumen 
 Other associated conditions: vessel rupture, vessel patency, active bleeding, hemopericardium, 
aortic dissection 

CT Imaging of Coronary Arteries



52

   CTA Findings and Report 

 CTA can reveal the presence of enlarged fi stulas, evaluating the possible presence of 
ectasia or focal aneurysms of the coronary circle, with or without thrombosis [ 49 ]. 
Small fi stulas can be visualised only on CA. A correct description of a fi stula should 
contain in particular information about location, dimensions, origin and termination 
(Table  9 ).

        Coronary Stent 

   Stents, Complications and Clinical Manifestation 

 Stenting is a well-known revascularisation procedure; it consists of the placement of 
a stent (an expandable metallic device) in the coronary artery via specifi c catheters 
in angioplasty procedures; stent contributes to maintain coronary artery patent after 
the angioplasty [ 50 ]. During the same procedure, one or more stents can be applied, 
including tandem stents (one beside the other); in particular  bifurcation lesions  can 
be treated placing “T”, “Y” or “V” stents according to the degree of the angle 
between the two branches [ 50 ]. Most of the modern stents are coated with antiprolif-
erative drugs such as sirolimus or paclitaxel to help prevent in-stent restenosis [ 50 ]. 

 There could be many complications after a stent placement, such as  thrombosis : 
the rate of this complication is low, between 1 and 2 % [ 50 ], and the risk is higher 
using longer stents [ 50 ]. Clinically, it manifests as acute myocardial ischaemia [ 50 ]. 
Patients that assume antiplatelet therapy discontinuously or with additional risk fac-
tors such as diabetes mellitus or low ejection fraction have an increased risk of 
thrombosis [ 50 ]. Timing of thrombosis is different using coated or non-coated 
stents: in fact in the case of  non-coated stents , this complication can occur more 
often acutely (within 48 h after the stent procedure) or subacutely (between 2 and 
30 days after intervention) [ 50 ], whereas when  coated stents are used , the compli-
cation typically occurs 30 days after stenting. 

  Restenosis  is another complication after CABG: this long-term condition is 
defi ned as  a vessel lumen narrowing of more than 50 % that occurs after a stent 

   Table 9    Report data for coronary artery fi stulas   

 Number 
 Location 
 Origin (LCA; RCA) and termination (cardiac chamber, pulmonary vein or artery, cardiac sinus 
or superior cava vein) 
 Dimensions 
 General conditions of the rest of the circle, including ectasia, aneurisms or thrombosis 
 Evaluation of the heart: dimensions of the cardiac chambers, thickness of myocardium, 
pulmonary hypertension signs 
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placement  [ 50 ], because of several factors, such as excessive arterial healing after 
angioplasty, vascular remodelling and neointimal hyperplasia [ 50 ]. Clinically it 
manifests as recurrence angina [ 50 ]. The risk is higher using non-coated stents 
(up to 40 %) despite the coated stents (up to 10 %) [ 50 ]. Care should be taken in the 
evaluation of neointimal hyperplasia in the edges of the stents [ 8 ]. The bifurcation 
lesions are more prone to restenosis [ 50 ]. 

  Dissections, ectasia and aneurisms  are infrequent but important complications 
that can develop in the coronary artery segments adjacent to stent [ 8 ]; the patho-
physiologic mechanisms is not fully understood, but probably derived from micro-
traumatisms during the procedure and inadequate healing after the stent placement 
due to antiproliferative drugs, FANS and cortisone [ 34 ].  

   CTA Findings 

 In CTA, stents are visualised as metallic cylindrical devices applied in coronary 
along the coronary walls. Because of their metallic structure, streak artefacts can be 
visualised; useful tips to minimise artefacts could be the use of a correct fi ltered 
backprojection kernel (B46f) [ 50 ] or iterative reconstruction algorithms. 

 Normally, radiologist can observe the coronary artery lumen patent:  low- 
attenuation areas inside the stent are indicative of in-stent thrombosis or reste-
nosis, with variable degrees of stenosis  [ 8 ]. An abnormal accumulation of contrast 
medium inside the arterial wall, accompanied by intimal fl ap, should suggest a coro-
nary dissection, whereas an anomalous enlargement of the lumen should suggest the 
presence of aneurisms or ectasia (see above). 

 Not only the evaluation of stent is important, but even of the segment adjacent to 
the stent and the edges of the stent [ 8 ] (Fig.  13 ).   

   CTA Report 

 A correct coronary stent description should include in particular information about 
the number, the location and moreover the patency or stenosis of it (Table  10 ).

        Coronary Artery Bypass Graft 

   Defi nition, Types of CABG and Complications 

 CABG is a surgical revascularisation procedure that allows restoring an adequate 
blood fl ow in the coronary circle in patients with advanced CAD, bypassing a severe 
stenosis or occlusion. The surgical procedure consists of the creation of a vascular 
connection between the aorta and the tract of the coronary circle distal to the critic 
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obstruction or occlusion using a vascular arterial or venous graft. Vascular graft 
could be:

•    With the anatomic origin left in place, and the distal end attached to the target 
vessel.  

•    Free : proximal and distal ends of the vessel are disconnected from their original 
anatomic attachment and reassembled.  

•    Composite : two or more vessels linked to each other, when a double- or triple- 
bypass graft is required.    

  Fig. 13    ( a ) CTA volume-rendering reconstruction illustrates a stent placed on the anterior 
descending artery, with interruption of the vessel on its middle tract. ( b ), ( c ) and ( d ) curved multi-
planar reconstructions reveal multiple low-attenuation areas inside the stent due to in-stent 
restenosis       

   Table 10    Report data for coronary stent   

 Number 
 Location 
 Length 
 Patency/stenosis: in case of stenosis, radiologist has to indicate the degree of stenosis (see 
“coronary stenosis”) and contrast runoff in the coronary segments distal to the stenosis [ 8 ] 
 Any lateral branches excluded, in particular in bifurcating lesions [ 8 ] 
 Other complications such as dissection, ectasia or aneurisms 
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 In addition, vascular grafts could be venous or arterial: in the case of  venous 
graft  (Fig.  14 ) the saphenous vein (SV) is chosen. Obviously, it is used as a free or 
composite graft, harvested from the leg and linked at the ascending aorta and at the 
coronary circle, beyond the obstructive lesion [ 51 ]. Sometimes, during the CABG 
procedure, a mechanical aortovenous connector is used which makes quicker the 
suture of the venous graft to the ascending aorta [ 51 ] and alters the normal appear-
ance of the graft [ 51 ].  

 In the case of  arterial graft  (Fig.  15 ) there is the great advantage that they are 
 more resistant to thrombosis than the venous graft  [ 51 ], having a better long- 
term patency than venous grafts [ 8 ] with a lower rate of postoperative mortality and 
a long-term patency rate of above 90 % at 10 years [ 51 ].  

  Internal mammary artery  ( IMA ) is the most used. Both the IMA can be used, 
but  left IMA  is used in particular to revascularise LAD, maintaining intact its origin 
from subclavian artery [ 51 ], whereas the  right IMA  could be exploited maintaining 
its origin at the subclavian artery, as a free graft with the proximal end linked to the 
ascending aorta, or as a composite graft linked with a left IMA graft [ 51 ]. 

  Fig. 14    Occluded venous bypass graft on right coronary artery ( arrows ). CTA images illustrate 
the occlusion at the origin of the graft on axial plane ( a ), coronal plane ( b ) and volume rendering 
( c ). This fi nding is confi rmed by the angiographic exam ( d )       
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 Even other arteries can be used as valid alternatives to IMA, such as  radial,  or 
less the  gastroepiploic artery  [ 51 ]. 

 A CABG procedure can be vitiated by different complications, which can be 
divided in [ 51 ]:

    1.     Early complications  (within the fi rst 30 days after the procedure) (Table  11 )
       2.     Late complications  (over 30 days after the procedure) (Table  12 )

  Fig. 15    ( a ) Volume-rendering reconstruction shows a LIMA bypass on left anterior descending 
artery. ( b ) Curved multiplanar reconstruction demonstrates the patency of the arterial graft       

   Table 11    Early complications of CABG   

  Thrombosis : 10–15 % of patients [ 23 ], more frequent in venous than arterial grafts 
  Graft spasm : diffi cult to be seen in CTA 
  Graft malposition or kinking : more frequent in longer grafts 
  Pericardial effusion : rarely become hemodynamically signifi cant despite its prevalence 
(22–85 %) [ 51 ] 
  Pleural effusion  
  Iatrogenic complication  
  Sternal infection : with a prevalence of 2–20 % [ 23 ]; mediastinitis occurs in 1–4 % of patients, 
and has a mortality rate of about 25 % [ 51 ] 
  Pulmonary embolism  
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          CTA Findings and Report 

 CTA is a fundamental examination for the CABG evaluation [ 52 ], and the results 
are very similar to those obtained in CA in the assessment of the patency of the 
CABG in the follow-up [ 53 ]; in particular, it is important in the evaluation of the 
early (1 month, in particular if associated with symptoms like pain and dyspnoea) 
and late (more than 1 month) complications and to make sure of the patency of the 
graft. Beam-hardening artefacts because of metallic clips are frequent fi ndings. 

 A complete evaluation of the CABG must include the terminal ends, with par-
ticular regards on anastomoses. 

 The knowledge of the procedure and of the type of graft is fundamental not only 
to write a correct report, but even to do a correct CTA, that will have to include the 
epiaortic vessels in the case of left IMA CABG with the anatomic origin left in 
place. 

 A correct report should indicate in particular the type of CABG and the early or 
late complications exposed in the previous paragraph (Table  13 ).

        The Transplanted Heart: The Coronary Allograft Vasculopathy 

 The coronary allograft vasculopathy is a diffuse process of the coronary circle of the 
transplanted heart, due in particular to  concentric narrowing of the vessel lumen  
[ 39 ]. It is a particular form of atherosclerosis due to immunomediated injury and 
other non-immunologic factors, which fi rst appear in the small distal branches of 
the coronary circle and then extending proximally. The consequences are myocar-
dial ischaemia and heart failure [ 39 ]. It is clinically silent, because the transplanted 
heart is denervated, and it is the leading cause of death in these patients after the fi rst 
year post-transplant [ 39 ]. 

 CTA fi ndings can provide information on the vessel wall conditions and of the 
degree of lumen stenosis, in order to plan an eventual revascularisation procedure. 

   Table 12    Late complications of CABG   

  Late stenosis and occlusion  
  Graft aneurysms : it requires a surgical correction if exceeding 2 cm of diameter. The main 
pathophysiologic mechanism is the accelerated atherosclerosis, especially in venous graft, with 
the development of pseudoaneurysms [ 51 ]. These aneurysms may complicate with dissection, 
thrombosis, rupture or fi stulisation with adjacent structures [ 8 ] 

  Table 13    Report data for 
CABG  

 Type of CABG 
 Patency/stenosis/occlusion of the CABG 
 General conditions of the rest of the circle 
 Presence of early or late cardiac or 
extracardiac complications 
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 There are still no universally staging scale for the evaluation of coronary allograft 
vasculopathy [ 39 ]; Gao and colleagues proposed a three-grade classifi cation scale, 
based on CA fi ndings, but available even for CTA [ 39 ,  54 ] (Table  14 ).

   When radiologist has to execute a CTA in transplanted patients, he or she has to 
remember that the transplanted heart is denervated with HBR between 80 and 
100 bpm; as we have seen before, a correct CTA has to be executed with an HBR 
lower than 65 bpm. Transplanted heart is not responsible to β-blockers as a normal 
heart, and thus sometimes it is necessary to use β-blockers at higher doses [ 39 ]. 
(Naama R. Bogot et al. [ 39 ] described a procedure with the administration of 
repeated 50 mg doses of metoprolol up to a cumulative dose of 200 mg, or a single 
I.V. dose of 50–100 mg of esmolol just before CT.)      
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      CT of Carotid Arteries 

             Kimberly     Kallianos    ,     Ana     M.     Franceschi    ,     John     R.     Carr    , 
    William     A.     Mehan    , and     Jason     M.     Johnson    

           Carotid Computed Tomography Angiography (CTA) 
Overview 

 Stroke is the fourth leading cause of death and the leading cause of long-term serious 
disability in the United States [ 1 ]. Treatment and management advancements for isch-
emic injury have increased the demand for accurate and reliable imaging techniques 
to rapidly identify both intra- and extracranial carotid artery pathology [ 2 ,  3 ]. 

 Computer tomography angiography (CTA) of the carotid arteries provides 
detailed assessment of the vessels with direct luminal visualization. Carotid CTA 
imaging is a valuable assessment tool for risk stratifi cation in patients presenting 
with acute cerebrovascular disease. Large vessel occlusion, such as carotid arterial 
occlusion, occurs in more than 10 % of patients presenting with transient ischemic 
attack (TIA) and is a predictor for future decline in functional status [ 4 ]. In the acute 
stroke setting, direct visualization of luminal occlusion and evaluation of the sur-
rounding collateral vessels provides confi rmation of clinically suspected stroke and 
allows for subsequent targeted treatment, such as intravenous thrombolysis and 
pharmacomechanical endovascular therapies. Carotid CTA can be combined with 
concurrent CT perfusion for evaluation of brain parenchymal perfusion as well as 
CTA of the intracranial arteries to assess for intracranial vascular thrombosis and to 
demonstrate intracranial aneurysms or arteriovenous malformations, both of which 
may be contraindications to thrombolytic therapy. 

 Carotid CTA is highly accurate for evaluating long-standing carotid stenosis 
in symptomatic and asymptomatic patients. The ability to distinguish complete 
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occlusion versus hairline residual lumen is particularly useful as it may affect the 
decision to therapeutically intervene. This differentiation is limited with other fl ow-
sensitive imaging techniques such as ultrasound or magnetic resonance angiogra-
phy (MRA). Detailed anatomical assessment of the carotid vessels can detect other 
differential pathological processes such as dissection and vasculopathy, which are 
of utmost importance for patients with neurological symptoms.  

    Advantages 

 Carotid computed tomography angiography (CTA) is widely available, minimally 
invasive, and allows for high-resolution rapid assessment of the carotid arteries. Rapid 
interrogation of the intra- and extra-cranial vasculature within minutes offers major 
benefi ts in the evaluation of acute stroke in the emergency department. The short scan 
time also enables evaluation of patients who may be unable to tolerate the longer scan 
times involved with other modalities, such as critically ill patients or patients with 
altered mental status. Furthermore, carotid CTA is less prone to motion-related arti-
facts in patients compared to fl ow-related imaging such as MRA [ 5 ]. Modern multide-
tector CT provides rapid scanning time, increased resolution, and decreased radiation 
dose [ 6 ]. Unlike MRA, metallic foreign bodies, implanted metallic hardware, such as 
pacemakers, aneurysm clips, and various orthopedic devices are not a contraindication 
to CTA. Therefore, a greater percentage of patients are able to undergo carotid imaging 
with computer tomography compared to magnetic resonance imaging. 

 Carotid duplex ultrasound is a noninvasive modality for screening patients at 
high-risk for carotid artery disease, including those with history of stroke, TIA, 
cervical carotid bruits, and as a preoperative evaluation to coronary artery bypass 
graft surgery (CABG) or aortic valve replacement (AVR) procedures [ 7 ]. However, 
ultrasound may be suboptimal for assessment in certain populations, particularly 
patients with heavily calcifi ed carotid arteries or those with atherosclerotic disease 
at the skull base or in the proximal common carotid artery [ 5 ]. The availability of 
specially trained vascular sonographers and the length of examination in the urgent 
evaluation of carotid disease such as during an acute stroke may be suboptimal in 
potential candidates for revascularization or thrombolytic therapy.  

    Limitations 

 Carotid CTA provides limited evaluation of small vessels and distal branch occlu-
sions relative to conventional angiography [ 8 ]. In carotid CTA, the rapid speed of 
image acquisition may create a challenge to obtaining optimal contrast bolus timing 
and vessel opacifi cation, as the rapid CT acquisition can outpace the fl ow of contrast- 
opacifi ed blood. Patients with cardiac dysfunction such as heart failure or arrhyth-
mias may particularly prove challenging to contrast bolus timing. The inability of 
CTA to sequentially image during contrast injection to detect delayed contrast 
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opacifi cation and real-time collateral fl ow is a limitation relative to traditional 
angiography [ 9 ]. The primary risks of carotid CTA include exposure to ionizing 
radiation and iodinated contrast which has a 0.2–0.7 % adverse reaction rate [ 10 ]. 
These factors will be further discussed below.  

    Technique 

    General Protocol 

 While the specifi c technique may vary between institutions, carotid CTA images are 
generally acquired following a single bolus injection of 35–100 ml of nonionic con-
trast material into an antecubital vein at 3.5–6 ml/s. The timing of the CT angiogra-
phy study is typically programmed in one of three ways. (1) A set scan time delay 
can be used (i.e., 18–25 s after the start of the contrast injection). This option has the 
benefi t of being the least technically complicated which is useful for CT technolo-
gists that do not often perform CT angiography and when using older equipment that 
may lack a bolus-tracking feature (2). A contrast bolus-tracking technique is per-
formed using a low-dose scan at a set level after the initiation of the contrast injec-
tion with automatic scan triggering once the Hounsfi eld units (HU) of the vessel of 
interest (i.e., aorta or carotid artery) exceed a set threshold—typically of 50–100 
HU. (3) Using a scan time set using data from a time-density curve (TDC) (Fig.  1 ). 
This technique begins with a localizer scan at the level of the aorta, common carotid 
artery, or internal carotid artery. After identifi cation of the level of the vessel of inter-
est, a small bolus of contrast and saline chaser is injected at the same intended rate 
of the actual CTA examination (i.e., 3.5–6 ml/s). A continuous low- dose (i.e., 80 kV, 
100 mAs) single-section scan is performed 5 s after the start of the contrast medium 
injection at a rate of one scan per second. Scanning is continued until washout of the 
contrast medium from the artery of interest is observed. The time-to-peak enhance-
ment is calculated from the TDC; 2–4 s is added to the peak enhancement time to 
arrive at the optimal scan time. If a CT perfusion of the brain is performed as part of 
as a comprehensive neurovascular examination, the CT perfusion dataset can be 
used to generate a TDC for a subsequent CTA. The TDC method is the most techni-
cally challenging, requires added work for the technologist and also utilizes addi-
tional contrast medium, but has the advantage of assessing the optimal contrast 
timing for an individual patient. This is typically most important in older patients, 
patients with poor cardiac output and those with atrial fi brillation.   

    Contrast Issues 

 The bolus rate and iodine concentration affect the quality of three-dimensional (3D) 
CTA reconstructions. Injections of high-concentration contrast with an increased 
iodine-delivery rate produce improved arteriovenous contrast differentiation at the 
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level of the cavernous internal carotid artery (ICA). With the same rate of iodine 
delivery, injections of intermediate-concentration contrast agents increase the HU 
of both the cavernous ICAs and also the cavernous sinuses, with poorer resultant 
arteriovenous differentiation [ 11 ]. 

 The optimal phase of arterial enhancement has been a topic of discussion in 
multiple studies, with the optimal arterial attenuation on CTA typically deemed to 
be ≥150 HU [ 12 ]. An attenuation difference of at least 50 HU between arterial and 
venous structures on CTA has proved to be the threshold for 3D rendering purposes 
with intensity-based software [ 13 ]. Studies have demonstrated that early arterial 
phase examinations may overestimate severe/critical carotid artery stenosis [ 14 ]. 
Early arterial phase acquisitions also have an affect on the evaluation of CTA source 
images (CTA-SI) and intracranial collateral fl ow [ 15 ,  16 ]. 

 Several variations of the general carotid CTA protocol have been suggested, 
including rapid injection of smaller contrast volumes and also those using slower 
injection methods. One method of rapid injection is characterized by injecting a 
small contrast bolus (35–50 ml) at 6 ml/s after timing assessment with generation of 
a TDC. This technique allows for a tight contrast bolus, which is benefi cial to obtain 
the maximal vessel opacifi cation. Alternately, injection of iodinated contrast at a 

  Fig. 1    Low-dose axial CT image performed during test bolus of contrast injection with ROI 
placed over the region of the carotid bifurcations and revealing peak contrast enhancement 17 s 
after injection initiation       
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slower rate of 3.5–4.0 ml/s followed by imaging after a 25 s delay is less prone to 
timing errors that could result in unacceptable vessel opacifi cation [ 17 ]. 

 For patients requiring both cervical vessel evaluation and parenchymal evalua-
tion, such as in the setting of radiation-induced cervical atherosclerotic disease in 
patients with head and neck cancer, a split-bolus technique may be employed. 
Approximately half of the standard contrast bolus is initially given. After a delay of 
approximately 45 s, the second half of the bolus is then given either followed by a 
bolus-tracking scan or a set time delay after which the scan is then performed. This 
method provides good parenchymal enhancement and robust arterial opacifi cation 
with the benefi t of only a single radiation exposure to the patient. The limitations of 
this protocol however include slightly more complex timing required for the tech-
nologist and suboptimal arteriovenous contrast for a dedicated arterial evaluation.  

    Dual Energy 

 The photon array from a source at a single peak kilovoltage (kVp) consists of a 
continuum of energies including the characteristic energies of the anode material. 
The average energy of a photon array (i.e., X-ray beam) is approximately one-third 
of the energy of the kVp. Conventional “single”-energy CT depicts various ana-
tomic regions on the basis of differences in photon attenuation between adjacent 
structures. This difference in attenuation is primarily a function of the photoelectric 
effect and Compton scattering and is largely dependent on the atomic number of the 
materials involved. “Dual”-energy CT (DECT) extends the capabilities of single- 
energy CT so that structures with similar densities but different elemental composi-
tions are distinguished according to their electron density differences in addition to 
their atomic number [ 18 ]. Furthermore, DECT may be desirable because of the 
superior imaging capabilities that can be achieved without a substantial increase in 
radiation dose. The basic principle of the DECT is to obtain two datasets with dif-
ferent X-ray energy levels from the same anatomic region and material decomposi-
tion on the basis of attenuation differences at different energy levels [ 19 ,  20 ]. 

 DECT acquisition is manufacturer dependent and can be achieved by different 
physical implementations, including dual-spin CT, dual-source CT (DSCT), fast 
kilovoltage switching in a single source CT, or a sandwich detector–based CT which 
produces projections with two different energy levels for each exposure [ 21 ]. 

 Dual energy imaging exploits the energy dependence of the CT attenuation of 
calcium and iodine, thus the Hounsfi eld units will differ at varying energy levels due 
to a difference in electron density. With a dual-source CT scanner, one tube can be 
set to 80 kV and the other to 140 kV, enabling two different energy data sets to be 
acquired simultaneously with one acquisition. DECT then enables digital subtrac-
tion of bone and calcifi ed structures from CTA images, thus allowing for evaluation 
of carotid stenosis in the presence of large calcifi ed plaques. However, dual-energy 
subtraction CT may overestimate the degree of carotid stenosis compared to other 
methodologies, such as multiplanar CTA reformats (MPR) and conventional angi-
ography [ 22 ].  
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    Optimization for 3D 

 Multiple techniques for carotid CTA image reformation can be performed using 
dedicated post-processing software, including multiplanar reformats (MPR), maxi-
mum intensity projection (MIP), and three-dimensional (3D) volume-rendering 
(VR) reformatting techniques [ 23 ]. A high-resolution dataset of approximately 
1 mm slice thickness and no interslice gap allows for excellent quality 3D recon-
structions. Finer datasets such at 0.9 mm slice thickness with a 0.45 mm interval 
between slices (50 % slice overlap) allows for preservation of maximal data from 
the helical scan acquisition at the cost of signifi cantly greater slice number. Datasets 
of a more coarse nature, such as 1.5–2.0 mm slice thickness, result in mild degrada-
tion of reconstructed images, but are much less processor intensive for computer 
workstations.  

    Post-Processing 

 The practitioner of CTA should be knowledgeable about workstation-based post- 
processing techniques. Post-processing should include evaluation of the CTA source 
images as well as the reformatted images such as MPR, MIP, or volume-rendering 
images. 

 Once the data sets have been generated, post-processing must be applied to seg-
ment the helical volume and harness the information contained therein. The large 
volume of data typically obtained with CTA requires accurate, time-effi cient, and 
reproducible image post-processing to enable disease interpretation. The axial 
image plane, formerly the plane with the highest image quality in a single detector 
CT scanner acquisition, is no longer the only plane available for image interpreta-
tion. Axial image viewing is time-consuming, ineffi cient, and possibly less accurate 
than viewing reformatted images. With modern CTA acquisition, near isotropic data 
sets can be obtained, which allow manipulation in all imaging planes and projec-
tions without signifi cant loss of image quality. Therefore, a dedicated 3D worksta-
tion to enable a real-time interactive approach to image manipulation and 
interpretation has now become a necessity. Furthermore, many authors advocate the 
use of 3D image display for both diagnosis and procedure planning. Available 
 post- processing techniques on the clinical 3D workstations include multiplanar 
reconstruction (MPR), maximum intensity projection (MIP), volume rendering 
(VR), and shaded surface display (SSD). 

 High effi ciency in detecting and evaluating stenoses has made cross-sectional 
evaluation of MPR aligned to the vessel course the gold standard in analyzing CTA 
images. On the other hand, freely rotatable maximum intensity projection images 
(3D-MIP) can be created for a quick assessment of vessel status. Using conven-
tional single energy CT, the ability to quantify highly calcifi ed stenoses is often 
limited, as the vascular lumen within the calcifi ed area is often obscured after 
3D-MIP reconstruction [ 23 ].  
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    Multiplanar Reconstruction (MPR) 

 The MPR algorithm enables a reordering of specifi c acquired image voxels along a 
predefi ned vascular centerline to provide a 2D image of the vessel of interest. As all 
arteries are curved at some point in their distribution, curved MPR (cMPR) is an 
extension of the MPR process that enables display of a curved plane prescribed 
along an individual vessel contour or centerline, thus displaying the entire vessel 
midline on a single 2D image. Curved MPRs provide a comprehensive cross- 
sectional display of arterial luminal sizes over long segments and can be especially 
useful in reviewing large vascular territories such as the brachiocephalic trunk 
through to the middle cerebral artery (Fig.  2 ). CMPRs are the most equipped post-
processing method to reduce artifact from vessel calcifi cation and arterial stents. 
However, cMPR can be user-dependent and requires manual or semi- automated 
tracing of each vessel centerline (Fig.  3 ). Also, it is imperative that at least two 
orthogonal planes for each arterial segment are created to ensure accurate quantifi -
cation of eccentric atherosclerotic plaque. The orthogonal planes are essential for 
determining the true cross-sectional diameter of a vessel (Fig.  4 ). Other limitations 
of cMPR are that only one arterial segment can be displayed at a time and the lim-
ited spatial perception due to the absence of anatomical landmarks such as vessel 
bifurcations. A new potential solution for these limitations has been described: mul-
tipath curved planar reformations (MPCPRs). The MPCPR method allows multiple 
longitudinal vessel cross-sections to be displayed simultaneously and therefore 
allows branching patterns to be seen without obscuring vessel wall calcifi cations 
and stents, thus restoring spatial perception.     

  Fig. 2    63-year-old male with abnormal carotid Doppler ultrasound. ( a ) A curved MPR CTA 
reveals severe stenosis of the proximal right internal carotid artery leading to a “string” sign. ( b ) A 
surface-shaded display image shows the degree of focal high-grade stenosis ( arrow ) without the 
“straightening” of the curved MPR function. This display can be useful for the interventionalist in 
pre-procedure planning. Images courtesy of Daniel Ginat, M.D.       
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  Fig. 3    75-year-old male presenting for cerebrovascular evaluation. ( a ) Axial CTA image reveals a 
completely occluded left internal carotid artery at the origin and a critical stenosis of the right 
internal carotid artery origin with a residual “hairline” lumen ( arrow ). ( b ) Coronal CTA MIP 
image reveals prominent bilateral external carotid arteries with poor visualization of the residual 
right internal carotid artery. The left internal carotid artery “stump” ( arrow ) is visualized. ( c ) 
Computer generated “straightened” curved MPR reveals failure of the computer algorithm to accu-
rately assign the centerline to the residual internal carotid artery vessel—a common pitfall seen 
with critical stenoses. ( d ) “Straightened” curved MPR of the same vessel with manual assignment 
of the centerline depicts the long segment of critical stenosis. ( e ) Lateral projection digital subtrac-
tion angiography of the right carotid artery with injection of the common carotid artery reveals 
long segment critical stenosis of the proximal right internal carotid artery as seen best in ( d )       

  Fig. 4    88-year-old male presenting with transient ischemic attack. ( a ) A coronal CTA MIP image 
displays moderate predominantly calcifi ed atherosclerotic disease of the bilateral carotid bifurcations. 
The MIP technique allows the higher density calcifi ed atherosclerotic plaques to obscure the vessel 
lumen. ( b ) An axial CTA MIP image through the level of the carotid bifurcations more accurately 
displays the mild left and moderate right stenosis at the level of the internal carotid artery origins       
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    MIP 

 The technique of MIP provides images that most closely resemble those obtained 
with conventional DSA and therefore are often desired by interventionalists to 
enable a quick overall review of the vasculature for signifi cant lesion determination 
prior to endovascular or surgical treatment. To obtain a MIP image, a specifi c algo-
rithm is applied to the source data within the 3D workstation. This algorithm 
involves applying a threshold attenuation value and selecting out the highest attenu-
ation voxels along lines projected through the given volume data set. These selected 
high-attenuation voxels are then incorporated into a 2D angiogram-like image, use-
ful for demonstrating vessel opacifi cation and residual vessel lumen. The limita-
tions of MIP include vessel obscuration by other high-attenuation voxels, such as 
calcifi cation, stents or bone, and the inability to display 3D relationships of vessels 
and adjacent anatomical structures. These limitations become a major problem with 
heavy arterial wall calcifi cation or arterial stents, as the vessel lumen can become 
obscured. Also, when vessel relationships need to be determined prior to surgical 
intervention, this 2D MIP method is limited. However, MIP weaknesses can be 
partially mitigated by selectively cropping adjacent high-density structures (bones, 
vessel wall calcifi cation, and stents), using alternate planes of projection and setting 
variable attenuation threshold values (Fig.  5 ).   

  Fig. 5    ( a ) An axial CTA image reveals a giant basilar tip aneurysm with apparent incorporation of 
the left posterior cerebral artery ( arrow ). (B) A coronal CTA MIP image reveals that the left verte-
bral artery origin arises ( arrow ) from the middle aspect of the body of the aneurysm which would 
preclude a traditional coil embolization without protective measures       
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    Shaded Surface Display (SSD) 

 SSD is a process in which apparent surfaces are determined within the volume of 
data and an image representing the derived surfaces is displayed. SSD provides an 
anatomical overview but like MIP and VR, has diffi culty discriminating calcifi ca-
tion, fails to display lumen detail and can over-estimate stenosis; therefore, SSD is 
generally not recommended for vessel caliber measurements (Fig.  2b ).  

    Volume-Rendering (VR) 

 Dedicated computer software on 3D workstations allows for a VR algorithm to be 
applied to the source data. Volume rendering (VR) represents the most advanced 
form of 3D post-processing. The principle of VR involves taking the entire volume 
of source data, adding the contributions of each voxel along a line from the viewer’s 
eye through the data set, and displaying the resulting composite for each pixel of the 
display. It is of high fi delity to the acquired data set, preserving all the density values 
within the voxels. Histogram trapezoids with various user-defi ned settings of opac-
ity, brightness, and color may be applied to create attractive carotid artery images 
(Fig.  6 ). However, one must interpret volume rendering with caution, as many of the 
user-adjusted variables may dramatically alter the apparent size of the vessel lumen. 

  Fig. 6    88-year-old male presenting with stroke-like symptoms. ( a ) Axial CTA image reveals 
“kissing” internal carotid arteries ( arrow ) which lie in a retropharyngeal location. ( b ) 3D volume 
rendering better displays the abnormal medial orientation of the carotids       
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Although VR can be used to illustrate vessel opacifi cation, stenoses, and course, 
MIP is the better choice to quantify lumen change. VR preserves 3D anatomical 
relationships, unlike MIP; however, VR, like MIP, still has limitations with vessel 
calcifi cation and arterial stents. Therefore, this fundamental limitation precludes the 
exclusive use of VR and MIP techniques in a large proportion (approximately 60 %) 
of patients undergoing cerebrovascular evaluation (Figs.  7  and  8 ).     

  Fig. 7    73-year-old female presenting with stroke-like symptoms. ( a ) A coronal orientation 3D 
volume rendering reveals bilateral calcifi ed plaque at the carotid bifurcations, but does not allow 
for accurate assessment of the degree of stenosis. ( b ) A coronal orientation CTA MIP also displays 
the presence of calcifi ed plaque but offers little information on the effects on the underlying artery 
lumen. ( c ) A “straightened” curved MPR CTA image of the left carotid artery shows that the ath-
erosclerotic plaque has negligible effects on the vessel lumen. ( d ) A “stretched” curved MPR CTA 
image from the same dataset provides another view of the left common carotid artery with display 
of the centerline from the aortic arch through to the ipsilateral middle cerebral artery       
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    Combined 3D Methods 

 In clinical practice, a combination of the available 3D reformatting methods is 
employed to accurately diagnose cerebrovascular disease. In the event that com-
plete evaluation of all arterial segments is felt to be limited, then review of the 
original source images should be performed. Anatomical overview and quick sig-
nifi cant disease localization can be achieved with the MIPs or the VR images. 
If arterial calcifi cation or a stent obscure the arterial lumen, then a combination of 

  Fig. 8    52-year-old woman with head and neck cancer status post-surgical resection, fl ap recon-
struction, and radiation therapy. ( a ) Axial CTA image reveals a large pseudoaneurysm ( arrow ) 
involving a branch of the external carotid artery surrounded by necrotic oropharyngeal tissue. 
( b ) Oblique MIP CTA image displays the course of the parent branch artery from the external 
carotid artery origin ( arrow ). ( c ) Coronal orientation 3D volume rendering reveals the irregular 
shape of the aneurysm ( arrow ) along with information on the relationship to surrounding 
 anatomic structures       
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MPR/CMPR is used. Dual-energy CT acquisition is a potential option for severe 
arterial calcifi cation, as this tool enables subtraction of the wall calcifi cation to 
unmask the adjacent arterial lumen. A dual-energy post-processing software pro-
gram is available to enable calcifi ed structures (atherosclerotic plaque and bone) to 
be identifi ed separately from iodinated contrast, and subsequently calcifi cation can 
be subtracted.  

    Billing and Documentation 

 According to the American College of Radiology (ACR), post-processing to provide 
multiplanar reformations through 3D renderings is mandatory for the exam to be con-
sidered CT angiography. Thus, two-dimensional (2D) post-processing no longer con-
stitutes a CTA study. When CT scanning is performed using contrast enhanced 
dynamic-timed imaging and 2D reformatted axial images are obtained or multiplanar 
reconstructions (MPR) (e.g., coronal, sagittal, or even an off-axis view) are obtained, 
this should be reported with a standard CT with contrast code that identifi es the ana-
tomic area studied. None of these 2D planar reconstructions qualify as “angiographic” 
reconstruction. A full documentation and interpretation of a CTA includes not only 
vessel pathology, but also an assessment of the end organs of the vessels examined for 
secondary fi ndings and potential alternative causes for the patient’s symptoms. Organs 
adjacent to the examined vessels should also be viewed for potential pathology. 

 Acceptable post-processing techniques that constitute a CTA study include the 
following, and physicians must state in their dictation that one of these 3D tech-
niques was utilized: maximum intensity pixel (MIP), volume-rendered images, 
surface-shaded rendering, and/or 3D reconstructed images. Archival of these 3D 
renderings is also clearly defi ned by the ACR. It is necessary to have a permanent 
archive of 3D images acquired on a CTA study. When reformatted images are 
acquired and interpreted in addition to the CT axial images, the reformatted images 
are a part of the study and should be permanently archived. 

 Reports should also document the degree of any hemodynamically signifi cant 
stenosis (typically regarded as greater than 50 %). The North American Symptomatic 
Carotid Endarterectomy Trial (NASCET) described a method of quantifying inter-
nal carotid artery stenosis. The diameter of the stenotic segment is divided by the 
diameter of a normal, distal segment of internal carotid artery (where walls are 
parallel) and subtracted from 1 (1 − (A/B)) [ 24 ].  

    Image Processing Limitations 

 Technical limitations to post-processing may exist, with the main ones being second-
ary to heavy arterial wall calcifi cation or the presence of an arterial stent, as discussed 
above. Reviewing the axial source data can be a simple measure to overcome these 
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problems. Post-processing artifacts can also occur, secondary to inadvertent vessel 
subtraction, particularly with MIP images. Other limitations of MIPs include ana-
tomic overlap of adjacent structures and loss of structural detail with increasing slab 
thickness. MIP images can be degraded by high-density structures within the imaged 
fi eld of view, including bone, calcium, stents, and coils. There can also be limited 
grading of stent lumens on MIP images and thus diffi culty with evaluating in-stent 
restenosis. 

 With MPRs (especially curved MPRs), artifacts, such as production of pseudo-
stenoses and/or occlusions as a result of inaccurate centerline defi nition, can occur 
(Fig.  3c ). There can also be limited spatial perception with MPR data sets. Operator 
dependence is another potential limitation of CMPRs. Eccentric atherosclerotic 
plaque may be underestimated with the CMPR technique as a result of tracing only 
the centerline of the artery. Volume-rendered images may not demonstrate aneurys-
mal dilation of a vessel due to partial luminal thrombosis. Again, review of the axial 
source data can help solve these problems. Also, anatomic overlap of adjacent struc-
tures and loss of structural detail with increased slab thickness may occur with VR 
post-processing techniques similar to MIP. 

 To date, there are no fully automated algorithms to detect vessel centerlines, to 
segment out bony structures, or to detect/subtract vessel wall calcifi cation. However, 
with constant software updates, these tools are likely to become available in the near 
future. A new investigational tool is dual-energy MDCTA that allows automatic 
subtraction of bone and potentially calcifi ed atherosclerotic plaque, based on 
 differential attenuation of bone, calcium, and iodine on a dual-energy scan as dis-
cussed above.   

    Safety 

 Carotid CTA is noninvasive and is associated with fewer risks than traditional 
carotid angiography. However, the exposure to ionizing radiation and the intrave-
nous administration of iodinated contrast material should be considered when prior 
to carotid CTA. 

    Radiation 

 American exposure to medically related ionizing radiation doses has increased 
nearly sevenfold since the 1980s and accounts for approximately 50 % of the total 
radiation dose to the population [ 25 ]. As the population ages, the increasing utiliza-
tion of medical imaging will necessitate the discussion of dose-reduction techniques 
amongst radiologists and clinicians. Appropriate patient selection is an important 
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factor that can be achieved by identifying patients who will most benefi t from 
CTA. Nonionizing radiation imaging modalities, such as ultrasound and MRI, 
should be considered for patients when feasible and in the absence of factors favor-
ing the use of CT imaging. 

 Optimization of CT imaging parameters can allow for image acquisition with a 
lower radiation dose. For example, a dose reduction from 120 to 100 kVp and a 
reduction from 235 to 140 mA have been shown to lead to a dose reduction of 62 % 
while still producing source images and 3D reconstructions of diagnostic quality 
[ 26 ]. In a related study, improved signal to noise ratio of the intracranial vessels 
was demonstrated at 80 kVp compared to 120 kVp despite an increased image 
noise [ 27 ].  

    Contrast Media 

 Nonionic, low-osmolar contrast media is associated with a variety of allergic reac-
tions, which rarely (approximately 4 in 10,000 [ 28 ]) can be life-threatening. Proper 
training is essential for both the supervising physician and support staff in the rec-
ognition of and appropriate treatment for a range of contrast reactions. Identifying 
patients at increased risk of severe contrast reactions prior to injection of iodinated 
contrast is important to ensure patient safety. Premedication regimens including 
corticosteroids and anti-histamines should be considered in patients with prior aller-
gic reactions to contrast media or a history of other serious allergies, as these 
patients are at increased risk for future reactions. 

 Contrast-induced nephropathy (CIN) is another risk of the administration of 
iodinated contrast, which tends of occur more frequently in patients with acute 
kidney injury and/or chronic renal insuffi ciency. While there is no absolute renal 
function cutoff, risks and benefi ts of carotid CT imaging must be weighed with the 
patient’s underlying renal function when deciding whether to proceed with 
carotid CTA. 

 The rapid intravenous injection of iodinated contrast material may rarely be 
associated with the development of contrast extravasation in 0.1–0.9 % of cases 
[ 29 ]. While most episodes of contrast extravasation resolve without major compli-
cation, compartment syndrome may develop if a large volume of contrast material 
is introduced into a small body compartment. In the setting of large volume contrast 
extravasation, patients should be evaluated by a physician for evidence of increased 
compartment pressures including fi ndings of neuromuscular compromise such as 
pain or paresthesias [ 30 ]. Reduction of the volume of contrast media as well as 
multiphase injections methods have been investigated to reduce the risk of contrast 
associated complications following carotid CTA [ 31 ].   
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    Anatomy of the Carotid Arteries 

 Although many anatomic variants exist, the classical anatomy of the aortic arch 
includes an independent origin of the left common carotid artery from the aortic 
arch. The right common carotid artery classically originates from the bifurcation of 
the brachiocephalic (innominate) artery into the right subclavian and right common 
carotid arteries (Fig.  9 ).  

 The bifurcation of the common carotid arteries typically occurs at the level of the 
C3-C4 vertebral bodies. After the carotid bifurcation, the external carotid artery 
(ECA) typically courses anteromedially through the neck, and the ICA courses pos-
terolaterally (Fig.  6 ). The ICA provides the arterial supply to the brain and eyes, 
while multiple branches of the ECA supply the remainder of the head and neck. The 
ICA is generally larger in caliber, but does not demonstrate any branch vessels in the 
neck [ 32 ]. 

 The intracranial portion of the ICA is divided into multiple segments. The 
petrous segment traverses the petrous portion of the temporal bone and extends to 
the level of foramen lacerum. The cavernous sinus surrounds the cavernous portion 
of the intracranial ICA. The ophthalmic segment of the ICA is the fi rst intradural 
portion contained within the subarachnoid space. The intracranial ICA gives off 
multiple branches, including the vidian and ophthalmic arteries, with the terminal 
portion branching into the posterior communicating and anterior choroidal arteries, 
as well as the anterior and middle cerebral arteries (Fig.  10 ).   

  Fig. 9    64-year-old female presenting for acute stroke evaluation. ( a ) A coronal CTA MIP image 
displays a common origin ( arrow ) of the bilateral common carotid arteries in the setting of an aber-
rant right subclavian artery. ( b ) A standard axial CTA image reveals the common origin of the 
carotid arteries ( top arrow ) as well as the aberrant right subclavian artery ( bottom arrow ) coursing 
behind the esophagus and trachea       
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    Pathology 

    Atherosclerosis 

 The most common pathology of the carotid arteries is atherosclerotic disease. 
Frequently developing at the carotid bifurcation, studies suggest that the fl ow 
dynamics, such as turbulent fl ow, may lead to the development of atherosclerotic 

  Fig. 10    55-year-old with history of recurrent invasive nasopharyngeal carcinoma. ( a ) Axial CTA 
image reveals a saccular aneurysm arising ( arrow ) from the communicating segment of the right 
internal carotid artery just distal to the ophthalmic segment. The “raw” axial image at the level 
which best shows the aneurysm does not reveal the aneurysm neck or display the origin. ( b ) An 
oblique coronal CTA MIP reveals the irregular shape of the aneurysm neck ( arrow ) along with the 
relationship of the aneurysm to the parent vessel. ( c ) A craniocaudal view of a 3D volume render-
ing allows for visualization of the aneurysm ( arrow ) along with providing anatomic information 
about the surrounding structures. These types of views can be extremely helpful for pre-procedure 
planning       
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plaque [ 33 ]. CTA can detect plaque in the carotid arteries of multiple consistencies, 
including calcifi ed, noncalcifi ed (soft), as well as mixed. In addition, CTA can eval-
uate plaque morphology, which has been identifi ed as a risk factor for stroke, inde-
pendent of the degree luminal narrowing [ 34 ] (Fig.  11 ).  

 The volume and confi guration of plaque may lead to various degrees of carotid 
stenosis. The most common method for calculating the degree of stenosis involves 
comparison of the narrowest luminal diameter with the luminal diameter of the 
normal distal vessel, with both measurements made in a CT plane perpendicular to 
the lumen. The North American Symptomatic Carotid Endarterectomy Trial 
(NASCET) criteria to calculate the degree of luminal diameter are frequently uti-
lized, as discussed above [ 35 ]. Other methods for calculating the degree of carotid 
luminal stenosis have also been proposed [ 36 ]. 

 The degree of carotid stenosis has been associated with the risk of symptomatic 
cerebrovascular disease. Surgical options for carotid revascularization procedures 
include carotid endarterectomy (CEA) and carotid stent placement [ 35 ,  37 ]. Patients 
with symptomatic stenosis evidenced by transient ischemic attack (TIA), stroke, or 
amaurosis fugax in the presence of carotid arterial luminal narrowing greater than 
70 % have been shown to benefi t from carotid endarterectomy or stenting [ 38 ]. Even 
before the North American Symptomatic Carotid Endarterectomy Trial (NASCET) 
demonstrated a reduced risk for ischemic stroke with surgical intervention in symp-
tomatic patients with greater than 70 % stenosis, imaging played a pivotal role in 
defi ning who may benefi t from carotid artery revascularization [ 35 ] (Fig.  12 ).  

  Fig. 11    75-year-old female with chronic headaches and transient ischemic attack. ( a ) Axial CTA 
image shows moderate stenosis of the anterior genu of the right cavernous segment ( arrow ) of the 
internal carotid artery and critical stenosis of the left internal carotid artery at the same level. ( b ) 
Coronal oriented curved MPR CTA image depicts the long segment abnormality ( arrow ) involving 
the distal left internal carotid artery       
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 Three-dimensional tools to evaluate the carotid anatomy are benefi cial beyond 
assessment of degree of stenosis (Figs.  13  and  14 ). The technical aspects of carotid 
endarterectomy are infl uenced almost exclusively by the level of the carotid bifurca-
tion and the quality of the proximal and distal endpoints of the endarterectomy site, 
which are easily assessed by carotid CTA. Additionally, the three-dimensional vascu-
lar anatomy at the level of the aortic arch, common carotid, and distal internal carotid 
artery are factors infl uencing the technical success of carotid artery stenting [ 38 ].   

  Fig. 12    ( a ) An axial noncontrast CT image of the head reveals an asymmetric hyperdense left 
internal carotid artery terminus and left proximal middle cerebral artery ( arrow ). ( b ) A coronal 
CTA MIP image reveals nonopacifi cation of the left internal carotid artery terminus ( right arrow ), 
proximal left anterior cerebral artery ( left arrow ) and the left proximal middle cerebral artery. ( c ) 
A frontal projection digital subtraction angiogram with injection of the left internal carotid artery 
corroborates fi ndings from the CTA ( arrow )       
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 Recent studies have demonstrated that enhancement of the vasa vasorum in 
patients with 50–70 % luminal narrowing is strongly associated with acute neuro-
logical symptoms. Therefore, vasa vasorum enhancement may serve as an addi-
tional factor to evaluate risk of stroke in patients with similar degrees of carotid 
stenosis, which is readily evaluated by carotid CTA [ 39 ] (Fig.  15 ).  

 Conventional carotid angiography is the gold standard for detection of carotid 
artery stenosis and occlusion. When compared to conventional angiography, carotid 
CTA demonstrates excellent performance with a sensitivity and specifi city of 98.4 

  Fig. 13    50-year-old male presenting with dizziness and vertigo. ( a ) Sagittal CTA MIP suggests 
complete proximal occlusion (arrow) of the right vertebral artery related to mixed density athero-
sclerotic plaque. ( b ) An axial CTA image shows a string of contrast opacifi cation ( arrow ) within 
the vertebral artery lumen suggesting the MIP reconstruction overestimated the degree of stenosis. 
( c ) An axial CTA image at the level of the C1 vertebral body shows bilateral V2 and V3 segment 
vertebral artery opacifi cation ( arrows ); although, it cannot be ascertained on this single phase CTA 
examination whether fl ow within the vertebral arteries is antegrade or retrograde       
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and 98.1 % for vessel occlusion [ 40 ]. The diagnostic accuracy of carotid CTA com-
pared to angiography has been evaluated in multiple studies, with a recent meta- 
analysis evaluating 28 studies showing a overall sensitivity of carotid CTA for 
evaluating the degree of carotid occlusion of 97 % with a specifi city of 99 % [ 41 ]. 
Specifi c assessment of the accuracy of carotid CTA in the evaluation of ICA occlu-
sion versus severe stenosis has been performed, revealing a sensitivity of 97 % and 
specifi city of 99 % [ 41 ]. Carotid CTA also demonstrated a sensitivity of 85 % and 

  Fig. 14    50-year-old male with history of chronic right middle cerebral artery infarction. ( a ) 
Noncontrast CT of the head reveals chronic encephalomalacia involving the right anterior temporal 
lobe ( arrow ) as well as  ex vacuo  dilatation of the right lateral ventricle. ( b ) Axial CTA image 
reveals fi ndings of a critical and likely chronic stenosis of the right proximal M1 segment ( arrow ) 
of the middle cerebral artery. There is asymmetric increased size and opacifi cation of the ipsilateral 
lenticulostriate vessels. ( c ) An oblique coronal orientation CTA MIP better displays the relation-
ship of the middle cerebral artery stenosis ( arrow ) and the surrounding asymmetric dilated lenticu-
lostriate vessels. ( d ) A 3D volume rendering from craniocaudal orientation reveals the “tangle” of 
dilated lenticulostriate vessels but obscures the underlying middle cerebral artery stenosis ( arrow ). 
An arteriovenous malformation could have a similar appearance from this reconstruction       
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specifi city of 93 % in the diagnosis of severe stenosis, as defi ned by 70–99 % 
luminal narrowing (Fig.  3 ). 

 In comparison with other noninvasive techniques, such as MRA and Doppler, 
carotid CTA possesses excellent sensitivity and specifi city in the diagnosis of vessel 
occlusion. Assessment of the degree of stenosis and residual luminal diameter by 
carotid CTA has been shown to compare favorably to traditional catheter angiogra-
phy, magnetic resonance angiography, and carotid ultrasound [ 42 – 44 ]. 

 In combination with ultrasound, carotid CTA has a role in the evaluation of 
recurrent stenosis and vessel patency following carotid artery stenting. Carotid CTA 
is particularly useful to confi rm abnormal ultrasound fi ndings and to evaluate ana-
tomically diffi cult locations such as the upper cervical and intracranial carotid arter-
ies. Metallic artifact can limit evaluation depending of the size and length of the 
involved segment; however, CTA has been shown to have less artifi cial luminal 
narrowing when interrogating cobalt and stainless steel stents when compared to 
contrast-enhanced MRA [ 45 ]. Recent developments of novel post-processing algo-
rithms, including dual-energy techniques, have also improved the accuracy of 
carotid CTA in the evaluation of stent patency.  

    Aneurysms 

 Ruptured aneurysms involving the intradural intracranial vasculature are among the 
most frequent causes of subarachnoid hemorrhage (SAH). While digital subtraction 
angiography (DSA) has been considered the gold standard, CTA has become the 
initial screening tool in the evaluation of SAH, followed by DSA in equivocal cases 
and for endovascular therapy planning. DSA is an operator-dependent invasive 

  Fig. 15    49-year-old male presenting with stroke-like symptoms. ( a ) Axial CTA image reveals 
peripheral low density cresentric atherosclerotic plaque and vasa vasorum enhancement ( arrow ). 
( b ) A magnifi ed version of the same image better displays the enhancement of the vasa vasorum 
( arrows )       
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procedure carrying up to a 1–2 % risk of neurologic defi cits; however, CTA is easily 
performed in the emergency setting following an initial noncontrast head CT [ 46 , 
 47 ]. Furthermore, CTA has been shown to appropriately describe key characteristics 
such as lobularity, the size of dome and neck, and the relationship with adjacent 
arterial branches, therefore assisting in selection of treatment (surgical clipping ver-
sus endovascular therapy) [ 46 ,  48 ] (Figs.  16  and  17 ).   

 Areas of concern in performing carotid CTA for aneurysm assessment include 
technical factors, such as venous contamination and improper bolus tracing, which 
may impede the evaluation of small aneurysms thereby decreasing the sensitivity 

  Fig. 16    Adult patient with neurofi bromatosis type I presented with rapid onset of neck paid. ( a ) 
Axial CTA image shows a giant aneurysm ( bottom arrow ) arising from the left vertebral artery 
with arterialization of surrounding small venous structures ( top arrow ). Surgical changes related to 
prior craniocervical junction decompression are also noted. ( b ) Coronal CTA image displays the 
relationship of the aneurysm ( right arrow ) to surrounding structures ( left arrow ). ( c ) Oblique pro-
jection DSA image with injection of the left vertebral artery shows opacifi cation of the venous 
structures (arrow) surrounding the giant aneurysm       
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of CTA. However, modern post-processing software including volume-rendering 
techniques, maximum intensity projections and multiplanar reconstruction has fur-
ther enhanced interpretation of CT angiographic data, even in aneurysms <3 mm in 
size [ 49 ,  50 ]. 

 Due to its lower spatial resolution, CTA may have limited utility in the evaluation 
of small (less than 2 mm) supraclinoid ICA blood-blister aneurysms. Blister aneu-
rysms are wide-neck shallow aneurysms which lack the outer layer of intima media, 
while still retaining the adventitial layer covered by thin fi brous tissue, differentiating 

  Fig. 17    91-year-old male with V4 segment vertebral artery aneurysm. ( a ) Sagittal CTA image 
reveals an irregularly shaped aneurysm in the region of the right vertebral artery with focal out-
pouching “nipple” ( arrow ) off of the posterior aspect. ( b ) A stretched curved MPR CTA reformat 
better depicts the orientation of the aneurysm ( arrow ) to the parent vessel. ( c ) Posterior oblique 3D 
volume rendering of the CTA data provides another assessment of the aneurysm orientation 
(arrow) to the parent vessel and surrounding bones       
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them from “classic” saccular aneurysms. They occur at nonbranching sites of the 
supraclinoid ICA, most commonly at the superior/dorsal aspect of the greater curvature, 
with a distinctive broad-based triangular shape on imaging studies. Furthermore, 
while rare—constituting only 0.5–2 % of all ruptured intracranial aneurysms—blis-
ter aneurysms have a propensity for re-bleeding and rapid enlargement with progres-
sion to a saccular shape; and if left untreated, they frequently portend a dismal 
clinical outcome. Therefore, in the setting of acute SAH with negative CTA fi ndings, 
DSA may be performed to exclude a blister aneurysm [ 46 ,  51 ,  52 ]. 

 Other interesting entities include large and giant aneurysms of the cavernous, 
ophthalmic, and hypophyseal segments of the ICA, which frequently present with 
signs and symptoms of mass effect on surrounding structures. Ophthalmic and 
hypophyseal ICA aneurysms tend to cause compression of the optic nerve, resulting 
in visual fi eld defi cits and decreased visual acuity. Due to their intradural location, 
prompt treatment with therapeutic ipsilateral ICA occlusion, stent-assisted coil 
embolization or fl ow-diverting stent placement is indicated to prevent rupture and 
ensuing SAH [ 53 ] (Fig.  10 ). Cavernous carotid aneurysms represent 3–5 % of all 
intracranial aneurysms and frequently present as opthalmoplegia or facial numbness 
due to cranial nerve palsy (CN III, IV, V, and VI). Being extradural, cavernous 
carotid aneurysms are a rare cause of SAH, with spontaneous intramural thrombosis 
eventually developing in 13–20 % (Fig.  18 ). Rarely, this may lead to thrombosis of 
the ipsilateral proximal ICA, therefore eliminating the feeding vessel and enabling 
conservative treatment [ 54 ,  55 ]. A potential complication of a ruptured cavernous 
ICA aneurysm is the formation of a direct, high-fl ow cavernous-carotid fi stula.  

  Fig. 18    55-year-old male presenting with stroke-like symptoms. ( a ) Axial CTA image reveals 
abnormal dilatation ( arrow ) of the cavernous segment of the right internal carotid artery. ( b ) A 
coronal CTA MIP image better displays the aneurysm ( arrow ) of the cavernous segment of the 
right internal carotid artery       
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 Aneurysms of the extracranial portion of the ICA are rare, representing only 
0.5–1.9 % of all carotid surgical interventions and have been associated with 
Neurofi bromatosis type 1 vasculopathy. Prior to diagnosis, extracranial ICA 
aneurysms tend to enlarge to giant sizes and present with palpable neck mass, pain, 
dysphagia, hoarseness, and Horner’s syndrome. Prompt surgical intervention, with 
therapeutic occlusion of the feeding artery is standard of care [ 56 ]  

    Dissection 

 Carotid artery dissection may lead to stroke, pseudoaneurysm formation, and poten-
tially Horner’s syndrome by disrupting the cervical sympathetic chain. Other signs 
and symptoms of dissection are variable depending of the location of vessel injury, 
but may include headache or neck pain. Etiologies of carotid dissection include 
trauma and spontaneous dissection. Spontaneous dissection is more commonly seen 
in patients with underlying arteriopathy such as fi bromuscular dysplasia (FMD) 
[ 57 ]. Dissection has been shown to be the etiology of 10–25 % of strokes in young 
and middle-aged patients, and should be considered in such patients who present 
with stroke in the absence of traditional risk factors [ 58 ]. 

 Dissection of the carotid arteries can be evaluated with carotid CTA. In patients 
with dissection, blood traveling between the vessel intima and media allows for the 
creation of a false lumen, which can be visualized as a fl ap within an opacifi ed 
 vessel. However, thrombosis of the false lumen may prevent passage of contrast, 
precluding visualization of the intimal fl ap. A clue to the presence of carotid artery 
dissection in the presence of a thrombosed false lumen may be focal smooth luminal 
narrowing with expansion of the cross-sectional area of the artery (Fig.  19 ).   

    Pseudoaneurysm 

 A potential complication of blunt craniocervical trauma is the development of 
carotid artery pseudoaneurysm, or accumulation of blood within the subadventitial 
layer of the vessel. The most common locations of blunt carotid arterial injuries 
include the cervical ICA immediately proximal to the base of the skull, as well as 
the petrous and cavernous segments (Fig.  19 ). The accepted mechanism of injury to 
the carotid artery is hyperextension or rotation over the transverse processes of C1 
and C2, leading to overstretching of the vascular wall and subsequent traumatic 
injury [ 59 ]. Even though the incidence of blunt carotid and vertebral arterial injury 
in multiple trauma victims is very low, with carotid dissections occurring in only up 
to 1.6 % of patients, they are associated with a high morbidity and mortality rate, 
with an overall stroke rate of 21–64 % [ 60 ,  61 ]. These injuries are usually asymp-
tomatic on presentation, with a delayed onset of neurological symptoms/stroke 
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  Fig. 19    34-year-old female presenting with acute onset of neck pain after motor vehicle accident. 
( a ) Axial CTA image reveals abnormal diminutive caliber ( arrow ) of the right distal cervical inter-
nal carotid artery as well as a small focal irregularity suggestive of dissection with small pseudoa-
neurysm formation. ( b ) An oblique coronal CTA MIP image better depicts the long segment 
attenuation of the cervical internal carotid artery as well as the focal luminal abnormality ( arrow ) 
associated with a severe focal stenosis. ( c ) A 3D volume rendering of the CTA data also displays 
the dissection fl ap ( arrow ) but fi ne vessel detail is lost due similar density structures along the path 
of the vessel which is a potential pitfall of VR reconstructions       

usually 10–72 h following injury. Since immediate administration of systemic 
 anticoagulation therapy followed by endovascular and/or surgical repair can dra-
matically reduce the rate of ischemic neurological events, prompt evaluation and 
early diagnosis is crucial [ 62 – 64 ]. 

 Blunt injuries of the carotid arteries are identifi ed as vessel wall abnormalities on 
CTA, including intimal injury manifested by intimal irregularity, dissection with 
raised intimal fl ap or intramural hematoma, pseudoaneurysm, vessel occlusion/
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thrombosis, and transection with active hemorrhage [ 63 ]. Pseudoanurysms are 
 classifi ed as Grade 3 carotid injuries according to the Denver Criteria, with a 26 % 
risk of embolic stroke in untreated cases. On CTA, they are classically seen as 
contrast-fi lled outpouchings/ballooning contained within the arterial wall. 

 Craniocervical CTA has emerged as the standard screening technique in evaluat-
ing patients with blunt trauma to the carotid arteries allowing for quick and nonin-
vasive 3D visualization of suspected injuries. Volumetric data acquisition and 
modern post-processing techniques allow for creation of 2D and 3D images in vari-
ous planes using MIPs, which has been shown to increase the accuracy of CTA for 
detecting vascular injuries in trauma victims [ 63 ]. Various factors can lead to sub-
optimal or nondiagnostic CTAs in the setting of trauma, including technical factors: 
beam hardening artifact due to dense intravenous contrast in the veins, poor contrast 
opacifi cation of the arteries and motion artifact, as well as patient-related limitations 
such as streak artifact from metallic foreign bodies/bullet fragments, dental amal-
gam, and spinal hardware. 

 Since the majority of blunt trauma victims undergo whole body CT as part of 
their work-up, craniocervical CTA can easily be integrated into the initial imaging 
protocol. The high accuracy of CTA in detecting clinically relevant craniocervial 
vascular injuries approaches that of intra-arterial digital subtraction angiography 
(DSA) with sensitivity and specifi city for detection of blunt neck vascular injury 
reported at 100 % [ 62 ]. Furthermore, CTA has the clear advantages of being readily 
available in most emergency departments, ease of performance (noninvasive, and 
non-operator dependent), the ability to detect other associated injuries, and a 
 minimal complication rate. DSA should be performed as a follow-up imaging 
examination in patients with equivocal or nondiagnostic CTA results, normal CTA 
in symptomatic patients with signs of vascular injury, as well as for endovascular 
treatment of blunt carotid injury [ 65 ].  

    Vasculopathy 

 Vasculitis involving the carotid arteries including Takayasu and giant cell arteritis 
can lead to vessel wall thickening, luminal stenosis, occlusion, and aneurysm for-
mation which can be assessed by carotid CTA [ 66 ]. Other infl ammatory processes 
can also affect the carotid arteries including carotidynia, which is an idiopathic 
infl ammatory process of the carotid bifurcation with characteristic radiographic 
fi ndings [ 67 ]. 

 Noninfl ammatory vasculopathies, including fi bromuscular dysplasia (FMD), are 
well evaluated by carotid CTA. FMD affects medium-sized vessels and shows a 
female-bias affecting mostly patients 20–60 years of age. The carotid arteries are 
the second most commonly involved vessels in FMD, following the renal arteries 
[ 68 ]. Representing 85 % of all FMD cases, type II involves the vessel media and is 
characterized by a “string of beads” appearance. Type II FMD is also associated 
with aneurysm formation (Fig.  20 ).    
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  Fig. 20    An oblique sagittal 
CTA MIP image reveals 
irregularity ( arrow ) of the left 
cervical internal carotid 
artery in a pattern consistent 
with fi bromuscular dysplasia       

    Conclusion 

 Noninvasive carotid artery assessment has drastically improved in recent years. The 
combined use of carotid CTA with either MRA or ultrasound has almost completely 
replaced DSA in the evaluation of both extracranial and intracranial carotid artery 
disease as well as for evaluation of the posterior circulation. With careful multimo-
dality evaluation and avoidance of the above-described imaging pitfalls, appropriate 
patient triage, and treatment recommendations can be performed in a cost-effi cient 
and noninvasive manner. Future advances in neurovascular imaging will bring 
improved resolution for evaluation of smaller and distal intracranial vessels, 
improved speed, motion correction, and reduced contrast for CTA techniques. These 
improvements will aid in the noninvasive triage of patients towards appropriate 
treatment paradigms for cerebrovascular disease in the outpatient and in the emer-
gency setting.     
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       In the last 20 years, CT evolved from single-slice scanning towards multidetector- 
row CT (MDCT). Technical advances in MDCT have increasingly improved spatial 
and temporal resolution. Fast volume coverage within a few seconds has nowadays 
become possible, e.g., allowing vessel imaging of the whole body. CT angiography 
(CTA) has become a valuable noninvasive alternative to cerebral digital subtraction 
angiography (DSA) for diagnosing pathology of intracranial vessels [ 1 ] (Table  1 ).

   Because acquired MDCT data are nowadays nearly isotropic, various image 
post-processing techniques can be applied. CTA data can be viewed in arbitrary 
directions without loss of image quality, maximum intensity projections (MIP) can 
be interactively calculated, and 3D visualizations of the vascular tree can be con-
structed. For detection of intracranial aneurysms, CTA has largely replaced DSA as 
the fi rst-line imaging modality [ 1 ]. MRA techniques are also used for screening on 
vessel pathology; however, CTA with its higher spatial resolution and better avail-
ability is often used for detailed imaging and treatment planning. New applications 
like dynamic CTA and dual-energy CT (DECT) are emerging and are more and 
more used in daily practice. 

 This chapter aims to give an update on state-of-the-art CT imaging of intracranial 
vessels. 

 The anatomy of the intracranial vessels and some anatomical variations are 
described fi rst. This is followed by technical aspects of CT imaging of the intracra-
nial vessels. Finally, indications and protocols for imaging the intracranial vascula-
ture are described. 

    Anatomy of the Intracranial Vessels 

 Brain tissue has a high oxygen demand and has hardly any capabilities of anaero-
bic metabolism, which makes it totally dependent on oxygen and nutrients sup-
plied via the circulating blood [ 2 ]. Total disruption of blood fl ow to the brain 
causes unconsciousness within 5–10 s. The brain is supplied by both the carotid 

   Table 1    Indications for CT of the intracranial vessels with recommended protocol   

 NECT  CTA  CTV  4D-CTA  VPCT 

 Stroke  x  x  (x)  x 
 Hemorrhagic stroke  x  x  (x)  (x)  (x) 
 AVM  x  x 
 Fistula  x  x 
 Aneurysms  x 
 Venous thrombosis  x  x 
 Moyamoya  x  x  (x)  (x) 
 Vasculitis  x  x 
 RCVS  x  x 
 Brain death  x  x a   x a  

   a Adjusted timing to local guidelines and rules  
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arteries and the vertebral arteries. The carotid arteries arise from the aortic arch 
and the brachiocephalic trunk and the vertebral arteries originate from the subclavian 
arteries. The carotid and vertebrobasilar system are connected to each other via the 
circle of Willis. 

    Carotid Arteries 

 The internal carotid artery (ICA) enters the mastoid bone through the carotid canal. 
The vessel ascends in vertical direction, followed by a horizontal course (vertical 
and horizontal petrous (C2) segment) and then runs anterior to the tympanic cavity. 
The ICA is separated from the tympanic cavity by a 0.5 mm thick bony plate. 
It traverses the foramen lacerum of the sphenoid bone to enter the middle cranial 
fossa (C3 segment). Then the ICA traverses the cavernous sinus (C4 segment), after 
which it perforates the dura near the clinoid process (Fig.  1 ).

   Some variations of the ICA should be recognized because they can infl uence 
surgical or interventional procedures [ 3 ]. An aberrant course of the ICA through the 
middle ear [ 4 ] should be recognized to prevent complications in middle ear surgery. 
Another aberrant course of the ICA is the lateral pharyngeal ICA (Fig.  2 ) in which 
the internal carotid arteries are elongated and course partially in the midline just 
posterior to the pharyngeal wall.

  Fig. 1    Anatomy of the 
internal carotid artery. Lateral 
projection of angiographic 
image during selective contrast 
injection in the right internal 
carotid artery. The C2–C4 
segments are pointed out       
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       Circle of Willis and Its Variations 

 The circle of Willis provides a potential source of collateral blood fl ow between the 
carotid and the vertebrobasilar circulation in case of occlusive vascular disease. The 
anatomy of the circle of Willis is illustrated in Fig.  3 . The ICA bifurcates into the 
middle cerebral artery (MCA) and the fi rst segment of the anterior cerebral artery 
(ACA), also called the A1 segment. The bilateral A1 segments are connected to 
each other by the anterior communicating artery (Acom), after which they give rise 
to the A2 segments which course anteriorly. Some millimeters caudal from the top 
of the ICA the posterior communicating artery (Pcom) originates from the ICA and 
courses posteriorly to join the P1 segment of the posterior cerebral artery (PCA), 
which originates from the basilar artery. The circle of Willis is highly variable [ 5 ,  6 ] 
and is complete in only 20–25 % of people [ 7 ]. When incomplete, there is a poten-
tial risk of insuffi cient collateral blood fl ow in case of large vessel occlusion.

   Figure  4  illustrates a well-known variant, a hypoplastic left A1 segment with 
 fi lling of the left A2 via the Acom.

   Most variations in the circle of Willis occur at the location of the Pcom; a 
 complete posterior part of the circle is only present in 31 % of people [ 6 ]. Absence 
or hypoplasia of the Pcom is often seen. Another variant is the fetal PCA or fetal 
confi guration of the PCA, in which the Pcom has the same caliber as the PCA and 
is combined with a hypoplastic P1 segment (Fig.  5 ) [ 8 ]. In these patients collateral 
blood fl ow to the PCA territory from the vertebrobasilar system in case of carotid 
occlusion is diminished or absent. This variant is even more important when com-
bined with an ipsilateral absent A1 segment.

  Fig. 2    Seventy-eight y/o old 
male, presenting with TIAs in 
the left hemisphere. CTA 
shows bilateral high-grade 
carotid stenosis with 
calcifi cation and 
medialization of the internal 
carotid arteries: kissing 
carotids       
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   Another frequently encountered variation is the presence of an infundibulum of 
the Pcom. An infundibulum is a widening of the ICA located exactly at the origin of 
the Pcom. It is symmetric and should be smaller than 2 mm, and the Pcom originates 
from its apex. This variant should be distinguished from an aneurysm. 

 Normally two anterior cerebral arteries are present, one for each hemisphere. 
In case of an azygos anterior cerebral artery the ACA territories of both hemispheres 

  Fig. 3    Anatomy of the circle of Willis       
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are supplied by a single midline A2 segment (Fig.  6 ), which is rare and has a prevalence 
of 0.2–4.0 %. It is associated with aneurysms.

   In case of a trifurcated ACA, the Acom gives rise to three anterior cerebral 
arteries, one of which probably is a persisting median callosal artery (Fig.  7 ). 
A  bihemispheric ACA represents hypoplasia of one A2 segment, which only sup-
plies the callosomarginal arteries. The contralateral A2 segment then provides the 
major arterial supply of the ACA territories bilaterally. A more rare persisting prim-

  Fig. 4    Fifty-six y/o female presented with subarachnoid hemorrhage. No aneurysms were found 
at CTA and DSA. CTA ( a ) demonstrates a hypoplastic left A1 segment, the Acom is demonstrated, 
suggesting that the left A2 is (partially) supplied via the Acom. DSA ( b ) demonstrates fi lling of the 
left A2 segment after contrast administration of the right carotid artery       

  Fig. 5    An 80 y/o male presented with ischemic stroke in the left hemisphere. No occlusions were 
found at CTA. Two normal variants were present. The fenestration of the Acom ( arrows ) is dem-
onstrated at CTA of the circle of Willis ( a ), at the CTA source images ( b ), MIP reconstructions ( c ), 
and detailed volume rendering without ( d ) and with bone removal ( e ). The  arrowhead  points out 
bilateral fetal confi guration of posterior cerebral artery ( a )       
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itive olfactory artery [ 8 ] is illustrated in Fig.  8 . Most ACA anomalies have a higher 
prevalence of aneurysms [ 9 ,  10 ].

    The anterior part of the circle of Willis can also be incomplete. The Acom can 
be hypoplastic or absent. A hypoplastic A1 segment has a prevalence of 14 %, 
whereas the absence of an A1 segment has a prevalence of 2 % [ 6 ]. In a fenestration 
the arterial lumen divides into separate lumens that converge. In case of the basilar 
artery this represents a persisting non-fusion of two longitudinal neural arteries [ 9 ]. 
Fenestrations increase the incidence of aneurysms, probably because turbulent 
fl ow is created in the proximal and distal end of the fenestration [ 10 ]. However, in 
practice aneurysms are seldom found at the fenestration [ 11 ]. Intracranial arterial 
fenestration is more common in the vertebrobasilar arteries than in the arteries of 
the anterior circulation (Fig.  5 ) [ 11 ]. 

  Fig. 6    A 50 y/o male presented with a subarachnoid hemorrhage, due to a pericallosal aneurysm 
( arrow ). As coincidental normal variant an azygos confi guration of the anterior cerebral artery was 
present. The pericallosal aneurysm was treated by surgical clipping. Lateral ( a ) and superior 
oblique ( b ) view of volume-rendered CTA demonstrates the azygos confi guration ( arrowheads ). 
The  arrow  points to the bilobar pericallosal aneurysm. These fi ndings were confi rmed at DSA ( c )       

  Fig. 7    A 32 y/o female presented with a subarachnoid hemorrhage, based on a posterior commu-
nicating aneurysm. A persistent median artery as coincidental fi nding is shown at VR CTA ( arrows )       
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 In the middle cerebral artery, duplications and fenestrations can occur, as well 
as an accessory MCA [ 8 ,  12 ]. These variants are infrequent and mostly clinically 
insignifi cant.  

    Venous Anatomy 

 The venous drainage of the brain courses via the deep and the superfi cial venous 
system. The internal cerebral veins drain in the vein of Galen, which merges with 
the inferior sagittal sinus to form the straight sinus, which drains in the superfi cial 
venous system. The superfi cial venous sinuses are formed by the superior sagittal 
sinus, transverse sinuses, and sigmoid sinuses which drain bilaterally in the internal 
jugular vein. Fenestrations can also occur in the venous sinuses.  

    Persistent Carotid-Basilar Artery Anastomoses 

 In the embryologic development of the intracranial circulation primitive carotid- 
basilar artery connections are present which usually regress completely [ 13 ]. Rarely, 
such connections remain patent through adult life and should be recognized before 
surgery or interventions. The trigeminal artery is the most common persisting 

  Fig. 8    Sixty-seven y/o male 
presented with head trauma 
and (traumatic) subarachnoid 
hemorrhage. No aneurysm or 
vascular malformation was 
found. A rare variant, an 
olfactory extension of 
anterior cerebral artery, was 
noted ( arrows ) and shown at 
the lateral oblique VR CTA 
of circle of Willis       
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carotid-basilar anastomosis [ 14 ]. This most cranially situated persistent carotid- 
basilar anastomosis has a prevalence of 0.1–0.6 % [ 15 ]. Two patterns are most com-
monly encountered. In the fi rst pattern the persistent trigeminal artery connects with 
the upper basilar artery and supplies the posterior cerebral artery and superior cere-
bellar artery territories. Alternatively, one or two fetal type posterior cerebral arteries 
are present and the trigeminal artery supplies the posterior fossa (Fig.  9 ). In a variant 
persisting trigeminal artery a cerebellar artery originates from the ICA. A persistent 
trigeminal artery should be recognized before performing a Wada test to avoid infu-
sion of barbiturates into the posterior fossa [ 16 ].

   Another, more rare, persisting anastomosis is a primitive hypoglossal artery with 
a prevalence of 0.02–0.1 % [ 17 ]. A primitive hypoglossal artery represents a con-
nection between the proximal cervical ICA and the basilar artery that traverses the 
hypoglossal canal. A persisting proatlantal intersegmental artery originates at a 
similar location but traverses the foramen magnum. This connection can also arise 
from the external carotid artery [ 8 ].  

    Vertebrobasilar Arteries 

 The most common variation of the vertebrobasilar system is the vertebral artery 
continuation as posterior inferior cerebellar artery (PICA), illustrated in Fig.  10  [ 19 ]. 
The reported prevalence is about 4.4 % [ 18 ]. Recognizing this variation is important 
before performing cerebral angiography. Duplications and fenestrations of the ver-
tebrobasilar system can occur. In a duplication the two vessels have a different 
course (Fig.  11 ); in case of a fenestration the two lumina correspond to the same 
path [ 19 ].

  Fig. 9    Thirty-fi ve y/o old woman, MR angiographic exam performed for surveillance of ophthal-
mic aneurysm after coiling.  Arrow  points to persisting trigeminal artery. In this patient, the persis-
tent trigeminal artery only supplies the posterior fossa because of a bilateral fetal confi guration of 
the posterior cerebral artery       
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  Fig. 10    Seventy-four y/o female, CTA performed for evaluation of subarachnoid hemorrhage. 
Right vertebral artery ends in posterior inferior cerebellar artery. VR-CTA posterior view ( a ) and 
VR-CTA after bone-removal anterior view ( b ) demonstrate a pica ending of the left vertebral artery 
( arrows )       

  Fig. 11    Fifty-six y/o female presented with a large arteriovenous malformation (AVM) of the 
brain. A CTA was followed by DSA for evaluation of the AVM. VR-CTA ( a ) depicts the duplica-
tion of the left vertebral artery ( white arrows ) at the craniocervical region, which is easier depicted 
at DSA ( b ) because of bone subtraction       
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         Technical Considerations 

 This paragraph gives an introduction on basic CT scanning parameters, contrast 
media (CM) characteristics, and settings, which are important for high-quality CT 
angiography (CTA) of the intracranial vessels. 

    Scanning Parameters 

 For detailed imaging of intracranial vessels a high spatial resolution is mandatory. 
Therefore, the thinnest possible collimation is recommended. Imaging should be 
fast to minimize motion artifacts and to potentially reduce the length of the contrast 
bolus. Therefore fastest gantry rotation in combination with a slightly overlapping 
pitch should be chosen. Image quality in terms of signal-to-noise ratio is best if an 
overlapping helix of data is acquired. The degree of overlap of acquired image data 
can be set by the pitch, which is the table speed divided by the collimation. A tube 
voltage of 120 kV is commonly used, but kV settings of 100 kV have been proven 
to improve contrast-to-noise ratio (CNR). Images should be reconstructed with thin 
slices (e.g., 1 mm or less) with an overlap of 30 % (e.g., slice increment of 0.7). This 
allows the use of isotropic data for optimal post-processing (e.g., multiplanar refor-
mation (MPR) in arbitrary directions).  

    Contrast Media 

 To achieve optimal enhancement in CTA, the amount of iodine injected per second 
(iodine delivery rate (IDR) or iodine fl ux in gI/s) is the most important factor [ 20 ,  21 ]. 

 Different concentrations of iodine can be used; typically the concentration ranges 
between 300 mg iodine/ml and 400 mg iodine/ml. For optimal vessel enhancement, 
an iodine delivery rate (IDR) of 1.6–2.0 g/s is recommended (e.g., 80–100 ml of 
iopromide 300 mg/ml at 6 ml/s). Contrast agent injection should be followed by a 
saline chaser with the same fl ow rate for better bolus shaping and for fl ushing the 
dead space from the site of injection to the region of interest. 

 Contrast media (CM) have a high viscosity dependent on temperature and osmo-
lality. Increasing the CM temperature to body temperature prior to injection signifi -
cantly decreases its viscosity [ 22 ]. Thus pre-warming CM prior to injection to body 
temperature is recommended at all times.  

    Timing 

 The preferred method for timing of the acquisition with respect to CM injection is 
bolus triggering. A region of interest (ROI) is placed in the internal carotid artery 
(ICA) just below the skull base. After CM injection this slice is continuously imaged 
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and the Hounsfi eld units (HU) of the ROI are automatically measured. The scanner 
automatically starts scanning when the Hounsfi eld units exceed a certain threshold 
(mostly 120 HU). This method results in the best timing and optimal arterial 
enhancement. Adequate training of technicians is important, as manual scan start 
might be required if patient movement has occurred or the ROI was diffi cult to place 
due to anatomical variations. 

 Alternatively, a test bolus can be used. A small amount of CM (e.g., 20 ml) is 
injected at the same rate as the original bolus, and then a slice through the carotid 
arteries is scanned continuously. The time between injection and contrast arrival in 
the carotid arteries is measured. This delay is then used for the actual scan. The 
advantage of this method is its robustness; it is tailored to the individual patient and 
his or her cardiac output. However, additional CM is used, which does not contrib-
ute to the imaging.  

    CT Venography of the Brain 

 CT imaging is also suitable to image the venous structures of the brain. Venous 
sinus thrombosis can be detected with CT as well as with MRI with equal sensitivity 
[ 23 ,  24 ]. For the detection of venous sinus thrombosis CT imaging is performed 40 
s after the start of contrast injection. For venous imaging the injection speed can be 
lower than for arterial imaging, e.g., injection speed 3 ml/s, IDR 0.9 g/s followed by 
a saline chaser of 40 ml with 3 ml/s. The whole vertex should be included in the 
scanning volume to depict the whole superior sagittal sinus. Bone subtraction can 
be used to calculate maximum intensity projections (MIPs) of venous structures 
[ 25 ]; however source images should also be viewed to prevent misdiagnosis caused 
by bone subtraction artifacts due to the close relation of the dural sinuses with sur-
rounding bone.  

    Dual-Energy CT of the Intracranial Vessels 

 Dual-energy CT (DECT) is nowadays available on selected scanners. Scanning with 
two different energies simultaneously makes it possible to decompose materials 
with high and low atomic number by their attenuation differences for different 
X-ray energies [ 26 ]. In atoms with a low atomic number, Compton scatter is the 
main interaction with diagnostic X-ray photons. For atoms with a high atomic num-
ber, the photoelectric effect plays the main role. If an X-ray photon has slightly 
more energy than the k-shell electron-binding energy of an atom, photoelectric 
absorption can take place, which leads to a sudden increase in X-ray attenuation at 
this energy (k-edge) [ 27 ]. The k-shell electron is then ejected and its vacancy is 
fi lled up by adjacent electrons and characteristic X-rays are emitted [ 28 ]. The 
k-edges of iodine (33.2 keV) and calcium (4 keV) are suffi ciently different from the 
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k-edges of the constituents of soft tissue (0.01–0.53 keV) to be detected by dual- 
energy imaging. One of the energies is chosen at a low value, mostly 80 kV. The 
other energy is chosen higher, e.g., 140 kV. The spectrum of energies emitted by the 
X-ray source always forms a Gaussian bell curve, so also photons around 33 keV 
are present in an 80 kVp (kilo Volt peak) bundle. These are strongly attenuated 
because they approximate the k-edge of iodine. Based on the DECT-data iodine, 
calcium and hemorrhage can be discriminated. The characterization of iodine and 
calcium can be used for bone removal [ 27 ]. The characterization of iodine and hem-
orrhage can be used to calculate iodine only and virtual non-contrast images and can 
be used to differentiate CM from hemorrhage, e.g., after interventional procedures 
and for the analysis of intracranial hemorrhage [ 29 – 33 ]. Alternatively, DECT data 
can be used to calculate mono-energetic reconstructions, which can be applied for 
reduction of beam-hardening artifacts, for instance around dental restorations [ 34 ] 
and metallic implants [ 35 ]. The fi rst potential applications of such reconstructions 
for angiographic applications have been reported for pulmonary CTA [ 36 ] and CTA 
of abdomen and extremities [ 37 ]. CNR for angiographic images can be increased 
for low kV reconstructions, potentially allowing for the use of less contrast agent 
[ 38 ,  39 ], which can also be applied in cranial CTA [ 29 ].  

    Bone Removal 

 Bone subtraction can be performed to simplify vessel analysis. Bone subtraction 
can be performed in various ways. First, two scans can be performed (non-contrast 
enhanced–contrast enhanced) which are subtracted from each other [ 40 ,  41 ]. 
Secondly, various vendors developed software for threshold-based bone subtrac-
tion. A third alternative is DECT based bone subtraction [ 42 – 44 ]. 

 Caution should be taken, as the degree of stenosis can be overestimated due to 
blooming artifacts or because of the suboptimal distinction of calcifi cation and 
iodine due to poor enhancement of the artery [ 44 ]. Furthermore, segmentation 
errors may occur, especially at the skull base. Thus bone removal techniques can 
only be an add on—viewing of the source images, including post-processing, is 
always recommended.  

    Dynamic Evaluation of the Vessels 

 Dynamic evaluation of the vessels is possible with time-resolved CTA, a relatively 
new application, also called time-invariant CTA, dynamic CTA, or 4D-CTA [ 45 ,  46 , 
 47 ]. It has the potential benefi t to demonstrate collateral vessels and drainage fl ow, 
next to the depiction of the cranial vessels [ 47 ,  48 ]. 

 With the newest MDCT scanners, allowing for a large coverage in the  z -direction 
or a back-and-forth sliding table (shuttle mode), dynamic CTA with high temporal 
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resolution has become possible [ 49 ,  50 ]. The fi rst applications of dynamic CTA 
(4D-CTA) for imaging of arteriovenous malformations have been described recently 
[ 46 ,  51 – 53 ]. Dynamic evaluation of the vessels is also described in the evaluation of 
ischemic stroke patients [ 50 ,  54 ,  55 ] and in venous occlusions [ 48 ].  

    Post-processing Techniques 

 Scanning with thin collimation and reconstructing thin overlapping slices allow for 
possibilities of reconstruction in arbitrary angles without sacrifi cing spatial resolu-
tion. Scan thin, review thick is the basic rule [ 56 ]. Several post-processing tech-
niques are available. 

    Multiplanar Reformat 

 High near-isotropic resolution of CT allows interactive slice reconstruction in arbi-
trary angles. In multiplanar reformat (MPR) the mean attenuation from the pixels is 
used. The slab can be reconstructed in arbitrary thickness. To ensure good quality of 
MPR images in the  z -direction, an overlap of 30 % of the slice width is recom-
mended [ 56 ]. Care should be taken for partial volume of vessels with adjacent bone. 
An occlusive thrombus is not obscured by MPR reconstructions, in contrary to vol-
ume and surface rendering.  

    Maximum Intensity Projection 

 The maximum HU value of a selected stack of slices is displayed in a maximum 
intensity projection (MIP). The thickness of the MIP and its direction can be 
changed interactively. This is especially suited for evaluating the patency of vessels 
which do not course exactly in a thin slice. MIP projections facilitate the diagnosis 
of vessel occlusions [ 57 ]. However, MIP projections have limitations. Structures 
with high density like bones or calcifi cations in the selected stack of slices hamper 
the analysis of nearby vascular structures. Secondly, MIP projections are actually 
2D representations of 3D data, making 3D relations between different structures 
diffi cult to evaluate [ 58 ].  

    Volume Rendering and Surface Rendering 

 Nowadays many different choices regarding 3D rendering of vascular structures are 
available. In the past, surface rendering was the mostly used technique. With the 
increased availability of computational power, currently volume-rendering 
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techniques (VRT) are most often used. In VRT, each voxel is represented by the 
percentages of the different tissues it contains. Each tissue type is given a color and 
transparency. Three-dimensional representations are then computed by ray casting, 
simulating rays of light traversing the dataset [ 58 ]. 3D representations of CT data 
vary per company. The window and level settings of such renderings can often be 
changed interactively. 

 Caution should be taken, as 3D rendering techniques allow image manipulation 
which might also conceal pathologies—thus source images should be interpreted at 
all times.    

    Indications 

 Indications for CT of the circle of Willis and intracranial arteries are expanding over 
the years, thanks to the increase in quality and availability of CTA. Even though 
DSA is still considered the gold standard, CTA and MRA are the fi rst-choice nonin-
vasive imaging modalities, thanks to good availability—especially CTA—and high 
quality of diagnostic imaging. 

 The detection of anatomical variations of the circle of Willis is highly accurate 
with CTA compared with DSA, with an overall agreement of 92.4 %. However, the 
detection of hypoplastic segments with CTA is more diffi cult and CTA has a low 
sensitivity [ 59 ]. CTA has a high sensitivity and specifi city compared to DSA for the 
detection of the fetal origin of the posterior cerebral artery, a relatively frequent and 
relevant anatomical variation [ 60 ]. 

 In this section concerning the indications of CTA we discuss stroke and intracra-
nial atherosclerosis imaging, imaging of aneurysms, vasculitis, vascular malforma-
tions like AV-fi stulae and arteriovenous malformations, and less frequent diseases 
like reversible cerebral vasoconstriction syndrome and Moyamoya. CTA in brain 
death procedure is discussed. 

    Ischemic Stroke 

 Stroke, “a cerebrovascular accident (CVA),” is an acute neurological defi cit. 
 Most strokes (80 %) are due to an ischemic event. Twenty percent of strokes are 

hemorrhagic. 
 The etiology of stroke varies with the stroke subtype [ 61 ] as well as its outcome 

and recurrence risks. 
 Etiological mechanisms are atherosclerotic strokes, small vessel disease, cardio-

embolic disease, or undetermined/other [ 62 ].

•    Atherosclerotic (ASVD) strokes are the most common type of acute arterial 
ischemia. 
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•  40–50 % of stroke is due to atherosclerosis. Most occlusions in larger vessels are 
due to emboli. Common locations for symptomatic atherosclerosis are

 –    Origin of ICA (bifurcation)—Caucasians  
 –   Intracavernous portion of the ICA  
 –   First/M1 segment of the MCA—African and Asian heritage, diabetes [ 63 ]  
 –   Origin and distal portion of VA  
 –   Midportion of BA    

 The locations of atherosclerotic lesions are ethnically different. In Europe extracra-
nial atherosclerosis is the most common cause of ischemic stroke, whereas in 
Americans of African origin, Asians, and Hispanics intracranial atherosclerosis is 
more important [ 64 ,  65 ]. Recent publications suggest a larger role for intracranial 
atherosclerosis in symptomatic patients [ 66 ,  67 ].  
•   Small vessel disease accounts for 15–30 % of ischemic stroke. Lacunar infarcts 

(<15 mm) are due to small artery occlusions of penetrating arteries. These can be 
embolic, atheromatous, or thrombotic. Lacunar infarcts are found in the basal 
ganglia, thalami, internal capsule, pons, and deep white matter. Most lacunar 
infarcts are silent/asymptomatic, although strategically placed infarctions can 
cause neurological defi cit.  

•   Cardioembolic disease accounts for 15–25 % of stroke. The most important car-
diac abnormalities which can lead to stroke are atrial fi brillation, myocardial 
infarction, valvular heart disease, and a patent oval foramen.  

•   In about 25 % the cause of stroke is due to other causes or remains unknown.    

 The literature is based mainly on extracranial atherosclerotic disease, located at 
the carotid bifurcation; less literature focuses on intracranial atherosclerotic disease. 
In proximal/extracranial atherosclerosis the vulnerable plaque with hemorrhage, 
ulceration, and calcifi cation of plaques is frequently found, whereas in intracranial 
luminal stenosis of the middle cerebral artery the percentage of lipid area and the 
presence of intraplaque neovascularity probably plays a key role leading to isch-
emic stroke [ 68 ]. In a Chinese population the presence of intracranial calcifi cations 
was an independent risk factor of ischemic stroke [ 69 ]. 

 The mechanisms of stroke in intracranial atherosclerosis can be divided into 
local thrombotic occlusion, artery-to-artery embolism, branch occlusive disease of 
the orifi ce of deep perforating arteries, hemodynamic (hypoperfusion), or a combi-
nation of these [ 70 ]. This can explain the different patterns of infarcts. 

 In situ thrombotic occlusion leads to the largest infarctions. Intracranial athero-
sclerosis usually is a slowly developing process, so collateral circulation can develop 
in chronic atherosclerotic disease. The size of the infarction is dependent on the 
presence of collateral circulation, the speed of the occlusion, and hemodynamics. 
Whole territory infarcts are therefore less frequent. 

 In artery-to-artery embolism emboli from the more proximal occlusion can be 
entrained with the bloodstream to distal branches and result in an occlusion with 
large strokes. Examples are thrombi from carotid bifurcation plaques and cardiac 
emboli (Fig.  12 ). The latter account for larger strokes due to larger emboli and less 
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collateral circulation. Intracranial MCA stenosis can give artery-to-artery emboli to 
distal M2 segments.

   Occlusions of the origin of a perforating artery can be due to an intracranial ath-
erosclerotic plaque. The pathophysiology of these occlusions differs from the small 
vessel disease, but can lead to the same small infarctions (Fig.  12 ). 

 Imaging in acute stroke can be divided into differentiating hemorrhagic stroke 
and ischemic stroke, imaging of vessel occlusion (Figs.  12 ,  13 ,  15 , and  17 ), and 
determining the core and penumbra of the infarction (Figs.  14  and  16 ).

       In the acute setting a non-contrast-enhanced CT (NECT) of the brain can reveal 
hemorrhage. The ASPECTS score [ 71 ,  72 ] can be used to try to determine the extent of 
the infarction in the initial phase. Early signs of ischemic stroke are effacement of 
sulci, hypodensity of the brain parenchyma, loss of gray-white matter differentiation, 

  Fig. 12    A 62 y/o male patient presented with a right-sided hemiparesis. NECT shows a slight 
hypodensity and faint loss of gray-white matter differentiation at the posterior border of the left 
lentiform nucleus ( a ) and i.v. rTPA was given with initially good clinical recovery. However, the 
hemiparesis recurred and at that time a VPCT ( b : CBF,  c : CBV) and CTA were performed. The 
VPCT shows CBF/CBV perfusion mismatch with increased MTT (not shown). Coronal MIP ( e ) 
and VR ( f ) of the CTA show occlusion of the left internal carotid artery ( d , source image) from 
the bifurcation with an occlusion of the left MCA. The patient went on for DSA and intra-arterial 
recanalization of the left carotid bifurcation stenosis ( g ) and subsequent thrombectomy of the left 
MCA thrombus. A good recanalization was obtained ( h ). Follow-up CT 1 day later shows a lacu-
nar infarction in the left lentiform nucleus ( i ), but no other signs of ischemia in the left MCA 
territory. Initially there was some residual motor defi cit, but at discharge there was no neurologi-
cal defi cit       
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and in the insular region called the “insular ribbon sign” and a hyperdense vessel 
sign [ 73 ] (Fig.  18 ).

   Defi ning irreversibly damaged parts of the brain can be done by MRI with 
diffusion- weighted imaging (DWI) or with CT perfusion (Fig.  14 ). Vascular imaging 
can be performed with CTA [ 74 ], MRA [ 75 ], or DSA; the latter is the gold standard, 
but is preferably used in selected cases [ 74 ]. CTA can also be calculated from the 
VPCT dataset, thereby lowering the radiation dose [ 50 ,  76 ]. In case of an inconclu-
sive CTA or MRA an adjunct MRA or CTA can lower the need for DSA [ 77 ]. 

  Fig. 13    Vertebral artery dissection with PICA infarction. A 49 y/o female presented with dizzi-
ness, neck pain, nystagmus, and ataxia of the left arm. Initial NECT was normal. CTA demon-
strates a tapering of the distal segment of the left vertebral artery, with a double-lumen sign on the 
CTA source images. A large infarction of the PICA territory in the left cerebellar hemisphere with 
mass effect was noted 2 days after the onset of symptoms. DE-CTA was performed at day 2. Bone- 
removed VR shows tapering of the distal segment of the left vertebral artery ( a ), also visible on the 
MIP reconstructions ( b ). Detailed images of the vertebral artery ( c ) Images at at 80 kVp demon-
strates clearly the true and false lumen of the dissected left vertebral artery. At 120 kVp images this 
is also seen to a lesser extent, the mass effect of the cerebellar infarction is already noted at the 
CTA ( d ), but better seen at NECT at follow-up at day 3 ( e )       

 

S.A. Cornelissen et al.



111

 The accuracy of CTA for evaluation of intracranial atherosclerotic disease is 
good, especially in stenosis larger than 50 % [ 74 ,  78 ], and is increasing with newer 
and more sophisticated scanners [ 79 ]. CTA can show the site and severity of the 
stenosis, the length of the thrombus, and the presence of collateral circulation [ 80 ] 
(Fig.  15 ). Time-resolved CTA or 4D-CTA (Fig.  19 ) can give additional information 
about the leptomeningeal collateral fi lling [ 45 ,  47 ] or the clot burden [ 54 ] (Fig.  16 ).

   Recently more attention is drawn to the presence of intracranial calcifi cations 
[ 81 – 84 ] (Fig.  20 ), and their association with stenosis and white matter abnormali-
ties [ 85 – 87 ].

   The therapy of acute stroke is aimed at recanalization in reperfusion therapies 
like intravenous rTPA and in selected patients intra-arterial recanalization [ 88 ]. 
Recurrent stroke is prevented by antithrombotic medication, antiplatelet agents, and 
treatment of risk factors [ 89 ].  

  Fig. 14    Seventy-two y/o female. Presented with speech disturbances and left-sided motor defi cit. 
NECT shows subtle effacement of the sulci of the left hemisphere ( a ,  black arrow ). VPCT shows 
CBF/CBV mismatch ( b  and  c ), with reduced fl ow in the territory of the left anterior cerebral artery 
( d ). CTA shows occlusion of the left A2 segment,  white arrow  ( e : oblique MIP,  f : lateral MIP), 
without abnormalities of the other intra- and extracranial vessels. She received i.v. rTPA. Clinical 
follow-up demonstrated recovery of the paresis with MRC grade 4 of right arm and leg       
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  Fig. 15    A 84 y/o female presented with right-sided hemiparesis and aphasia due to a left MCA 
territory stroke. CTA demonstrated a left MCA stenosis ( blue arrow ). As normal variant, hypopla-
sia of the right A1 segment is present, as well as hypoplasia of the P1 segment ( white arrows ). 
Volume rendering (VR) ( a ) and VR after bone removal ( b ) from DECTA are shown       

  Fig. 16    A 72 y/o female presented with sudden right-sided paresis of the arm and leg. A facial 
asymmetry was noted and dysarthria was present. NECT scan shows diminished differentiation of 
the gray and white matter at the upper part of the left lentiform nucleus ( a ). CT perfusion images 
show a CBF/CBV mismatch ( b  and  c ), with a suspected core at the left lentiform nucleus and 
penumbra at the left frontal cortex. CTA demonstrates calcifi cations at the carotid bifurcation ( d ) 
and a left middle cerebral artery occlusion ( e , transverse MIP reconstruction;  f  coronal MIP recon-
struction). The length of the thrombus can be appreciated on the coronal MIP ( f , between the  black 
arrows ) and collateral fi lling is present ( g ,  green arrow ). The patient went on for intra-arterial 
thrombectomy. ( h ) DSA before successful recanalization of the left MCA ( i ). Follow-up NECT at 
1 day shows infarction in the left lentiform nucleus ( j ). At discharge only mild aphasia and no 
motor or sensory symptoms were present       

 

 

S.A. Cornelissen et al.



113

    Hemorrhagic Stroke 

 In the work-up for hemorrhagic stroke, non-enhanced CT can be followed by imaging 
for detection of underlying vascular malformations, aneurysm, or tumors [ 29 ,  33 ]. 

 NECT demonstrates the presence, exact location, and extension of the hemor-
rhage. Secondary signs of an underlying abnormality can be the age of the patient, 
presence of large vessels, mass effect, and lobar location. 

  Fig. 17    A 46 y/o male presented with left-sided hemiparesis and dysarthria after ablation proce-
dure for atrial fl utter. NECT shows normal density and normal gray-white matter differentiation. A 
dense artery sign is present in the distal basilar artery ( a ,  white arrow ), suggestive of basilar artery 
occlusion. Subsequent CTA conforms an occlusion of the distal basilar artery ( b : sagittal NECT,  c : 
CTA sagittal MPR), matched images. 3D VR ( d ) shows the occluded distal basilar artery; there is 
collateral blood fl ow to the P2 segments via de bilateral Pcoms ( black arrows ). DSA confi rms the 
occlusion ( e ) and intra-arterial thrombectomy was performed with successful recanalization ( f ). 
After 3 months only mild balance disturbances were present       
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 In patients who present with an acute intracerebral hematoma, CTA of the intra-
cranial vessels should be performed and is a fast noninvasive method for identifying 
its etiology [ 90 ]. 

 A focal contrast deposition in the hematoma, next to the vessel, is called a spot sign. 
 The identifi cation of the “spot sign” on CTA can predict whether the hematoma is 

likely to expand [ 91 ,  92 ], but the impact on clinical outcome is subject to discussion. 

  Fig. 18    Signs of infarctions on NECT. ( a ) A partial insular ribbon sign and diminished differentia-
tion of the left lentiform nucleus. ( b ) Hypodensity of the parenchyma, loss of gray-white matter 
differentiation, and effacement of sulci of the right parietal lobe. ( c ) Disappearance of left lenti-
form nucleus. ( d ) Right insular ribbon sign. ( e  and  f ) Dense artery sign of the MCA right ( e ) and 
left ( f )       

  Fig. 19    Fifty-four y/o female, presenting with right-sided motor and sensory defi cit and aphasia 
for which she received i.v. rTPA. NECT, VPCT, and CTA were without abnormalities. Shown are 
the VR images from the 4D-CTA with bone suppression ( blue ) derived from the dynamic phases 
of the VPCT. Normal arterial and venous phases are demonstrated by this 4D-CTA       
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Contrast extravasation, contrast pooling in the hematoma rather than just a spot, is 
even more predictive than the spot sign for hematoma growth [ 93 ] (Figs.  21  and  22 ).

    Vascular malformations like arteriovascular malformations, fi stula, and cavernous 
malformations can present with intracranial hemorrhage. Capillary telangiectasia 
and developmental venous anomalies are less likely to present with hemorrhage. 

 CTA can detect arteriovenous malformations (AVM) in about 90 % of cases, 
depending on their size. The detection rate is lower in small AVM lesions, whereas 
the detection rate is up to 100 % in lesions larger than 3 cm [ 94 ]. Detection of fi stula 
with CTA can be more challenging.  

    AVM 

 AVMs consist of arterial feeders, a nidus, and draining veins. Around 50 % of 
AVMs present with hemorrhage. Seizures or focal neurological defi cits can also be 
presenting symptoms [ 95 ]. 

 AVMs can be classifi ed according to the Spetzler and Martin classifi cation, 
depending on the size, location in eloquent areas, and the absence or presence of 
deep venous drainage [ 96 ]. 

  Fig. 20    Intracranial calcifi cations are better depicted on thin slice NECT images ( a  and  b ), com-
pared to CTA source images ( c  and  d ) due to identical HU of iodine and calcifi cations       
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  Fig. 21    A 58 y/o male presented with left-sided hemiparesis and headache. NECT shows hemor-
rhage in the right thalamic region ( a ). Due to progression of symptoms CT with DE-CTA was 
repeated within 2 h. NECT demonstrates progression of the hemorrhage ( d ), extending into the 
lateral ventricle. A contrast spot is seen at the source images of the CTA at the level of the hemor-
rhage, consistent with the spot sign ( b ). This is even better depicted on the fused image, post- 
processed from the DE-CTA, where iodine is highlighted in  yellow  ( c )       

 

S.A. Cornelissen et al.



117

 Diagnoses can be made with CTA, MRI, and MRA and/or DSA. CTA can dem-
onstrate the feeding vessels, the nidus, and the venous drainage [ 95 ]; also associated 
aneurysms can be detected. A study of Mikami CTA detected all AVMs and demon-
strated critical feeders and their geometric associations with the nidus [ 97 ]. They 
emphasize the use of post-processing techniques and advocate the use of 3D volume 
rendering with transparency imaging (Figs.  23 ,  24 , and  25 ). CTA can depict all ves-
sels, without being infl uenced by fl ow. However DSA still is considered the gold 
standard and can selectively image the feeding vessels and can assess fl ow veloci-
ties within the AVM and its venous drainage.

     Therapy varies from conservative, operative, endovascular, and radiation therapy 
or a combination of these, depending on the size, location, feeders, and the drainage 
pattern [ 98 ].  

  Fig. 22    Sixty-fi ve y/o male with a history of idiopathic thrombocytic purpura (ITP) and low plate-
let count presented with left-sided motor defi cit, sensory disturbances, hemianopsia, and facial 
nerve paralysis. NECT shows two hemorrhagic foci in the right thalamus and the right temporo- 
occipital white matter ( a ). Because of clinical deterioration follow-up NECT with additional 
DE-CTA was performed. NECT shows enlargement of both hematomas with signs of brain stem 
herniation ( b ). DE-CTA demonstrates a spot sign at the anterior and lateral parts of the thalamic 
hemorrhage on the source images ( c  and  d ,  white arrows ) and contrast extravasation more centrally 
in the hemorrhage ( e  and  f ,  green arrows ). Fusion images of iodine overlay on virtual non-contrast 
CT demonstrate the extravasation in  yellow  ( f ,  green arrow ) (adapted from Postma AA et al. © 
Curr Radiol Rep 2015:3:16, with permission)       
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    Fistula 

 Dural AV fi stulas (DAVF) comprise about 15 % of all vascular malformations in the 
brain. DAVF is an abnormal connection of the arterial and venous system, with 
involvement of one or more dural sinus [ 99 ]. The size and drainage pattern of 
DAVFs can vary, resulting in variation in symptoms and presentations, the most 
important being pulsatile tinnitus, hemorrhage, headache, and to a smaller extent 
seizures [ 100 ]. Several classifi cation types exist; classifying the fi stulas can be 
based on the site of venous drainage and the presence or absence of cortical vein 
drainage (Borden classifi cation) or classifi cation can be based on the direction of 
the dural sinus drainage, the venous fl ow architecture, and the presence or absence 
of cortical vein drainage (Cognard classifi cation). 

  Fig. 23    Thirty-fi ve y/o female presented postpartum with hypertension, headache, and seizures. 
NECT showed a large left frontal hematoma and severe subarachnoid hemorrhage, including intra-
ventricular hemorrhage and hydrocephalus. CTA showed a vascular malformation at the left fron-
tal lobe, suggestive of an AVM. NECT at presentation ( a  and  d ). Source images of the CTA ( b  and 
 c ). Lateral and transverse MIP reconstruction ( e  and  f )       
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  Fig. 24    A 47 y/o male presented with right-sided pulsatile tinnitus. 4D-CTA ( a ) of the posterior 
circulation demonstrates a tentorial dural AV fi stula ( white arrows ), confi rmed at DSA ( b ). 
Courtesy of F.J.A. Meijer, Radboud UMC, Nijmegen, The Netherlands       

  Fig. 25    A 56 y/o female presented initially with a seizure due to a large dural AV fi stula. 
Consequently she was admitted to the emergency room with a large intracranial hemorrhage. 
Shown here are the VR images of the CTA ( e  and  f  ), the MIP ( a – d ) images, and DSA images ( g ). 
The MIP images are helpful to determine the full extent of the vascular malformation, which is 
more complicated in VR CTA. However, dynamic information from i.a. DSA is needed. Shown is 
a large vascular malformation with multiple small arterial feeders and dilated (cortical) veins. DSA 
shows the main feeder from the external meningeal artery       
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 The diagnostic work-up of DAVF consists of radiological imaging. High- 
resolution CTA and MRA have been studied as an alternative to the gold standard 
DSA, with moderate sensitivity [ 100 ,  101 ]. More recently 4D-CTA is described as 
alternative to conventional CTA which allows for identifi cation of early venous fi lling, 
patterns of venous drainage, and type of feeding artery [ 46 ,  51 ] (Fig.  24 ).  

    Aneurysms 

 Subarachnoid hemorrhage (SAH), blood in the subarachnoid space, can be detected 
on a non-enhanced CT scan with high reported accuracy up to a sensitivity of 97 % 
[ 102 ,  103 ]. Nontraumatic SAH is due to rupture of a cerebral aneurysm in up to 80 
% of cases [ 104 ]. Aneurysmal SAH is a serious condition, with high percentages of 
short-term complications (hydrocephalus, edema, and vasospasm), long-term 
sequelae (neurological defi cits and cognitive disturbances), and death. After diag-
nosing a nontraumatic SAH, a search for underlying aneurysmal pathology has to 
be started. 

 Most aneurysms are saccular aneurysms, whereas other forms like dissecting, 
fusiform, blister type, and giant aneurysms are less frequently encountered (Figs. 
 26 ,  27 , and  28 ).

     The gold standard for detection of cerebral aneurysms is still considered cerebral 
digital subtraction angiography (DSA), but in clinical practice CTA is frequently 
used as fi rst-line imaging for noninvasive evaluation of aneurysms [ 105 ]. Multiple 
studies compared the sensitivity of CTA with DSA. Villablanca et al. showed a high 
sensitivity for the detection of aneurysms smaller than 5 mm, with an accuracy of 
99 % [ 106 ]. Pechlivanis stated that in 92 % of the aneurysms CTA can provide the 
information about the aneurysm needed for surgical planning [ 107 ]. An equal sen-
sitivity of CTA in detection of aneurysms larger than 3 mm was found by Karamessini 
et al. They found that all Acom and MCA bifurcation aneurysms were detected, but 
some locations, e.g., Pcom, remained problematic. The delineation features of the 
aneurysm were best depicted in 3D visualization [ 108 ]. Recent technical advan-
tages like iterative reconstruction techniques can possibly improve the delineation 
of arteries in the posterior fossa [ 109 ]. Ramasundara et al. studied the accuracy of 
CTA with and without bone subtraction as well as with MPR and 3D VR post-pro-
cessing. Both showed high sensitivities and specifi cities compared to DSA for the 
detection of aneurysms and for assessing the suitability of endovascular versus sur-
gical treatment [ 110 ]. This in contrary to Chen et al., who demonstrated a lower 
accuracy for nonsubtracted CTA compared to subtracted volumetric CTA in a 
320-detector row CT [ 105 ]. 

 Attention should be paid to the presence of multiple aneurysms in up to 15 % of 
cases (Fig.  26 ). In cases of negative CTA or equivocal cases DSA should be 
performed. 
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 Imaging in the postoperative period after surgical treatment with titanium clips 
can be performed with CTA for evaluation of residual aneurysms [ 111 ,  112 ] (Figs. 
 29  and  30 ).

        Venous Sinus Thrombosis 

 Venous thrombosis is a relatively uncommon cause of stroke, which accounts for 
1–2 % of stroke. Accurate and prompt diagnosis is important because therapy can 
reverse the disease process. The superfi cial venous system, the superior sagittal 
sinus, and the transverse sinus are more often involved than the deep venous system, 
that is, the internal cerebral veins, the vein of Galen, and the straight sinus. 

  Fig. 26    A 62 y/o female was evaluated for an incidental fi nding of a partially thrombosed aneu-
rysm of the right MCA. VR reconstructions ( a  and  b ) show the fl ow in the non-thrombosed part of 
the right MCA aneurysm, but the thrombus with calcifi ed wall itself is better depicted on the source 
images ( c  and  d ). A mirror aneurysm is present at the left MCA bifurcation       
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  Fig. 27    A 69 y/o old male presented with progressive headache for 4 days. NECT ( a ) shows mas-
sive subarachnoid hemorrhage. CTA demonstrates a dissecting aneurysm of the intracranial seg-
ment of the left vertebral artery, shown here on the source images ( b ). DSA confi rms the presence 
of the dissecting aneurysm of the left vertebral artery ( c  and  d )       

 The symptoms of venous thrombosis are dependent of the location and the extent 
of the venous thrombosis, the duration of the occlusion, and the status of the col-
lateral pathways. Headache, reduced consciousness, seizures, and neurological defi -
cits may occur [ 113 ,  114 ]. Focal neurological defi cits are related to parenchymal 
changes, which can be due to hemorrhage, vasogenic and cytotoxic edema, or 
infarction. 
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  Fig. 28    A 14-year-old boy presented with non-related symptoms. As an incidental fi nding ectasia 
of the carotid artery was found and CTA was ordered. MIP images from the CTA ( a ), volume 
rendering ( b ), and DSA ( c ) show fusiform dilatation of the intradural segment of the carotid artery 
and proximal A1 segment       

  Fig. 29    Sixty-seven y/o female underwent a CTA for evaluation of an incidentally found large 
middle cerebral artery aneurysm ( a , bone-removed DE-CTA). She underwent surgical clipping. 
Source images of the CTA ( b ) demonstrate the presence of several clips, and 3D visualization of 
the data reveals four surgical clips at the aneurysm ( c ), with no signs of residual aneurysm       

 

 



124

 Causes of cerebral venous thrombosis [ 115 ] are diverse and often multifactorial 
ranging from prothrombotic disorders, hypercoagulability states, oral contracep-
tives, pregnancy, and puerperium as well as from direct invasion by infection or 
malignancy [ 115 ]. 

 NECT can be very helpful in detection of attenuated vessel sign and cord sign 
(Figs.  31  and  32 ), and has high reported sensitivity and specifi city (attenuated vein 
sign sensitivity of 100 % and specifi city of 99.4 % and cord sign of 64.6 % and 97.4 
%, respectively) [ 116 ]; however a normal NECT is never suffi cient to rule out 
venous thrombosis. Brain swelling, local hypodense areas, or hemorrhagic foci can 
be appreciated on non-enhanced scans (Figs.  31  and  32 ). NECT is normal in about 
30 % of patients [ 117 ].

    On contrast-enhanced CT (CECT) there can be a sinus fi lling defect, surrounded 
by a dense rim of enhancement of dura and vasa vasorum: the empty triangle or 
empty delta sign (Fig.  32 ). Also enhancement of sinus wall and abnormal collateral 
venous drainage can be appreciated. 

 CTV is a rapid and accurate technique to demonstrate cerebral venous thrombo-
sis, showing a fi lling defect of the veins and/or venous sinus (Fig.  32 ). Knowledge 
of the anatomy and its variants is crucial in identifying a thrombosis and differenti-
ating it from normal variation. 

 The presence of arachnoid granulations in the sinus is a normal fi nding; they are 
usually small, but can obliterate the sinus and mimic venous thrombosis [ 118 ,  119 ] 
(Fig.  33 ).

   An absent or hypoplastic transverse sinus with dominant fl ow on one side is a 
well-known variant and should not be confused with true thrombosis. A dominant 
right transverse sinus is more often present than left-sided prominence. Other 
important variations are an occipital sinus, which is more prevalent in younger chil-

  Fig. 30    A 54 y/o female underwent surgical clipping of an incidentally found asymptomatic MCA 
bifurcation aneurysm ( a ). Initial postoperative CTA shows no signs of residual aneurysm, but the 
calibre of the vessels is smaller than preoperatively with tapering of especially the distal vertebral 
artery and A1 segment ( b ,  white arrows ), consistent with vasospasm. At follow-up CTA there is 
normalization of the vessel calibres ( c )       
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dren than adults, and is often associated with an absent or hypoplastic transverse 
sinus [ 120 ,  121 ] (Fig.  33 ). Sinus duplication or fenestration can mimic a thrombus 
(Fig.  34 ).

   CTV is a reliable method to investigate the venous structures of the brain with 
high reported sensitivity [ 122 ]. Hereby source images, MIP, MPR, and VR post- 
processing can be used. MIP reconstructions should be handled with caution when 
no bone removal is used. Dense thrombi can give false-negative ratings at enhanced 
scans or CTV. There is a good inter-observer variability in the detection of venous 
thrombosis using CTV with bone removal technique [ 123 ]. DECT can also be used 
for automated bone removal (Figs.  31  and  34 ). 

  Fig. 31    A 57 y/o female patient presented with headache and mild right-sided defi cit due to a 
large temporal lobe hematoma ( a , NECT). Two weeks later she was readmitted because of subtle 
left-sided neurological defi cit. NECT shows resorption of the hematoma ( b ), but swelling and 
hyperdensity of the right thalamus and basal ganglia are present ( c ). Hyperdensity of the internal 
cerebral veins and straight sinus is seen. Subsequent venous imaging (MRV) demonstrates throm-
bosis of the deep venous system and the left transverse sinus ( d  and  e )       
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 Demonstration of isolated cortical vein thrombosis can be diffi cult with CT, 
compared to MR, but unenhanced CT can probably aid in demonstrating the dense 
cord sign (Fig.  32 ). 

 4D CTA and CT perfusion can be obtained for evaluation of compensatory col-
lateral pathways, and can be helpful in determination of the extent of thrombosis 
and can probably act as a prognostic indicator in sinus thrombosis [ 48 ,  124 ]. 

 Therapy of cerebral sinus thrombosis is antithrombotic treatment with heparin or 
low-molecular-weight heparin to recanalize the sinus and to prevent propagation of 
the thrombus or thrombosis at remote sites of the body [ 125 ].  

  Fig. 32    A 60 y/o female with a history of gynecological malignancy presented with seizures and 
left-sided hemiparesis. Initial NECT shows motion artifacts and a left frontal hyperdensity, consis-
tent with hemorrhage ( a ). There is a hyperdense aspect of the sagittal sinus and the cortical veins 
( white arrows ) ( b ). Follow-up with CECT to rule out metastasis ( c ) shows an empty delta sign 
( black arrow ). A CTV was performed showing a fi lling defect of the sagittal sinus ( d ,  green 
arrows ) and transverse sinus ( e )       
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    Reversible Cerebral Vasoconstriction Syndrome 

 Reversible cerebral vasoconstriction syndrome (RCVS) is characterized by severe 
acute headaches, often referred to as thunderclap headaches. These can be accom-
panied by acute neurological symptoms or seizures. 

 At imaging, diffuse segmental narrowing of the cranial arteries can be found 
[ 126 – 129 ], which resolves spontaneously within 1–3 months. 

  Fig. 33    Normal variants that can simulate sinus thrombosis. At the right an occipital sinus is pres-
ent, draining via the marginal sinus ( a ,  black arrow ), while the right-sided transverse sinus is 
hypoplastic ( b, c ,  black arrow ). Arachnoid granulations are visible in the sagittal sinus ( d ,  white 
arrows )       
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 In about 60 % of the cases RCVS is secondary to a known etiology [ 129 ]. 
Precipitating conditions and factors associated with RCVS are postpartum period, 
preeclampsia and eclampsia, exposure to medications and alcohol, catecholamine- 
secreting tumors, trauma, as well as pathology of the large arteries like dissection, 
aneurysm, and dysplasia [ 127 ]. 

 The complications of RCVS are ischemic or hemorrhagic stroke. Non- 
aneurysmatic subarachnoidal hemorrhage at the cortical surface can be present, but 
is less frequent. 

 Imaging characteristics are string of beads appearance of large- and middle-sized 
cerebral arteries. These can be depicted with angiography, but also noninvasive 
 vascular imaging such as CTA and MRA can demonstrate these segmental narrow-
ing of the vessels. Follow-up imaging will demonstrate the normalization of the 
diameters of the vessels.  

    Vasculitis 

 Cerebral vasculitis represents a heterogeneous group, characterized by infl amma-
tion and necrosis to the vessel wall [ 130 ]. 

 Causes can be systemic autoimmune diseases such as SLE, dermatomyositis, 
and rheumatoid arthritis; systemic vasculitic disorders as Takayasu arteritis, 
Wegener’s granulomatosis, and Behçet syndrome; viral and bacterial infections; or 
without a systemic disorder [ 131 ]. 

  Fig. 34    Normal variants that can simulate sinus thrombosis. 3D VR from DE-CTA with bone 
removal of a 60 y/o patient showing duplication of the sagittal sinus at the level of the torcular 
( white arrow )       
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 The primary angiitis of the CNS (PACNS) is a vasculitis of the brain and spinal 
cord, without any associated systemic disorder [ 132 ,  133 ]. 

 Depending on the cause, large-, medium-, and small-sized vessels may be 
affected. Patients can present with stroke, headache, neurological defi cits, stroke, 
and encephalopathy [ 130 ,  131 ]. 

  Fig. 35    A 40 y/o female with a history of systemic lupus erythematosus (SLE) presented with 
headache after mild trauma. NECT shows hemorrhage in the subarachnoid and subdural space at 
the left side ( a  and  b ). MRI FLAIR confi rms the presence of hemorrhage ( c ) and subsequent MRA 
shows vascular calibre changes ( d ), consistent with (SLE) vasculitis       
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 Imaging can show ischemic and hemorrhagic lesions. Narrowing and dilatation 
of vessels can be shown on vascular imaging (Fig.  35 ). Therapy is dependent on the 
cause of the cerebral vasculitis.

       Moyamoya 

 Moyamoya is a progressive intracranial arteriopathy, in which bilateral stenosis of 
the distal portion of the internal carotid arteries and their proximal branches result 
in transient ischemic attacks (TIA) or strokes [ 134 ]. The disease Moyamoya is 
named after the DSA appearance of the collateral blood vessels resembling a “puff 
of smoke,” Moyamoya in Japanese. Patients with vasculopathy in association with 
other syndromes are diagnosed as Moyamoya syndrome (MMS), whereas the idio-
pathic variant in patients without risk factors is named Moyamoya disease (MMD). 

 There are two peak age groups, children of approximately 5 years old and adults 
between 40 and 50 years, females being affected more often than men. 

 The symptoms of Moyamoya are either due to the stenosis or a consequence of 
complications such as hemorrhage [ 135 ]. 

 The vessel occlusion in Moyamoya is due to a combination of hyperplasia of 
smooth muscle cells and luminal thrombosis, contrary to atherosclerotic or infl am-
matory changes in other conditions. 

 Diagnostic imaging shows signs of ischemia or hemorrhage. CT angiography or 
MR angiography can show the intracranial stenoses in Moyamoya (Fig.  36 ). Whole- 
brain CT perfusion can be used to evaluate cerebral hemodynamic changes in 
Moyamoya before and after surgery [ 136 ].

   The fi nding most suggestive of Moyamoya on MRI is reduced fl ow voids in the 
proximal arteries with numerous small fl ow voids at the level of the basal ganglia 
due to neovascularization (Fig.  37 ). The fi nal diagnosis is based on the stenosis of 
the distal intracranial carotid artery, extending in the proximal anterior and middle 
cerebral arteries. The “classic puff of smoke” appearance is seen when collaterals 
start to develop (Figs.  36  and  37 ).

   The goal of therapy in patients with Moyamoya is to prevent strokes, either by 
revascularization techniques or by medical therapy.  

    Brain Death 

 The diagnosis of brain death is based on clinical fi ndings and neurological evalua-
tion confi rming deep coma and absence of brain stem refl exes. In some countries 
confi rmative tests are required. In other countries instrumental confi rmatory tests 
are necessary under special circumstances, as in intoxications or in patients where 
central nervous system depressants are given. 
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 The clinical diagnosis of brain death can be confi rmed by demonstration of lack 
of brain cerebral function (EEG) or circulation (TCD, CTA, digital subtraction angi-
ography (DSA), scintigraphy), depending on various national guidelines and rules. 

 CTA is emerging as an alternative to conventional cerebral DSA. In 1998 Dupas 
published a study on the accuracy of CTA in brain death diagnosis. Lack of opacifi -
cation of the pericallosal arteries, cortical segments of the cerebral arteries, the 

  Fig. 36    A 38 y/o male with a history of cocaine abuse presented with headache, MRI (not shown) 
demonstrated multiple old and recent cerebral infarcts bilaterally, mainly supratentorial. Steno- 
occlusive disease was suspected and subsequently a CTA was performed to depict the vascular 
status. Source images demonstrate the collaterals fi lling with contrast ( a ), MIP shows occlusion of 
the right M1 and A1 segments with only faint visibility of collateral vessels ( b ). DSA confi rms the 
occlusions of the M1 and A1 segments including the lenticostriatal collaterals, resembling a “puff 
of smoke,” suggestive of Moyamoya syndrome ( c ,  d )       
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internal cerebral veins, the great cerebral vein, and the straight sinus, while opacifi ca-
tion of the superfi cial temporal arteries was present, resulted in a 100 % sensitivity 
[ 137 ] (Fig.  38 ).

   This led to the implementation of a 7-point CTA score for the evaluation of brain 
death (evaluation of both pericallosal arteries, cortical segments of the cerebral 
arteries, the internal cerebral veins, and one great cerebral vein), scanned in two 
phases after contrast administration (20 and 60 s). 

 Since then studies with various accuracies have been published regarding this 
7-point score and other grading systems have been proposed; Frampas published a 
simplifi ed 4-point grading system, with evaluation of only the cortical segments of 
the MCA and the internal cerebral veins and reported high sensitivity [ 138 ]. More 
recent absence of brain stem perfusion in CT perfusion studies in addition to CTA 
was studied for confi rmation of brain death [ 139 ,  140 ], but is not yet implemented 
in national guidelines.      

  Fig. 37    A 37 y/o male initially presented with bilateral anterior thalamic infarcts as well as mul-
tiple infarctions in both hemispheres. CTA shows occlusions of the left A1 and M1 segments with 
collateral vessels ( a , MIP;  b , VR;  white arrows ). MR T2-weighted imaging demonstrates fl ow 
voids ( c ,  black arrow ) in these collaterals. MRA suggests occlusion of the left MCA ( d ). DSA 
confi rms occlusions of the M1 and A1 segments with collaterals via the lenticostriatal arteries 
( e ,  f  ). These fi ndings are consistent with Moyamoya disease       
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  Fig. 38    Patient presented comatose with severe hyponatremia. Initial CT on day 1 ( a ) shows mass 
effect on the ventricles with spared gray-white matter differentiation. On day 2 ( b ) there is loss of 
differentiation, with severe hypodensity of the brain parenchyma, with visible left and right middle 
cerebral artery. The vessels appear relatively dense ( c ,  white arrow ), resembling enhancement of 
vessels, but this is due to the surrounding hypodensity of the brain parenchyma. This phenomenon 
is called a pseudo-subarachnoid hemorrhage sign. The next day 2-phase CTA was performed and 
demonstrates enhancement of the extracranial vessels ( white arrow ), while the intracranial arteries 
are not enhancing ( d ,  black arrow ). Cerebral circulation arrest was concluded       
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      Intravenous Flat Panel Detector CT 
Angiography for the Assessment 
of Intracranial Arteries 

             Jin     Pyeong     Jeon      and     Seung     Hun     Sheen     

           Introduction 

 Atherosclerotic intracranial arterial stenosis is an important cause of ischemic 
stroke [ 1 ,  2 ]. Main predictor of vulnerable intracranial stenosis includes high sever-
ity (>70 % luminal narrowing), extent of disease (number of intracranial stenosis), 
disease progression, and presence of symptomaticity [ 2 ]. Although cerebral angiog-
raphy is the most accurate method for estimating stenosis, procedural complications 
and invasive nature can be concerns. Accordingly, noninvasive methods such as 
magnetic resonance angiography (MRA), computed tomography angiography 
(CTA), and transcranial Doppler (TCD) have been used alternatively. 

 Intravenous fl at panel detector CT (IV FDCT) angiography is an emerging 
technology for obtaining CT-like images from C-arm biplane angiography system. 
Various terminologies have been used such as C-arm cone-beam CT (CBCT) [ 3 ], 
fl at panel detector CT (FPCT) [ 4 ,  5 ], and angiographic CT, although each defi ni-
tion is somewhat different [ 6 ]. IV FDCT has been increasingly studied from 
technical characteristics in comparison with CT to cerebral hemodynamics in 
acute stroke models [ 4 ,  6 – 8 ]. In this chapter, we reviewed IV FDCT in depicting 
intracranial arteries from its image acquisition and clinical applications to its 
limitations.  
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    Technology of IV FDCT Systems 

 IV FDCT systems include X-ray source and detector, mechanical setup, and image 
reconstruction [ 9 ]. In early stage, image intensifi ers were used for making CT-like 
images from C-arm system. However, technical limitations such as low dynamic 
range and distorted image and high-contrast vessel image mainly based on intra- 
arterial injection contributed to low use of IV FDCT in the clinical circumstances 
[ 9 ]. On the contrary, fl at panel detector allows for better image description including 
soft-tissue demarcation due to its high dynamic range and higher dose effi ciency. 
Because signal response of fl at detector illustrates a linear correlation to a function 
of dose, high dynamic range can allow a wide range of dose requirement without 
risking wrong exposure. For generating vascular image, high dynamic range is more 
suitable from fl uoroscopy of approximately 10 nGy to DSA of approximately 5 μGy 
[ 10 ]. Two elements, thickness of the screen and spatial resolution, are important 
issues for generating high-quality images [ 10 ]. Screen thickness can increase X-ray 
absorption; however, it can also decrease spatial resolution. During the conversion 
of X-ray quanta to electrical signals, light diffusion can occur. Two fl at detector 
technologies, direct or indirect conversion of X-ray to electrical signals, are present. 
Although a direct converter can inhibit decrease in spatial resolution than that of an 
indirect converter, it is particularly adaptable to mammography due to low-lying 
K-edge [ 10 ,  11 ]. An indirect converter has been widely used for angiography and 
fl uoroscopy. Especially needle-type phosphor-structured screen was superior to 
unstructured screen in increasing spatial resolution, because light can be guided by 
the needle [ 9 ]. 

 The image parameters and dosimetry of the IV FDCT are summarized in Table  1  
[ 12 ]. The acquisition mode parameters are somewhat different among the institu-
tions. White et al. [ 12 ] used 10-s high-dose acquisition mode than 20-s mode for 
routine practice. They thought that 10-s high dose had a similar image noise (1.00 

   Table 1    Imaging and dosimetry parameters of the IV FDCT [ 12 ]   

 10-s acquisition  20-s acquisition 

 Low dose  High dose  High dose 

 Rotation times (s)  10  10  20 
 Rotation angle (°)  219  219  219 
 Increment  0.8  0.8  0.4 
 No. of frames  273  273  538 
 CTDI vol  (mGy)  12.3  35.1  59.5 
 DAP (μGy m 2 )  856  2,382  4,289 
 Effective dose (mSv) 
    E  dip  method  0.4  1.1  1.9 
   DAP method  0.24  0.67  1.2 

   DAP  dose area product,  CTDI  CT dose index,  E  dip  effective dose conversion factor  
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vs. 0.74) and nonuniformity (HU) (−4.0 vs. −3.8) compared to those of 20-s 
 acquisition mode. However, images with 20-s acquisition mode are better than 
those with 10-s mode in general although it requires higher dose and longer recon-
struction time [ 12 ], 20-s acquisition mode was done in our institution. Contrast 
agent of 80 mL mixed with saline of 40 mL was injected through an anterior cubital 
vein with a fl ow rate of 5 mL/s. Then IV FDCT images were obtained according to 
the following parameters: 0.4 increment, 200° total angle, 538 total projections, 
20-s rotation, and 18-s X-ray time delay with a radiation dose of 35 mGy (manufac-
turer’s information) [ 13 ]. 30  ́    40 cm detector which can cover a nontruncated vol-
ume about 22 cm in plane matrix size and 16 cm in  z -direction was used [ 7 ]. 
Postprocessing of the rotational image data to a volume dataset is done using a 
Leonardo DynaCT dedicated workstation equipped with InSpace 3D software 
(Siemens, Erlangen, Germany) [ 7 ,  13 ]. A volume dataset about 400–500 sections 
with a 512 × 512 matrix with single-section thickness ranges from 0.2 to 0.3 mm 
can be made [ 7 ]. The images given as maximum-intensity-projection images in the 
axial, coronal, and sagittal planes with various section thicknesses can be recon-
structed for analysis. In addition, volume-rendering technique (VRT) images also 
can be reconstructed.

       Clinical Applications 

    Evaluation of Atherosclerotic Intracranial Arterial Stenosis 

 Accurate assessment of atherosclerotic major intracranial stenosis in terms of 
severity and stenosis length is important for early detection and its proper treat-
ment. The requirements of the ideal noninvasive test for measuring intracranial 
stenosis is as follows: (1) good depiction of lesions including stenosis severity 
and length, and occlusion level; (2) a shorter canning time; (3) good delineation 
of calcifi cation in the arterial wall; and (4) subsequent endovascular treatment 
after symptomatic stenosis in emergent situation. IV FDCT has shown to have a 
good depiction of lesion location and collateral circulation in the single acquisi-
tion. Jeon et al. [ 13 ] reported that IV FDCT showed a sensitivity of 97.6 %, speci-
fi city of 96.9 %, and negative predictive value (NPV) of 96.9 % for identifying 
stenosis ≥50 % with DSA as the reference value. For detecting stenosis ≥70 %, 
in particular, a sensitivity of 91.9 %, specifi city of 98.2 %, and NPV of 97.4 were 
estimated. Good correlation of the measuring stenosis severity between the two 
tests was observed according to direction (horizontal segments vs. vertical seg-
ments) and circulation (anterior circulation vs. posterior circulation) [ 13 ]. Length 
discrepancy (IV FDCT–DSA, in millimeters) was more pronounced in higher 
stenosis, but the result was not statistically signifi cant [ 13 ]. Such a discrepancy 
could be originated from the difference in hemodynamics and attenuation of the 
contrast agents. Assessment of stenosis length after the point of maximal 
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narrowing could be infl uenced by the fl ow velocity and stenosis severity [ 13 ,  14 ]. 
In addition, diluted contrast agent of the IV FDCT may fi ll the vessel lumen more 
uniformly than DSA due to their similarity of attenuation values for contrast 
agents and blood [ 15 ]. 

 IV FDCT can allow information on various vascular territories and collateral 
fl ow in a single acquisition [ 16 ]. Additionally, clear visualization of the calcifi cation 
of the arterial wall, which can be of limited value in the DSA images, can be 
obtained (Fig.  1a, b ). Because calcifi cation of the arterial wall can be related to 
incomplete stent deploy [ 17 ,  18 ], an accurate detection of calcifi cation is necessary 
for selecting treatment methods [ 19 ]. Blanc et al. [ 16 ] and Riedel et al. [ 20 ] reported 
that IV FDCT shows good depiction of occlusion level, clot length, collateral ves-
sels, and patency of anterior and posterior communicating arteries in a single acqui-
sition (Fig.  1c, d, f ). Relative complete fi lling of the collateral vessels and 
reconstructed images in various planes in IV FDCT allows better depiction of the 
arteries beyond the occlusion level, clot length, and stenosis nature than DSA [ 16 ], 
which leads to decreased amount of contrast and radiation dose [ 14 ]. IV FDCT can 

  Fig. 1    IV FDCT MIP axial images show a clear depiction of the vascular lumen from circumfer-
ential calcifi cation ( arrows ) without superimposition of bone ( arrowheads ) ( a  and  b ) [ 13 ]. IV 
FDCT MPR coronal image ( c ) reveals the occlusion of the middle third of the basilar artery ( arrow ) 
which is consistent with that of DSA ( d ). The right posterior communicating artery ( arrowhead ) 
and both P1 are well visualized. IV FDCT MPR axial image shows clear depiction of the both 
posterior communicating artery ( arrows ) [ 16 ]       
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also be conducted to exclude intracranial hemorrhage in patients suspected of acute 
cerebral infarction. Because attenuation difference is 10 HU in IV FDCT [ 7 ,  21 ], it 
can clearly depict hemorrhage lesion before intra-arterial thrombolysis [ 22 ]. 
Because acute ischemic stroke has a 6-h therapeutic time window for intra-arterial 
thrombolysis [ 23 ], timely assessment of the stenosis nature and subsequent treat-
ment is important to obtain good neurologic outcomes [ 8 ,  24 ]. Therefore, in particu-
lar, IV FDCT can be useful for early diagnosis of acute cerebral infarct and its 
subsequent treatment.    

    Role of IV FDCT in Endovascular Procedure 

 Advances in microcatheter and balloon technologies have increased an incidence of 
endovascular treatment and its success rate in patients with symptomatic intracra-
nial stenosis. However, procedural complications such as hemorrhage, vessel dis-
section, and infarction can occur. In particular, symptomatic intracranial hemorrhage 
has been reported with a range from 1.1 to 15.4 % [ 22 ,  23 ,  25 ] and can lead to 
neurological defi cit. Accordingly, early detection is important to avoid poor neuro-
logic outcome during the periprocedural period. In such circumstances, IV FDCT 
can allow real-time monitor on complications in the same angiosuite without patient 
transfer [ 14 ,  26 ]. Karman et al. [ 14 ] reported that IV FDCT was feasible to detect or 
exclude suspected procedure-related complications. White et al. [ 12 ] reported that 
IV FDCT was a substantial factor in decision making for 40.9 % of patients during 
the peri-endovascular period. In their study, IV FDCT provided clear depiction of 
the extensive leakage of the contrast media through perforation site by microcathe-
ter, enlarged ventricle size, and presence of hemorrhage. Accordingly, prompt 
detection of adverse events and subsequent appropriate management can be achieved 
on the same angiotable. 

 IV FDCT can also be used as a follow-up tool for stent-implanted arteries. The 
use of intracranial stent placement for atherosclerotic stenosis has been increasingly 
reported [ 27 ,  28 ]. Intracranial stents require low-profi le system and adequate radial 
strength with high fl exibility [ 18 ]. Accordingly, high spatial resolution and a lower 
susceptibility artifact of the radiologic test as well as suffi cient radiopacity of the 
stents are necessary to obtain information on the stent position and arterial wall 
clearly in the follow-up test. IV FDCT allows stent position and cross-sectional 
images within the stent with a good spatial resolution of approximately 0.1 mm. 
Spatial resolution can be infl uenced by pixel binning as well as focal spot size and 
reconstruction methods [ 10 ]. In general pixel binning, combination of a cluster of 
pixels into a single pixel can decrease spatial resolution. Kalender et al. [ 9 ] demon-
strated better spatial resolution of the IV FDCT compared to multi-slice spiral CT 
(MSCT) by comparing modulation transfer time (MTF) and visual estimate of bar 
pattern phantom according to different pixel binning [ 18 ]. Ebrahimi et al. [ 5 ] inves-
tigated stent conformity in curved vascular models among studies of IV FDCT, 
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DSA, and digital radiography. In their study, IV FDCT provided more clear visual-
ization of stent deployment and adverse stent mechanics such as increased cell 
opening and strut prolapse than digital radiography or DSA (Fig.  2 ). Nevertheless, 
IV FDCT can offer increased noise level and decreased low-contrast resolution than 
MSCT. Kalender et al. [ 9 ] showed the different ability to detect low-contrast details 
according to noise and dose. Reconstructed images from high spatial resolution can 
make images with high noise, which can decrease low-contrast detectability. When 
increasing dose, improvement of noise level and low-contrast detectability can be 
observed. Accordingly, technical advances in enhancing low-contrast resolution are 
necessary in IV FDCT.  

 Consensus over a contrast protocol in stent implantation in human intracranial 
arteries remains undetermined. Patel et al. [ 3 ] optimized a contrast protocol in stent- 
implanted swine model. The protocol was as follows: (1) 20 % of iodinated contrast 
(iopamidol 51 %, Isovue; 250 mg/mL iodine concentration) in normal saline; (2) 2-s 
time delay; and (3) velocity of 3.0 mL/s for 23 s at the common carotid artery in the 
anterior circulation or 2.0 mL/s for 23 s at the vertebral artery in the posterior circu-
lation. Nevertheless, optimal contrast attenuation in stented arterial segment in 
human has not been clearly established.  

    An Estimate of Cerebral Perfusion by IV FDCT 

 Beyond identifi cation of anatomical information on the intracranial stenosis, 
identifi cation of brain perfusion abnormalities is also important to select revas-
cularization methods. Recently, the feasibility of IV FDCT in measuring cerebral 
blood volume (CBV) or cerebral blood fl ow (CBF) has been studied. Struffert 

  Fig. 2    Comparison of stent conformity in curved vascular models among IV FDCT and digital 
radiography (DR) in an in vitro study. Although the proximal and distal marker of the stent ( a , 
 arrows ), Neuroform 2, is well visualized by DR images, stent cells and struts are poorly described. 
IV FDCT MIP image shows clear depiction of the stent architecture such as struts and connectors 
( arrows ). Cross-sectional image ( yellow-dotted line ) can provide the protrusion of the stent through 
a hole ( dotted blue circle ) ( b ) In simulated cases over an 8-mm hole ( dotted blue circle ), fl attering 
of the Enterprise stent as an increase in bending is clearly shown ( c – e )       
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et al. [ 4 ] compared CBV lesion between IV FDCT and MSCT in patients with 
acute MCA occlusions. Because FDCT CBV map can be calculated only under 
the steady-state condition of contrast medium in the brain parenchyma, “bolus 
watching” method was used during the acquisition [ 4 ,  29 ]. A high correlation 
between abnormal CBV lesion on IV FDCT and stroke volume on follow-up 
MSCT was observed in the oligemic areas in the initial image (Fig.  3a–c ). In 
addition, IV FDCT and perfusion CT showed comparable absolute CBV. Royalty 
et al. [ 30 ] compared IV FDCT and perfusion CT in measuring CBV and CBF in 
canine stroke model. The perfusion acquisition protocol of IV FDCT which was 
used was as follows: (1) seven 200° rotations over 2.8 s with a 1.5-s pause 
between rotations; (2) 133 projections at about 60 projections per second during 
rotation; (3) 70 kVp and 1.2 μGy/frame dose level in each projection; and (4) 
mainly 5-s X-ray time delay [ 30 ]. High levels of interobserver agreement for 
detecting ischemic lesion and perfusion mismatch between CBV and CBF in IV 
FDCT were observed. Nevertheless, technical limitations of IV FDCT include 
lower temporal resolution than conventional perfusion CT and low-contrast 
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  Fig. 3    Cerebral perfusion imaging by IV FDCT. A high correlation between abnormal CBV lesion 
on IV FDCT and stroke volume on follow-up multisection CT (MSCT) was observed in the olige-
mic areas ( a – c ). Overestimation of the CBV and CBF by IV FDCT is observed due to the differ-
ence in arterial input function (AIF) measurement compared with that in perfusion CT ( d  and  e )       
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resolution. The lower temporal resolution of the IV FDCT attributes to the 
broader time attenuation curve with lower peak, in particular voxels that are 
arteries. Accordingly, overestimated CBV and CBF can be achieved (Fig.  3d, e ) 
[ 30 ]. The lower temporal resolution could be improved by increasing rotation 
speed of C-arm or a steady state of contrast enhancement within the brain paren-
chyma [ 30 ,  31 ]. A protocol for the fastest commercial C-arm rotation is over 6 s 
of a temporal sampling rate [ 30 ]. Although Royalty et al. [ 30 ] showed an 
increased temporal sampling rate of 4.3 s, consistent overestimation of the CBV 
and CBF still remains. Accordingly, further study on the temporal sampling rate- 
lowering algorithm is necessary to obtain perfusion parameters which are com-
patible perfusion CT. A steady state of contrast enhancement can be obtained by 
increase in duration of contrast injection [ 31 ]. However, optimal contrast dose 
and injection route have not been well established in IV FDCT. In addition, con-
sensus on the X-ray time delay remains undetermined. As a result, future work 
on the optimal value of contrast dose, injection route, and X-ray time delay 
should be studied together.   

    Cerebral Aneurysm 

 IV FDCT has not been routinely used for the diagnosis of aneurysm in clinical 
circumstances. However, studies about the effi cacy of IV FDCT for following 
secured aneurysm have been carried out. Psychogios et al. [ 32 ] reported that larger 
clip size, multiple clips, and clip direction were associated with image degrada-
tion obtained by IV FDCT. In particular, long axis of clip which was placed paral-
lel or perpendicular to the rotational axis can cause insuffi cient images for 
interpretation. Because 30 % of the images were unsuitable for interpretation, 
they did not recommend IV FDCT as a routine test for following post-clipped 
aneurysm such as parent artery patency and the presence of residual neck. 
Regarding evaluation of aneurysm after endovascular treatment, IV FDCT cannot 
routinely replace the role of DSA in detecting residual neck [ 6 ]. Large coil mass 
also causes an amorphous signal within the coil mass; accurate detection of resid-
ual fi lling could not be accomplished by IV FDCT [ 6 ]. Although they reported that 
IV FDCT allows slight superiority in depicting aneurysms after stent remodeling 
in comparison to time-of-fl ight MRA [ 6 ], its superiority can be limited in aneu-
rysms over 10 mm in diameter due to beam-hardening artifacts of the stent [ 33 ]. 
Nevertheless, the feasibility of IV FDCT in detecting vasospasm remains undeter-
mined. Images of IV FDCT which are reconstructed in various directions could 
allow the information on the presence of vasospasm and its severity in a single 
acquisition (Fig.  4 ). Accordingly, study about the usefulness of IV FDCT in estimat-
ing vasospasm is needed further.   
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    Limitations 

 The major limitations of IV FDCT include radiation dose and metal artifact and 
motion artifact. Patel el al. [ 3 ] obtained images of IV FDCT with a radiation dose of 
49 mGy. Bai et al. [ 35 ] reported that IV FDCT generates images with lesser effective 
radiation dose of 1.18 mSv than multi-slice CT of 1.89 mSv. Prell et al. [ 36 ] proposed 
metal artifact reduction methods. They showed that combination procedures of initial 
correction of 3D linear interpolation and subsequent attenuation- normalization meth-
ods using a multilevel segmentation provided metal artifact-reduced images. Motion 
artifact also can develop in patients with poor compliance. Because motion artifact 
can increase with scanning time, methods to increase rotation speed and decrease 
angular sampling are required to reduce motion artifact. Other limitations of the IV 
FDCT are cone beam artifacts due to wide cone angle, fi led-of-view truncation, 

  Fig. 4    IV FDCT for the assessment of vasospasm after aneurysm clipping. A 22-year-old male 
was transferred for subarachnoid hemorrhage. Initial DSA and IV FDCT reveal aneurysmal dilata-
tion ( arrow ) of the anterior communicating (A-com) artery ( a  and  b ). On the 5 days after opera-
tion, confused mentality with increased transcranial Doppler velocity was observed. DSA shows 
no signifi cant luminal narrowing of the vessels compared with those of initial images of DSA ( c ). 
Selective coronal and sagittal IV FDCT MIP images demonstrate no signifi cant vasospasm which 
is consistent with DSA ( d – f ) [ 34 ]       
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streaking artifacts due to angular undersampling in projection image, and ineffi cient 
scatter artifact reduction. Accordingly, technical advances to decrease such limita-
tions are necessary further.  

    Conclusions 

 IV FDCT angiography is a feasible method for depicting intracranial arteries with 
DSA as the reference value. Surely, we do not aim here to advocate superiority of 
IV FDCT than conventional CT as a routine diagnostic test. IV FDCT can provide 
information on the stenosis nature such as stenosis severity, occlusion level, clot 
length, and collateral vessels in the single acquisition. In addition, prompt endovas-
cular treatment and real-time monitoring of the complications during the peri-pro-
cedural period can be done, which would be especially benefi cial for patients with 
acute ischemic stroke. IV FDCT also allows clear depiction of the stented arteries 
than conventional CT due to its high spatial resolution. However, absence of the 
comparative analyses for measuring intracranial stenosis with other tests such as 
CTA and MRA can be a limitation. Technical advances also should be achieved 
further to reduce overestimation of perfusion parameters, beam-hardening effect, 
and metal and motion artifact to generate high-quality images.     
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      Basic Principles of Magnetic Resonance 
Imaging 

              Martin     J.     Graves        and     Chengcheng     Zhu     

             Introduction  

 Magnetic resonance imaging (MRI) is a non-invasive method of mapping structure 
and various aspects of function within the body. It uses non-ionising electromag-
netic radiation and is without known exposure-related hazard. It employs alternat-
ing magnetic fi elds in the radiofrequency (RF) part of the electromagnetic spectrum 
together with carefully controlled magnetic fi eld gradients in order to produce high 
quality cross-sectional images of the body in any plane. It is primarily used to por-
tray the distribution of hydrogen nuclei and parameters relating to their physical 
surroundings in water and lipids. MRI has advanced dramatically over the last 40 
years, from showing great potential to being the primary investigation for many 
clinical conditions. 

 The phenomenon of “nuclear induction”, later to be termed Nuclear Magnetic 
Resonance, was described separately but almost simultaneously in 1946 by Purcell 
[ 1 ] working at Harvard and Bloch [ 2 ] at Stanford. Following its discovery NMR 
was, and continues to be, used extensively for studying the properties of matter at 
the molecular level using the technique of NMR spectroscopy. 

 NMR imaging was not developed until 1973 when Paul Lauterbur [ 3 ] demon-
strated a method of spatial localisation by applying a linearly varying magnetic fi eld 
across an inanimate object. Human in vivo images were fi rst published in the late 
1970s by Mansfi eld and Maudsley [ 4 ], Damadian et al. [ 5 ] and Hinshaw et al. [ 6 ]. 
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In applications to medicine, the term “nuclear” has been dropped leaving it as 
Magnetic Resonance or MR imaging. 

 Magnetic resonance is a phenomenon whereby the nuclei of certain atoms, when 
placed in a magnetic fi eld, absorb and emit energy at a specifi c radiofrequency (RF). 
Nuclei suitable for MRI are those that have an odd number of protons and/or neu-
trons, which means they have an overall nuclear charge. They also exhibit the prop-
erty of nuclear spin. The combination of charge and spin causes these nuclei to 
exhibit a magnetic moment, i.e. we can think of them as behaving like microscopic 
bar magnets. Almost all clinical MR images are produced using the simplest of all 
nuclei, that of hydrogen, which comprises a single proton. Hydrogen is present in 
virtually all biological material and exhibits relatively high MR sensitivity.  

    Nuclear Magnetisation 

 If we place a subject into a strong uniform static magnetic  fi eld  ( B  0 ) we can consider 
that the magnetic moments of all the protons experience a force tending to line them 
up either with the direction of  B  0 , similar to the way a compass needle aligns along 
the direction of magnetic north, or in the opposite direction, equivalent to a compass 
needle pointing south. Due to their intrinsic thermal energy, there are a slightly 
greater number of protons that align “north” compared to “south”. In the human 
body there are a huge number of protons and even in a single imaging voxel this 
difference, known as the nuclear polarisation, comprises hundreds of trillions of 
protons all of which act together to form what is known as a net, or bulk, magnetisa-
tion which is aligned along the “north” direction. In MRI we usually denote the 
“north” direction as the longitudinal  z -direction. 

 This net magnetisation also exhibits the phenomenon of precession, i.e. the vec-
tor can be considered to rotate about the  B  0  direction. The magnetisation precesses 
at a fi xed frequency defi ned as the product of the gyromagnetic constant and the 
static magnetic fi eld strength. For protons the gyromagnetic constant is 42.57 
MHz/T, so that at a typical clinical MRI system fi eld strength of 1.5 T, the preces-
sional frequency, often known as the Larmor frequency, is 63.85 MHz, which is in 
the radiofrequency (RF) range of the electromagnetic spectrum. Since the net mag-
netisation is aligned along the same direction as  B  0  it is necessary to rotate the 
magnetisation away from this  z -direction into the transverse ( x – y ) plane. This rota-
tion can be achieved by the application of an external magnetic fi eld at 90° to the 
 z -direction that is also alternating at the Larmor frequency. An RF magnetic fi eld is 
created by an alternating current circulating through a transmitter “coil” of wire sur-
rounding the body. This requirement for the external magnetic fi eld to rotate at the 
same frequency as the natural precessional frequency of the net magnetisation 
explains the “resonance” part of nuclear magnetic resonance, i.e. the net magnetisa-
tion can only be rotated by an external magnetic fi eld that is resonant with the natu-
ral frequency. 

 The net magnetisation will rotate whilst the external magnetic fi eld is applied, so 
only relatively short “pulses” of RF magnetisation are required to rotate the net 
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magnetisation. In MRI we typically talk about 90° excitation pulses that rotate 
the longitudinal magnetisation from the  z -direction into the transverse plane and 
180° pulses that can either invert the magnetisation, or rotate any existing transverse 
magnetisation by 180° within the plane.  

    Relaxation 

 Immediately following the application of the excitation RF pulse, the net magneti-
sation, which is now in the transverse plane, rotates about the  z -direction. This pre-
cessing magnetisation can induce a voltage and hence a current in a receiver “coil”. 
The receiver coil maybe the same as the transmitter coil but is usually a separate, 
anatomically closely fi tting, coil or array of coils. Over a timescale of milliseconds 
the individual nuclei that make up this net magnetisation, start to dephase with 
respect to each other. This dephasing is caused by the magnetic moments of indi-
vidual nuclei (spin-spin interactions) affecting the local Larmor frequency as well 
as the fact that the static magnetic fi eld is not perfectly uniform. This non- uniformity 
is caused by both engineering limitations in the magnet itself as well as differences 
in the magnetic behaviour of tissues. The effect of this dephasing is that the net 
magnetisation decays, or more correctly relaxes, which can be detected as a decreas-
ing voltage in the receiver coil. This relaxation of the transverse magnetisation can 
be considered, to a fi rst order, as an exponential with a time constant known as  T  2  * . 
It is possible to eliminate the effects of the static and tissue-induced magnetic fi eld 
non-uniformities to leave only the decay due to spin–spin interactions. This is 
achieved by applying a second RF pulse after a period of dephasing  τ . This pulse 
duration and amplitude is such that it has the effect of rotating the magnetisation 
180° in the transverse plane. This effectively reverses the dephasing causing the 
individual nuclei to rephase. After a further time period  τ  the nuclei come back into 
phase, forming what is known as a “spin-echo” signal (Fig.  1 ). This echo forms a 
period 2 τ , known as the echo time (TE), after the initial excitation pulse. The appli-
cation of this 180° refocusing pulse will eliminate the dephasing caused by the static 
and tissue-induced magnetic fi eld non-uniformities but cannot eliminate the desir-
able, in terms of image contrast,  T2-induced  spin–spin dephasing. Since different 
tissues exhibit different spin–spin interactions, differential  T  2  relaxation is an impor-
tant contrast mechanism in MRI.

   The effect of the RF pulse is to increase the energy of the spin system and once 
the pulse has been switched off the magnetisation returns to thermal equilibrium, 
i.e. it realigns along the  z -direction. Whilst  T  2  relaxation does not involve any energy 
loss, only dephasing of the individual spins, in order to return to thermal equilib-
rium the spin system needs to give up its energy to the surrounding macromolecular 
environment, often referred to as the lattice. This energy loss results in an  exponential 
recovery of the magnetisation along the  z -direction. This process is known as longi-
tudinal relaxation and is exponential with a time constant  of   T  1 . Again since differ-
ent tissues interact with the lattice differently, differential  T  1  relaxation is an 
additional MRI contrast mechanism. Since it is only possible to detect signal in the 
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transverse plane,  T  1  contrast is achieved by altering the period between subsequent 
excitation pulses, known as the repetition time (TR). The TR affects how much 
longitudinal relaxation occurs, so that the subsequent excitation pulse will rotate the 
differentially recovered magnetisation into the transverse plane. If the TE is kept 
short then the signal that is detected will largely represent the  T  1  relaxation and not 
any subsequent  T  2  transverse relaxation. The diffi culty in completely eliminating  T  2  
relaxation from  T  1  images (which would require TE to be zero), or  T  1  relaxation 
from  T  2  images (which would require TR to be infi nite), results in the images gener-
ally being referred to as either  T  1 - or  T  2 -weighted. The use of a very short TE with a 
very long TR can minimise both  T  2  and  T  1  effects respectively resulting in proton- 
density weighted images. Figure   2   shows how the  transverse  ( M   xy  ) decays as a func-
tion of TE and the  longitudinal  ( M   z  ) magnetisation recovers as a function of TR for 
the three main contrast weightings. Example images from a patient with a large lipid 
core containing plaque are shown to demonstrate the multiple contrast weightings.

  Fig. 1    Spin echo pulse sequence.  RF  radiofrequency,  SS  slice selection,  PE  phase encoding,  FE  
frequency encoding,  TE  echo time,  TR  repetition time       
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       Spatial Localisation 

 The wavelength of the RF in the body at 1.5 T is typically around 50 cm and is there-
fore on a scale of the object being imaged, unlike for example X-rays. It is necessary 
therefore to use a spectroscopic technique in order to achieve an acceptable spatial 
resolution. In MRI magnetic fi eld gradients are used to spatially encode the NMR 
signal, followed by an appropriate mathematical process to reconstruct the images. 
The magnetic fi eld gradients are created by additional coils of wire inside the MRI 
magnet. These gradient coils create a linear variation in magnetic fi eld with position 
inside the magnet. These gradient fi elds are superimposed upon the static magnetic 
fi eld causing a linear variation in Larmor frequency with position. Spatial localisa-
tion of the MRI signal requires the application of three orthogonal gradient fi elds 

  Fig. 2    Proton density (PD),  T  2  and  T  1  weighted contrast for two different tissue types with exam-
ple carotid images from a patient with a plaque comprising a large lipid core and fi brous 
cap  (arrows) .  TE  echo time,  TR  repetition time.  M   xy   transverse magnetisation,  M   z   longitudinal 
magnetisation       
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that are applied, together with the RF pulses at different time points. The combina-
tion of RF and gradient pulses are known as a pulse sequence which fulfi ls the dual 
requirement of rotating the magnetisation, via the RF pulses, to achieve the desired 
contrast whilst effectively changing the precessional frequency, via the gradient 
pulses, to achieve spatial localisation of the signal. 

 In a standard MRI pulse sequence there are three basic steps in spatial localisa-
tion; slice selection, phase encoding and frequency encoding. Slice selection 
requires that the RF pulses be applied simultaneously with a gradient pulse in one 
of the three orthogonal directions in order to rotate a thin section of magnetisation 
by the desired angle. This slice-selection (SS) gradient pulse causes the magnetisa-
tion to precess at a positionally dependent frequency in the slice selection direction. 
The application of an RF pulse at a frequency that matches the precessional fre-
quency at the desired slice location will result in the magnetisation in that location 
being excited, i.e. rotated. In practice the RF pulse actually excites a small range of 
precessional frequencies centred about this location so that a desired thickness, e.g. 
5 mm, of magnetisation will be excited. The SS gradient is applied for the same 
duration as the RF pulse in order to rotate the magnetisation by the desired angle, 
typically 90° in order to create a detectable signal into the transverse plane as 
described above. Once this “slice” of magnetisation has been rotated into the trans-
verse plane it is necessary to spatially encode the signal within the slice plane using 
a two-step process. Firstly a phase-encoding (PE) gradient pulse is applied in one of 
the two in-plane directions. Similar to slice selection this PE gradient pulse causes 
the magnetisation to precess at a positionally dependent frequency along the PE 
direction. When the gradient pulse is switched off the spins return to the nominal 
frequency but retain a relative phase shift with respect to each other. This phase shift 
constitutes a “pseudo-frequency” along the PE direction. Finally the frequency 
encoding (FE) gradient is applied along the other in-plane direction. The timing of 
this gradient pulse is such that it is centred about the time when the echo signal is 
formed, i.e. TE. The frequency encoding gradient also induces a positionally depen-
dent frequency along the FE direction. The echo signal is digitised in the presence 
of this gradient and stored in the memory of the reconstruction computer. 

 The whole pulse sequence is then repeated every TR period. However, with each 
repetition the amplitude of the PE gradient is changed, so that a different “pseudo- 
frequency” is induced in the transverse magnetisation prior to the frequency encod-
ing process. Each digitised echo signal, with its own PE gradient-induced phase 
shift is stored in computer memory. Typically the PE gradient will be applied 256 
times in a standard MRI acquisition and each echo will comprise 256 samples. This 
will result in a two-dimensional (2D) raw data matrix of 256 × 256 samples. Since 
the spatial information in the images is encoded in the raw data as frequencies the 
image can be reconstructed by application of an inverse 2D Fourier transformation 
to the raw data. This method of image acquisition is termed “spin-warp” and was 
originally developed at the University of Aberdeen by Edelstein and co-workers [ 7 ]. 

 Depending upon the choice of TE and TR the reconstructed images will be 
proton- density,  T  2  or  T  1  weighted. The spatial resolution in the PE direction will 
be determined by the number of different PE gradient amplitudes applied and the 

M.J. Graves and C. Zhu



159

operator chosen fi eld-of-view that controls the maximum PE gradient amplitude. 
Since in a basic pulse sequence only one PE gradient is applied per TR the product 
of the TR and the number of PE steps equals the minimum scan time, e.g. a TR of 
3,000 ms multiplied by 256 gradient steps will result in a minimum acquisition 
time of 12 min and 48 s. The spatial resolution in the FE direction is determined by 
the number of samples in each echo and the operator chosen fi eld-of-view that 
controls the FE gradient amplitude.  

    MRI Hardware 

 An MRI system comprises four main components. The fi rst is an appropriate mag-
net to generate the strong static magnetic fi eld ( B  0 ), which is required to induce the 
nuclear polarisation. The second is a radiofrequency (RF) system that generates the 
required alternating magnetic fi eld ( B  1 ), at the Larmor frequency and also detects 
the weak MR signal being returned from the patient. The third component is the 
gradient system that generates the required linear magnetic fi eld variations that are 
superimposed upon  B  0  and are used to spatially encode the MR signal. The gradient 
and whole-body RF coils are concentrically positioned inside the bore of the mag-
net. Figure  3  shows a schematic cross section through a superconducting MRI sys-
tem. Finally the fourth component consists of a number of computers that are used 
to provide the user interface, generate the digital representations of the RF and 
gradient pulses, and also perform the mathematical operations, e.g. Fourier transfor-
mation, required to reconstruct an image from the digitised signals returned from 
the patient.

  Fig. 3    Cross section through 
a superconducting MRI 
system. The fi gures shows (1) 
the main magnet windings 
that generate the static 
magnetic fi eld, (2) the 
gradient coils that generate 
the linear magnetic fi eld 
variations required for spatial 
localisation and (3) the 
radiofrequency (RF) body 
coil used for transmission of 
the RF pulses       
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      Magnets 

 The requirements for the static fi eld are that it should be reasonably strong, stable 
and uniform. Magnetic fi eld strength or, more accurately, “magnetic fl ux density”, 
is measured in the SI derived unit of tesla (symbol T). Whilst it is certainly true that 
bigger is not necessarily better, there is an approximately linear increase in signal-
to- noise ratio (SNR) with increasing fi eld strength. Over the last 30 years of MRI 
various technologies and designs have been used to create magnets of an appropri-
ate confi guration that a human body can be placed inside. These designs have vari-
ous trade-offs in terms of fi eld strength as well as stability, uniformity and patient 
acceptance. It was not until the development of superconducting magnet technology 
that higher fi eld strengths could be achieved. Typical clinical superconducting MRI 
systems are available at 1.0 T, 1.5 T and 3.0 T, having Larmor frequencies of 42, 64 
and 128 MHz, respectively. Most vendors have also developed 7.0 T whole body 
systems for research purposes, with even higher fi eld strengths, e.g. 11.7 T being 
custom-developed. Superconducting magnets generate their magnetic fi eld by cir-
culating an electric current through solenoidal coils of niobium-titanium (NbTi) 
fi laments embedded in a copper matrix. At temperatures below approximately 10 K 
NbTi becomes superconducting, which means it has zero electrical resistance and 
current will circulate indefi nitely without an external power supply. Practically, a 
superconducting MRI magnet comprises a steel cryostat with the superconducting 
coils immersed in liquid helium at 4.2 K (−269 °C or −452 °F). Whilst iron-cored or 
permanent magnet designs can have a C or H-shape and may therefore appear more 
patient friendly, superconducting MRI system cryostats are most commonly shaped 
like a cylindrical tube with the patient placed inside the central bore. In addition to 
the patient, the gradient and the RF body coil are also positioned inside the bore, 
although hidden from the patient behind fi bre-glass covers. Although the diameter 
of the cryostat bore is approximately 100 cm, once these additional coils are installed 
the patient accessible bore is reduced to approximately 60 cm. However, in response 
to demands for improved patient acceptance as well as an increasingly bariatric 
population, manufacturers have introduced systems to allow 70 cm or greater patient 
apertures as well as reducing overall magnet lengths. 

 Whilst a strong, but not necessarily very uniform,  B  0  is required to achieve a 
good nuclear polarisation, an extremely high uniformity is required to perform spa-
tial localisation. The uniformity of  B  0  is usually defi ned as the variation of the fi eld 
within a spherical volume of a given diameter which, for a 1.5 T magnet would typi-
cally be less than 1 part per million (ppm) over a 40 cm diameter spherical volume. 
Further improvements can be achieved over smaller volumes by a process known as 
“shimming”, which is often automatically performed by the system for each body 
part imaged. In addition the fi eld must be temporally very stable, with a typical 
superconducting magnet having a stability of better than 0.1 ppm/h. 

 Whilst the signal-to-noise ratio increases with fi eld strength, often allowing 
higher spatial resolution, higher magnetic fi elds, e.g. 3 T and above, also bring addi-
tional challenges. These include: a lengthening in  T  1  relaxation times resulting in 
poorer  T  1 -weighted image contrast; increased magnetic susceptibility-gradient 
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effects that can cause signal dropout and localised geometric non-linearity; increased 
artefacts associated with involuntary motion, physiological fl ow and variation in the 
uniformity of RF excitation. 

 Magnets also have an associated fringe-fi eld that needs to be considered when 
siting the system. Most superconducting magnets are now actively shielded which 
means they have a separate set of superconducting coils inside the cryostat posi-
tioned outside the main magnet coils, in which the current fl ows in the opposite 
direction, reducing the magnitude and effect of the external magnetic fi eld on the 
surrounding environment. However, due to siting space limitations, occasionally 
additional passive magnetic shielding in the scan room wall(s) may be required. 

 In addition all MR systems must be situated within a six-sided RF-shielded 
examination room with conductive metal lining, usually made of copper or alu-
minium through which external RF electromagnetic interference will not pass.  

    Gradients 

 Linear magnetic fi eld gradients are created by additional coils of wire which are 
positioned inside the magnet bore, adjacent to the liquid helium cryostat in a cylin-
drical superconducting system. These coils are designed to provide gradients in the 
three orthogonal physical directions  x ,  y  and  z . The effective fulcrum point of each 
of the three gradients is at the centre of the magnet bore, known as the isocentre. 
Gradient pulses are trapezoidal in shape since it takes time for the gradient fi eld to 
ramp up to the desired amplitude and then ramp down again. Gradient performance 
is defi ned by the maximum achievable amplitude of the gradient in mTm −1 ; typi-
cally in the range 30–50 mTm −1  and the time take to ramp up and down the wave-
form, known as the rise-time; typically in the range 200–1000 μs. Higher gradient 
amplitudes allow the system to achieve thinner slices or smaller fi elds-of-view, 
whilst shorter rise-times allow shorter TEs, echo-spacings or repetition times. 
Depending upon the desired imaging plane the required logical gradient pulses: 
slice-selection, phase and frequency encoding, are played out on the appropriate 
physical  x ,  y  and  z  gradients, with a mixed combination for oblique imaging. 

 Gradient switching is accountable for the characteristic knocking noise heard 
during MRI. As the coils lie within strong static magnetic fi elds and currents in the 
coils are pulsed, the coil windings experience a Lorenz force which causes fl exion, 
albeit of very small amplitude, of the gradient coils resulting in acoustic noise. The 
gradient switching also induces currents in the magnet cryostat, known as eddy cur-
rents. These currents decay with time but also cause their own magnetic fi elds, 
which can cause image artefacts. Gradient coils are themselves actively shielded by 
a second set of outer coils to minimise the induction of unwanted eddy currents. 

 Gradient coils require high currents and voltages in order to produce fi eld varia-
tions over the size of the human body. Hence amplifi ers are needed to convert the 
digital waveforms into gradient pulses. Most of this power is dissipated as heat and 
the gradient coils and often the amplifi ers require water-cooling.  
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    Radiofrequency 

 The RF transmitter creates shaped pulses, centred at the Larmor frequency, which 
can be used to tip the net magnetisation. The RF pulse waveform is amplifi ed and 
applied to the transmitter coil. Most commonly this is a large diameter coil, known 
as the body coil, which is located just inside the gradient coil assembly. Whilst the 
MR signal received back from the patient can be detected by the body coil, its large 
size means that the SNR would be relatively poor. In order to maximise SNR, a 
separate receiver coil is often positioned closely to the anatomy of interest, hence 
the large number of anatomically optimised receiver coils available (e.g. head, 
spine, shoulder and knee). In recent years most receiver coils have been constructed 
from arrays of smaller coil elements. The idea is that smaller coils have a better 
SNR but a limited fi eld-of view (FOV). Careful combination of multiple coils in a 
matrix confi guration gains the advantage of small coil SNR but with a larger 
FOV. The signal from each individual coil element is amplifi ed and then digitised in 
preparation for reconstruction. To minimise noise induced in the receiver chain, 
detected signal digitisation occurs in close proximity to the RF receiver coil(s). 
Although the signal is centred on the Larmor frequency the MRI encoding process 
only involves a small range of frequencies typically in the range ±16 to ±250 kHz, 
known as the readout bandwidth. Part of the receiver processing is to extract this 
small readout bandwidth before passing the digitised signals from each coil to the 
reconstruction hardware. Figure  4  shows a dedicated four element receiver coil for 
high resolution imaging of the carotid arteries.

  Fig. 4    A dedicated 
four-element receiver coil for 
bilateral high resolution 
imaging of the carotid 
arteries. The images in Figs. 
 7 ,  8  and  9  were acquired 
using this coil       
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   A complication of higher fi eld MR systems is that the power required to achieve 
a given fl ip angle is proportional to the square of the frequency. For example a 180° 
pulse at 3 T requires four times the power than at 1.5 T. With RF power deposition 
restricted for safety reasons it may be necessary to use fewer RF pulses or longer 
TRs at 3 T. A further issue at high  B  0  is that the wavelength of the RF pulses starts 
to become comparable with the size of the patient. These effects become more 
 problematic with increasing bore diameter and now most 70 cm 3.0 T systems 
employ dual channel transmit systems that attempt to mitigate this effect.  

    Computers 

 MRI systems utilise a number of computers to control the various sub-systems. The 
operators console computer (often termed the “host”) manages the graphical user 
interface (GUI) and converts the desired MR parameters, e.g. pulse sequence, slice 
thickness, FOV and bandwidth into digital representations of the RF and gradient 
pulses needed to achieve these parameters. Separate computers then manage the 
timing of these pulses together with other inputs, e.g. ECG triggering. The recon-
struction computer takes the digitised data from the receiver coils and performs the 
necessary mathematical steps required to reconstruct the fi nal image. The recon-
structed images are then passed back to the operator’s console computer for image 
display, any further post processing and ultimately archiving to the local Picture 
Archiving and Communications System (PACS).   

    Pulse Sequences 

 The two most basic classes of MRI pulse sequence are spin echo and gradient echo. 
The spin echo sequence, as already described above (Fig.  1 ), comprises a 90° exci-
tation pulse followed a time  τ  later by a 180° refocusing pulse leading to the forma-
tion of an echo signal at a time TE = 2 τ  after the initial excitation pulse. The signal 
decay during TE is dependent upon  T  2  relaxation. The gradient echo sequence 
(Fig.  5 ) does not use a refocusing pulse; instead the echo is formed by a negative-
polarity gradient that forcibly dephases the magnetisation before the positive-polar-
ity frequency encoding gradient refocuses the echo. In this case, since the dephasing 
caused by the static and tissue-induced magnetic fi eld non-uniformities are not 
eliminated the signal decay is dependent upon  T  2  *  relaxation.

   Gradient echo sequences also generally use excitation fl ip angles less than 90° 
combined with very short TRs, thereby achieving very short acquisition times. 
Gradient echo sequences also yield a very high signal from moving magnetisation, 
such as in blood, and are routinely used for obtaining MR angiograms, these tech-
niques are commonly referred to as time-of-fl ight (TOF) methods. 

 Proton density or  T  2 -weighted spin echo sequences are quite slow due to the neces-
sity to have a long TR to allow complete recovery of the longitudinal magnetisation 
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before the next excitation pulse. These long scan times led to the development of 
Fast or Turbo Spin Echo (FSE/TSE) sequences, originally called Rapid Acquisition 
with Relaxation Enhancement (RARE) [ 8 ]. These sequences are a modifi cation of 
the standard spin echo sequence whereby multiple refocusing pulses are used to 
create multiple echo signals during the  T  2  decay (Fig.  6 ). However, each echo is 
individually phase encoded so that it can be used in the same raw data array, e.g. if 
16 refocusing pulses are used then each of the 16 echoes can be used resulting in a 
factor of 16 reduction in overall scan time. This method has had a signifi cant impact 
on reducing MRI acquisition times.

  Fig. 5    Gradient echo pulse sequence.  RF  radiofrequency,  SS  slice selection,  PE  phase encoding, 
 FE  frequency encoding,  TE  echo time,  TR  repetition time       
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   MR images are usually acquired as multiple 2D slices that encompass the anat-
omy of interest. Whilst these images have relatively good in-plane resolution they 
have relatively large section thickness, i.e. several times the in-plane resolution, in 
order to maintain an acceptable signal-to-noise ratio (SNR). It is possible to acquire 
true three-dimensional (3D) volumetric data with near isotropic spatial resolution by 
acquiring data using 3D MRI techniques. These methods involve exciting a large 
slab of tissue, as opposed to individual 2D slices, and then performing an additional 
phase-encoding in the slice selection direction. By applying a range of slice- selection 
encoding gradients in the same way as the in-plane phase encoding gradients it is 
possible to achieve a 3D array of raw data which, after 3D Fourier transformation, 
yields a set of thin contiguous slices. If the voxels are near isotropic then the images 
can be reformatted into any plane to optimally demonstrate the pathology.  

    Vessel Wall Imaging 

 The main challenge in obtaining high quality images of the vessel wall using MRI 
is to obtain a suffi ciently good SNR. The SNR in MRI is proportional to the size of 
the imaging voxel therefore high resolution images require good SNR. Due to their 

  Fig. 6    Fast Spin echo pulse sequence.  RF  radiofrequency,  SS  slice selection,  PE  phase encoding, 
 FE  frequency encoding,  TEeff  effective echo time,  ESP  echo spacing       
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relatively superfi cial location it is possible to obtain very high quality images of the 
carotid vessel wall particularly with the use of dedicated RF receiver coils that are 
positioned very closely to the subject’s neck [ 9 ]. 

 In order to achieve a relatively short imaging time, FSE sequences are routinely 
used for morphological imaging; however, the multiple refocusing pulses often 
result in variable signal intensities from blood depending upon the fl ow rate. This 
can lead to problems in separating slow fl ow effects from vessel wall pathology 
such as atheromatous plaques. Various schemes have therefore been developed to 
suppress the signal from fl owing blood without adversely affecting the tissue con-
trast in the vessel wall. These include techniques such as Double Inversion Recovery 
(DIR) [ 10 ], Motion-Sensitised-Driven-Equilibrium (MSDE) [ 11 ] and Delay 
Alternating with Nutation for Tailored Excitation (DANTE) [ 12 ] pulse sequences 
that are played out just before the imaging sequences, i.e. as preparation schemes. 
Since MRI can provide multiple contrast weightings, e.g. blood-suppressed T1w, 
PDw and T2w using FSE acquisitions and bright-blood TOF sequences it is possi-
ble to classify the various plaque constituents, e.g. lipid-rich necrotic core (LRNC), 
fi brous tissue, calcifi cation and thrombus [ 14 ]. The use of standard gadolinium- 
based MRI contrast agents can also help improve tissue differentiation, particularly 
in the identifi cation of the LRNC [ 15 ]. Clinical examples of blood suppressed 
multi-contrast images obtained in a patient with a heavily calcifi ed plaque are shown 
in Fig.  7 . Images from a patient with plaque containing a large lipid core are shown 

  Fig. 7    Multi-contrast 2D acquisition in a patient with a heavily calcifi ed plaque. The calcifi cation 
is best seen as a hypointense region on the time of-fl ight (TOF) image ( arrow )       
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  Fig. 8    Multi-contrast 2D acquisition in a patient with a plaque containing a large lipid core, best 
seen on the T1w image post contrast (T1w + C) ( arrow ), with a fi brous cap       

in Fig.  8 . Recent developments in three-dimensional (3D) acquisition techniques 
allow high quality blood-suppressed imaging of the vessel wall with near isotropic 
sub-millimetre voxel sizes [ 13 ]. A clinical example of a 3D FSE acquisition with 
0.6 mm isotropic resolution is shown in Fig.  9 .

     MRI techniques can also be used to perform functional imaging of the vessel 
wall. One approach is to perform Dynamic Contrast Enhanced (DCE)-MRI. This 
technique use repeated, i.e. dynamic, imaging of the vessel wall during the fi rst pass 
of a gadolinium-based MRI contrast agent. The gadolinium shortens the  T  1  relax-
ation time of blood and nearby tissues resulting in a signal hyper-enhancement, 
particularly during the fi rst pass of the agent. This has been used to visualise and 
quantify the uptake of contrast agent into the vasa vasorum [ 16 ]. 

 Imaging of the coronary arteries presents a number of additional challenges in 
comparison to the carotid. Firstly the vessels are much smaller and are located more 
centrally, i.e. further away from the RF receiver coil. This means that the relative 
resolution of the images is quite poor. In addition cardiac and respiratory motion 
means that sophisticated techniques are required to “gate” the acquisitions so that 
data is only acquired during relatively quiescent periods of both cardiac and respira-
tory motion. Whilst there has been good progress in recent years in obtaining coro-
nary angiograms using MRI [ 17 ], and possibly quantifying coronary artery wall 
thickness [ 18 ], currently coronary plaque classifi cation is in its infancy.     
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            Introduction 

 Carotid artery atherosclerosis has long been recognised as a major cause of cerebral 
ischaemia and infarction, with about 30 % of ischaemic strokes attributable to 
carotid artery disease [ 1 ]. Traditionally, the risk of cerebrovascular event was 
believed to be related to the luminal stenosis brought about by the atherosclerotic 
plaque [ 2 ]. This formed the basis for risk stratifi cation and decision-making on sur-
gical treatment for patients with carotid plaques, even up until today. An analysis of 
data pooled from several major randomised controlled trials, including European 
Carotid Surgery Trial (ECST), North American Symptomatic Carotid 
Endarterectomy Trial (NASCET) and Veterans’ Affairs Trial, showed that only 
patients with severe carotid stenosis, i.e. 70–99 %, were able to derive a signifi cant 
benefi t from a carotid endarterectomy operation [ 3 ]. Those with moderate stenosis 
(50–69 %) or near-occlusion only obtained a marginal benefi t from surgery [ 3 ]. In 
the asymptomatic population, current practice is informed by two major trials, the 
Asymptomatic Carotid Atherosclerosis Study (ACAS) and the Asymptomatic 
Carotid Surgery Trial (ACST). Together they demonstrated that carotid endarterec-
tomy signifi cantly reduced the risk of strokes at 5 years and 10 years in those with 
severe narrowing of the carotid arteries (≥60–70 %) [ 4 – 6 ]. 

 More recent research suggests that luminal stenosis may not be the primary con-
tributor to the development of cerebral ischaemic events. Studies from coronary 
arterial atherosclerosis found that large plaques may be able to dilate vessel walls 
without causing signifi cant narrowing of the lumen [ 7 ]. Meanwhile, many patients 
with neurological symptoms attributable to internal carotid artery atherosclerosis 
demonstrated only a moderate degree of internal carotid artery stenosis [ 8 ]. 
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 Instead, attention is now directed towards elucidating the characteristics of ath-
erosclerotic plaques. Histological analysis of plaques causing ischaemic stroke or 
transient ischaemic attacks (TIAs) revealed the different types of lesions which can 
occur on carotid plaques, which more accurately and sensitively refl ect disease pro-
gression [ 9 ,  10 ]. Certain features were regularly observed on plaques which have 
caused ischaemic events, i.e. “vulnerable plaques”; and they defi ne the criteria used 
to identify plaques at high risk for developing complications including thrombosis, 
rupture and embolisation [ 11 ,  12 ]. The major criteria for high-risk plaques include 
active infl ammation within the plaque, a thin cap with a large lipid-rich necrotic 
core, endothelial denudation with superfi cial platelet aggregation, fi ssured plaque 
and severe stenosis (>90 %), while the minor criteria include superfi cial calcifi ed 
nodules, yellow colour on angioscopy, intra-plaque haemorrhage, endothelial dys-
function and expansive remodeling [ 11 ,  12 ]. 

 However, specimens for histological studies can only be obtained during inva-
sive therapeutic procedures or post-mortem, thus limiting its usage as an investiga-
tive tool preoperatively. One way to circumvent this problem is the use of imaging 
techniques which are suffi ciently sensitive to provide information about the plaque 
characteristics. This is aided by the fact that carotid arteries lie rather superfi cially 
and are relatively immobile. The most promising candidate at the moment is mag-
netic resonance imaging (MRI) due to its many advantages over other modalities 
such as ultrasound, computed tomography (CT) or digital subtraction angiography 
(DSA). It provides images of high spatial resolution for soft tissues, is non-invasive 
and involves no ionising radiation. Various components within an atherosclerotic 
artery can be distinguished relatively more easily with MRI, as it allows the acquisi-
tion and combination of multi-contrast images. In addition, MRI appears to be capa-
ble of identifying features associated with vulnerable plaques, which correlate 
strongly with subsequent histological analysis [ 13 – 16 ]. 

 Table  1  compares the characteristics of vulnerable plaques that can be obtained 
using different imaging techniques [ 17 ]. Different MRI sequences or modalities 

   Table 1    Imaging modalities available to assess atherosclerotic carotid plaque characteristics   

 Plaque characteristic  MRI  CT  US  PET  SPECT  DSA 

 Active infl ammation  ✓  x  x  ✓  x  x 
 Thin FC with large LRNC  ✓  ✓  x  x  x  x 
 FC disruption  ✓  x  x  x  ✓  x 
 Severe stenosis  ✓  ✓  ✓  x  x  ✓ 
 Intra-plaque haemorrhage  ✓  x  x  x  x  x 
 Expansive remodelling  ✓  x  ✓  x  x  x 
 Superfi cial calcifi ed nodules  ✓  ✓  x  x  x  x 
 Yellow colouring on angioscopy  x  x  x  x  x  x 
 Endothelial dysfunction  ✓  x  x  ✓  x  x 

   MRI  magnetic resonance imaging,  CT  computed tomography,  US  ultrasonography,  PET  positron 
emission tomography,  SPECT  single-photon emission computed tomography,  DSA  digital subtrac-
tion angiography  
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have been employed successfully to image the various characteristics of vulnerable 
plaques. A recent meta-analysis found that the presence of intra-plaque haemor-
rhage, lipid-rich necrotic core and thinning/rupture of the fi brous cap as detected 
using MRI is associated with increased risk of stroke or TIA [ 18 ]. Nevertheless, 
MRI also has its shortcomings, which may limit its wider use. It is expensive and 
requires highly trained staff. Patients with metallic implants are an absolute contra- 
indication. There is also a long image acquisition time, which can pose problems in 
imaging stroke patients with impaired neurological status.

       Fibrous Cap 

 The atherosclerotic plaque is covered by a fi brous cap, which consists of a mixture 
of endothelial cells, collagen fi bres and matrix glycoproteins overlying the lipid- 
rich core (Fig.  1 ) [ 19 ]. A thin fi brous cap has been shown to be associated with 
higher risks of plaque rupture [ 10 ,  11 ,  20 ,  21 ]. Thin or ruptured fi brous cap detected 
using carotid MRI, in turn, is correlated with ipsilateral ischaemic event [ 22 ]. Using 
a three-dimensional multiple overlapping thin-slab angiography protocol, one group 
categorised fi brous cap into (1) intact and thick, (2) intact and thin and (3) ruptured, 
and demonstrated that these fi ndings correlated closely (89 %) with histological 
assessment [ 23 ]. Multi-sequence, high-resolution MRI used to quantify fi brous cap 
and lipid core thickness also showed strong agreement with histological results, and 
the fi brous cap-to-lipid core thickness ratio was suggested as a method for charac-
terising vulnerable plaques in vivo [ 24 ]. Similarly, in vivo high-resolution contrast- 
enhanced MRI (CEMRI) was found to provide moderate-to-good measurements of 
the length and area of intact fi brous cap and lipid-rich necrotic core [ 25 ]. In a study 
of asymptomatic patients with <50 % carotid stenosis, men were shown to have a 
higher level of thin or ruptured fi brous cap and a larger percentage volume of lipid- 
rich necrotic core, as compared to women, refl ecting the higher risk of subsequent 
stroke in the former [ 26 ]. Treatment of carotid stenosis patients with an anti-platelet 
agent, cilostazol, was found to signifi cantly increase the percentage of fi brous com-
ponent in a plaque while simultaneously decreasing the percentage of lipid and 
haemorrhagic components [ 27 ]. These studies provided good evidence that MR 
imaging of atherosclerotic plaques offers a non-invasive but accurate means of 
quantifying the fi brous cap.  

 Disruption of the fi brous cap, e.g. rupture or ulceration, is often seen in histo-
pathological specimens from patients with previous TIA or stroke [ 28 ,  29 ]. This is 
mainly caused by the pulsatile force imposed by the arterial blood on the atheroscle-
rotic plaque during the cardiac cycle, which leads to fi brous cap fatigue, and subse-
quent rupture [ 30 ]. High-resolution MRI was used to identify ruptured fi brous cap, 
which was shown to be associated with recent TIA or stroke [ 16 ]. In patients who 
had suffered a stroke, the presence of a thin or ruptured fi brous cap is associated 
with higher risk of recurrence [ 31 ]. Hatsukami et al. successfully used MRI to detect 
ruptured plaques to a high degree of consistency with histological fi ndings [ 23 ]. 
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Multi-sequence cross-sectional MRI has been used to detect ulceration of carotid 
atherosclerotic plaques [ 32 ,  33 ]. This technique can be further improved by the 
addition of longitudinal black-blood MR angiography which enhances the ability to 
identify plaque ulceration [ 34 ]. Nevertheless, it must be borne in mind that the spa-
tial resolution of MRI is lower than the histological defi nition of a thin fi brous cap, 
thus limiting its ability to accurately determine the thickness of these caps [ 25 ].  

    Lipid-Rich Necrotic Core 

 The size of the lipid-rich necrotic core of an atherosclerotic plaque can also deter-
mine its vulnerability. This is believed to be due to the combined effect of hypoxia 
and necrosis in the lipid core and the accompanying neovascularisation, which 

  Fig. 1    Comparison of carotid atherosclerotic plaques with intact and ruptured fi brous caps. MRI 
TOF image of an atherosclerotic plaque with intact fi brous cap ( a ) shows a hypointense band ( red 
arrowheads ) lining most of the luminal surface except over the bulk of the plaque ( black arrow ). 
TOF image of a heavily calcifi ed plaque with ruptured fi brous cap ( c ) shows a discontinuous 
hypointense band surrounding the lumen ( arrow ). Mallory’s trichrome-stained sections of the cor-
responding plaques ( b  and  d ) show a large necrotic core with overlying intact ( b ) or ruptured ( d ) 
fi brous cap ( arrow ) (scale bar 1 mm).  Adapted from Yuan  et al.  (2002)  Circulation  105:181–185        
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promote intra-plaque haemorrhage, which itself is a contributor to the development 
of vulnerable plaque. The size of lipid-rich necrotic core and % wall volume are 
plaque characteristics associated with cerebral infarction [ 35 ]. A multicentre cross- 
sectional study using multi-contrast MRI identifi ed the maximum proportion of the 
arterial wall occupied by the lipid-rich necrotic core as the strongest predictor of 
intra-plaque haemorrhage [ 36 ]. This has potential to be used as a risk-stratifying 
strategy. Meanwhile, Young et al. performed echo-planar diffusion-weighted imag-
ing sequence along with standard MRI to generate apparent diffusion coeffi cient 
(ADC) maps for patients with confi rmed moderate-to-severe carotid artery stenosis. 
They found that quantitative ADC values correlated well with histological examina-
tion, with heavier lipid staining corresponding to low ADC values [ 37 ]. In addition, 
they also showed that DWI can be used to differentiate lipid-rich necrotic core from 
fi brous cap [ 37 ]. A recent prospective study calculated the carotid atherosclerosis 
score (CAS) based on maximal wall thickness and % lipid-rich necrotic core, and 
found a signifi cant increasing relationship with disrupted luminal surface and 
plaque progression, features characteristic of a vulnerable plaque [ 38 ]. 

 Multi-contrast MRI has also been utilised as an outcome measure for a study 
investigating the effect of lipid-lowering therapy on carotid atherosclerotic plaque 
[ 39 ]. By following up patients on atorvastatin monotherapy or in combination with 
other lipid-lowering drugs annually, the authors demonstrated that intensive lipid- 
lowering therapy signifi cantly decreased the volume and percentage of arterial wall 
occupied by lipid-rich necrotic core. This lipid-depleting effect was observed after 
1 year of treatment and preceded the regression of the plaque itself [ 39 ]. Sun et al., 
meanwhile, showed that short-term (mean 6.9 months) changes in the characteris-
tics or composition of lipid-rich necrotic core can be followed up using serial MRI 
of the carotid artery, and demonstrated that the progression of lipid-rich necrotic 
core can be affected by intra-plaque haemorrhage [ 40 ].  

    Vessel Wall Thickness 

 Arteries may also undergo expansive remodelling, whereby atherosclerotic plaques 
progress by pushing the vessel wall outwards, rather than causing narrowing of the 
lumen, making it diffi cult to be identifi ed using methods such as DSA [ 7 ]. A study 
looking at the impact of simvastatin showed that the lipid-lowering therapy signifi -
cantly decreased vessel wall thickness and vessel wall area at 12 months, 18 months 
and 24 months, as assessed by black-blood fast spin-echo MRI [ 41 ,  42 ]. However, 
further investigations revealed that this effect was not dependent on the dose of the 
simvastatin used, with both high-dose (80 mg/day) and low-dose (20 mg/day) 
patients demonstrating similar improvements in vessel wall thickness and area [ 43 ]. 
Another group compared the utility of MRI-derived plaque volume and two- 
dimensional ultrasound intima-media thickness (IMT) of the carotid plaque in 
patients on 6-month statin therapy. They found that while IMT did not detect any 
changes, measurements from MRI showed a signifi cant reduction in plaque volume, 
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highlighting the advantages of MRI over ultrasound in assessing the response to 
treatment in patients with atherosclerotic diseases [ 44 ]. 

 A recent phase 2b, multicentre clinical trial investigating the effect of dalcetrapib 
on atherosclerosis used multiple non-invasive imaging modalities, including MRI, 
CT and PET, as its primary end points looking at vessel structure and infl ammation 
[ 45 ]. MRI was used to assess vessel area, wall area, wall thickness and normalised 
wall index after 24 months of treatment. It was found that MRI-derived change in 
total vessel area was reduced in patients who were given dalcetrapib, who also did 
not show progression of carotid plaques [ 45 ]. A prospective cohort study on the 
natural history of carotid and femoral atherosclerosis also employed high-resolution 
MRI as its non-invasive tool assessing lumen area, vessel area and vessel wall area 
[ 46 ]. The authors reported a progressive decrease in lumen area accompanied by an 
increased vessel wall area, while the vessel area remained unchanged [ 46 ].  

    Intra-plaque Haemorrhage 

 The chronic infl ammatory process taking place within an atherosclerotic plaque can 
lead to neovascularisation. These newly formed vessels tend to be weak and fragile, 
and may rupture easily leading to haemorrhage into the plaque. Recurrent intra- 
plaque haemorrhage then further perpetuates the infl ammatory process, resulting in 
a vicious cycle. The ability of MRI to detect intra-plaque haemorrhage depends on 
the degradation of haemorrhage into hemosiderin and ferritin, two major iron- 
storing proteins in the bloodstream. Haemorrhage appears as a high signal on 
T1-weighted sequences and low signal on T2-weighted sequences. 

 The prevalence of intra-plaque haemorrhage as identifi ed by MRI of the carotid 
artery was signifi cantly higher in symptomatic, compared to asymptomatic, patients 
[ 47 ]. MRI-defi ned intra-plaque haemorrhage is a strong independent predictor of 
recurrent ischaemic events and strokes in symptomatic patients with signifi cant 
carotid stenosis (>50 %) [ 48 ]. Atherosclerotic plaques undergo a signifi cantly 
higher progression rate following the development of intra-plaque haemorrhage, 
suggesting that early identifi cation of intra-plaque haemorrhage may be clinically 
useful in ensuring optimal management of patients [ 49 ]. Following a stroke, patients 
with MRI-detected intra-plaque haemorrhage have a higher risk of suffering from a 
recurrence [ 31 ]. Using magnetisation transfer (MT) magnetic resonance (MR) to 
calculate the magnetisation transfer ratio (MTR), Qiao et al. were able to distin-
guish low-protein areas from high-protein areas within a plaque, which has different 
MTRs. Furthermore, they showed that old and recent intra-plaque haemorrhages 
displayed higher MTR compared to fresh haemorrhage, providing a novel avenue 
for detecting these vulnerable plaques [ 50 ]. The location of haemorrhage can also 
be identifi ed more precisely with a high-resolution MRI, in distinguishing intra- 
plaque haemorrhage from juxtaluminal haemorrhage [ 51 ]. As mentioned earlier, 
treatment with an anti-platelet agent cilostazol signifi cantly reduced the percent 
area occupied by the haemorrhagic component within a carotid atherosclerotic 
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plaque [ 27 ]. In patients with severe carotid stenosis (>50 %) who are also symptom-
atic, MRI-detected plaque haemorrhage occurs less frequently in females compared 
to males [ 52 ]. 

 Improvements in MRI technology also helped to promote the feasibility of iden-
tifying intra-plaque haemorrhage. Magnetisation-prepared rapid acquisition 
gradient- echo (RAGE) was shown to be highly sensitive and specifi c in detecting 
intra-plaque haemorrhage, with a high signal-to-noise ratio [ 53 ]. One group devel-
oped a novel slab-selective phase-sensitive inversion-recovery (SPI) technique 
which demonstrated a superior ability to detect intra-plaque haemorrhage, with sig-
nifi cantly improved intra-plaque haemorrhage-wall contrast-to-noise ratio and 
blood suppression effi ciency compared to traditional methods [ 54 ].  

    Infl ammation 

 Atherosclerosis is essentially a chronic infl ammatory process affecting the tunica 
intima of the arteries [ 55 ]. There is an infl ux of infl ammatory cells including mac-
rophages, neutrophils, T lymphocytes and B lymphocytes into the intima, along 
with the production and release of a variety of pro-infl ammatory factors [ 55 ,  56 ]. 
This, coupled with the associated neovascularisation, is implicated in the develop-
ment of vulnerable plaques. Therapies targeting the infl ammatory process are also 
beginning to be used in the treatment of atherosclerosis. 

 The accumulation of activated macrophages indicates areas of active infl amma-
tion. MRI can be utilised to identify these areas, which in turn may suggest increased 
vulnerability of an atherosclerotic plaque [ 57 ,  58 ]. One technique that has been used 
is ultra-small superparamagnetic iron oxide (USPIO)-enhanced MRI, in which the 
USPIO acts as a non-gadolinium-based contrast agent that is selectively taken up by 
activated macrophages in areas of infl ammation. Accumulation of USPIO in mac-
rophages was clearly detected in almost all (10/11) of the patients in one in vivo 
study, which correlated with ruptured or rupture-prone atherosclerotic plaques [ 59 ]. 
Trivedi et al. subsequently characterised the time frame of USPIO-enhanced MRI 
signal, demonstrating that the optimal window for detection was 24–36 h post- 
infusion of contrast (Fig.  2 ) [ 60 ]. USPIO-enhanced MRI of the carotid artery has 
also been tested as an outcome measure for the effect of lipid-lowering agents on 
atherosclerotic plaques in a clinical trial (ATHEROMA). The authors showed that 
treating patients with known carotid plaques with high-dose (80 mg/day) atorvas-
tatin signifi cantly reduced USPIO-defi ned infl ammation, from as early as 6 weeks 
after starting treatment [ 61 ]. This highlights the potential of USPIO-enhanced MRI 
as a novel imaging modality in assessing plaque vulnerability and the effectiveness 
of medical therapies.  

 A further study demonstrated an association between USPIO-enhanced MRI sig-
nal and biomechanical stress, suggesting a complex interaction between different 
risk factors in contributing to the vulnerability of atherosclerotic plaques [ 62 ]. On 
the other hand, there appears to be no correlation between infl ammation as detected 
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by USPIO-enhanced signal change and luminal stenosis [ 63 ]. However, plaques 
that have undergone intra-plaque haemorrhage also had higher levels of macro-
phage and lymphoid cells, suggesting a link between intra-plaque haemorrhage and 
infl ammation [ 64 ]. 

 Another feature of infl ammation in atherosclerosis is neovascularisation, 
whereby new, weak and fragile vessels encroach into the areas affected, increasing 
the risk of intra-plaque haemorrhage. A direct correlation exists between the extent 
of microvasculature within a plaque and the risk of intra-plaque haemorrhage and 
subsequent rupture [ 65 ,  66 ]. To visualise these new vessel formation in atheroscle-
rotic plaques, dynamic contrast-enhanced MRI (DCE-MRI), a technique originally 
developed for neuro-oncology is beginning to be used. DCE-MRI of the human 
carotid arteries demonstrated a hyperintense outer rim surrounding the vessel, indi-
cating angiogenesis of the wall itself, which was thicker in older patients [ 67 ]. 
DCE-MR angiography, meanwhile, provided a highly accurate image of the areas 
around the atherosclerotic plaque, including plaque morphology and the thickened 
arterial wall [ 68 ]. 

  Fig. 2    Co-localisation of USPIO with areas of high macrophage content in the fi brous cap of an 
atherosclerotic plaque. H&E ( a ) and Perls staining ( b ) on a section of atherosclerotic plaque shows 
areas of USPIO accumulation co-localising with areas of high macrophage content in the fi brous 
cap region at high power ( arrow ).  Adapted from Trivedi  et al.  (2004)  Stroke  35:1631–1635        
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 Kinetic modelling is used to analyse the images obtained, providing information 
about the different tissues imaged. In the case of microvasculature formation around 
the atherosclerotic plaque, two main parameters are used, i.e. fractional plasma vol-
ume ( V  p ) and transfer constant of the contrast agent ( K  trans ). They represent the intra-
vascular and extravascular spaces, respectively.  V  p  correlates well with histological 
fi ndings of neovascularisation, and is believed to represent the actual microvascular 
volume [ 69 ,  70 ]. In contrast,  K  trans  refl ects the permeability of the microvasculature, 
and correlates with the accumulation of macrophages within the plaque [ 70 ]. 

 MRI contrast agents generally elicit a non-specifi c signal enhancement in tis-
sues. Major studies are under way to discover more specifi c markers which can 
accurately identify lipid components [ 28 ,  71 ], thrombus [ 72 ], infl ammatory media-
tors [ 73 – 75 ] and apoptotic cells [ 76 ]. A study using gadolinium-enhanced MRI on 
carotid plaque revealed an association between contrast enhancement and charac-
teristics of a vulnerable plaque, including neovascularisation and macrophage infi l-
tration [ 77 ].  

    Biomechanical Stress 

 Local mechanical loading can lead to the formation of intraluminal thrombus as 
well as plaque haemorrhage. This is mainly due to an increased stretch force caus-
ing the rupture of neovessels, resulting in the formation of intra-plaque haemor-
rhage [ 78 ]. Arteries under constant biomechanical stress due to hyperkinetic or 
turbulent fl ow, such as those undergoing chronic infl ammation from atherosclerosis, 
have a higher tendency to rupture [ 79 ]. Arteries with high stiffness as measured by 
aortic pulse wave velocity were associated with the presence of an atherosclerotic 
plaque, as well as the characteristic features of a vulnerable plaque such as intra- 
plaque haemorrhage [ 80 ]. 

 Signifi cant differences in plaque stress were observed between the diseased and 
non-diseased segments of the artery [ 81 ]. Similarly, carotid plaques in symptomatic 
patients, especially those suffering from recurrent TIAs, tend to be under a higher 
biomechanical stress, when compared to asymptomatic ones (Fig.  3 ) [ 81 ]. High- 
resolution MRI performed on stroke or TIA patients showed that haemorrhagic 
plaques tended to have higher biomechanical stresses than non-haemorrhagic ones 
[ 82 ,  83 ]. Measurements of arterial distensibility have also been used to detect 
carotid stenosis (>15 %) resulting from atherosclerotic plaques [ 84 ]. In this study, 
signifi cantly higher distensibility was detected in the common segment of the 
carotid artery compared to the internal carotid segment in healthy patients, whereas 
no segmental differences in distensibility were seen in the disease population [ 84 ].  

 Aggressive lipid-lowering treatment with high-dose (80 mg/day) atorvastatin 
was shown to result in a signifi cant reduction in arterial wall strain and stiffness, as 
well as increase in distensibility and compliance coeffi cients [ 85 ,  86 ].  
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    Conclusion 

 Since the shift of focus on the pathophysiology of atherosclerosis from luminal 
stenosis to the characteristics of carotid plaque, much effort has been put in to fi nd 
ways of elucidating the plaque components non-invasively. Features associated 
with a vulnerable plaque, i.e. one at a high risk of resulting in an ischaemic event, 
such as thin fi brous cap, large volume of lipid-rich necrotic core, intra-plaque 
 haemorrhage and active infl ammation, have all been effectively imaged using 
MRI. However, many of those experiments were only at a preliminary stage, and 
further studies involving larger populations are warranted. With further validation 
and additional supporting evidence, it is likely that MRI will become the frontline 
investigative tool for imaging carotid atherosclerotic plaques, including for diagno-
sis, surveillance and follow-up post-treatment.     
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          Introduction 

 Over the last few decades, there has been an increased emphasis and focus on 
 identifi cation, prevention, and treatment of coronary artery disease (CAD) by both 
national and international societies and medical communities [ 1 ]. Despite this 
increased attention CAD remains globally the most common cause of death: an 
estimated 7.3 million people died from CAD in 2008, a number projected to double 
by 2030 [ 2 ,  3 ]. 
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 Investigating patients with risk factors for CAD or any anginal symptoms 
remains challenging: The correct diagnosis needs to be established to allow modifi -
cation of pharmacotherapy and guide intervention. However, the risk of harming the 
patients needs to be minimized. In the US alone, 16,300,000 patients have CAD, 
leading to approximately 715,000 heart attacks annually and an estimated CAD- 
related cost of $109 billion annually [ 4 ,  5 ]. There are more than 1,000,000 cardiac 
catheterizations performed in the US annually. Up to 40 % of them identify no sig-
nifi cant CAD [ 6 ]. This implies that 400,000 patients are exposed unnecessarily to 
the risks of diagnostic coronary angiography. This results in an increase of morbid-
ity and mortality for these patients, which includes vascular side effects, accumula-
tion of radiation dose and, rarely, stroke, myocardial infarction (MI), or coronary 
artery dissection. An alternative approach that could minimize these risks, but at the 
same time provide equal sensitivity and specifi city in identifying CAD, would be of 
high clinical value. 

 In this chapter the various imaging modalities for investigating patients with 
suspected CAD or other coronary anomalies are reviewed.  

    Imaging Modalities for Investigating Patients with Suspected 
Coronary Artery Disease 

 When reviewing patients with suspected CAD, clinicians must decide whether the 
combination of risk factors for an individual patient (such as hypertension, hyper-
cholesterolemia, diabetes, smoking, obesity, and a family history of CAD) and a 
possible history of chest pain potentially indicating signifi cant CAD would merit 
initiation of pharmacotherapy and further investigation. The benefi ts of any poten-
tial imaging tests must be balanced against the risks associated with each procedure, 
for that particular patient. In this section the commonly used imaging tests for inves-
tigating patients with suspected CAD are discussed.  

    Invasive Diagnostic Coronary Angiography 

 For more than 50 years diagnostic coronary angiography has remained the “gold 
standard” test for identifying signifi cant epicardial CAD. As an invasive procedure 
it is still inconvenient for the patients, has the potential for morbidity and mortality, 
and involves signifi cant costs and exposure to radiation (ranging from 2.3 to 
22.7 mSv with a mean of 7 mSv) [ 7 ]. 

 Rare risks include coronary artery dissection, stroke, myocardial infarction 
(MI), radial or femoral dissection, aorto-venous fi stulae, retroperitoneal bleeding 
and  signifi cant bruising, and the potential need for blood transfusion. When diag-
nostic angiography identifi es signifi cant lumen narrowing of the coronary arteries 
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(>50 % of the vessel diameter) this can lead to signifi cant change in pharmaco-
therapy and/or intervention both of which can improve symptoms and prognosis. In 
the 40 % of patients with no signifi cant CAD using luminography with cardiac 
catheterization the therapeutic consequences remain unclear. Some of these patients 
have no CAD and have undergone an invasive test unnecessarily. However, it is 
increasingly understood that visualization of just the coronary lumen could under-
estimate the burden of atherosclerosis in the wall of the vessel. The absence of 
signifi cant lumen narrowing based on the results of coronary angiogram and the 
resulting halt of medical therapy could have adverse implications in the long-term 
outcome of these patients. The ideal test would therefore be a low risk noninvasive 
radiation-free test, which will identify major epicardial vessel disease and early 
coronary vessel wall atherosclerosis.  

    Computed Tomography Coronary Angiography 

 Computed tomography coronary angiography (CTCA) is a noninvasive method cur-
rently used mainly for delineating coronary artery lumen in patients with known or 
suspected coronary artery disease. Patients require intravenous peripheral cannula-
tion for contrast injection. A heart rate below 70 bpm is benefi cial for image quality 
and reduction of radiation dose with current state of the art scanners. This is often 
achieved with intravenous administration of beta blockers. With new optimized pro-
tocols and prospective ECG triggering, a relatively lower dose of radiation of 
3.4 ± 1.4 mSv [ 8 ] is required (equivalent to just under 2 years background radiation 
for a person living in the United Kingdom). However this still confers a risk of neo-
plasia of 0.13–0.16 % (i.e. approximately 1 in 650 patients will develop a cancer as 
a result of this test) [ 9 ], making this method less appropriate for screening and 
assessing patients at low cardiac risk. Finally, coronary calcifi cation and arrhythmia 
can impair image quality, and arrhythmia is frequently found both in patients with 
suspected coronary artery disease but particularly in an aging population.  

    Cardiovascular Magnetic Resonance in the Assessment 
of Atherosclerosis 

 Cardiovascular magnetic resonance (CMR) enables a comprehensive evaluation of 
patients with suspected or known coronary artery disease. This method can provide 
information regarding cardiac anatomy as well as myocardial function, viability, 
and perfusion (Figs.  1 – 3 ). Non-signifi cant CAD can be ruled out with a high level 
of security [ 10 ]. CMR can also visualize the coronary artery lumen and vessel wall. 
Coronary vessel wall imaging may also allow early detection of atherosclerosis, 
prior to acute myocardial infarction.    
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 This early identifi cation allows guiding of pharmacotherapy at a very early stage, 
offering the opportunity of halting the rate of progression of atherosclerosis and 
even potentially reversing its burden [ 11 ]. Hence, in addition to the relevant ana-
tomical and functional information which can be acquired in a single, safe, nonin-
vasive, and radiation-free examination, CMR has the potential of visualizing the 
coronary artery lumen and wall to identify early signs of atherosclerosis. However, 
there are challenges in imaging the coronary artery lumen and wall, limiting the use 
of CMR in clinical practice at present.  

  Fig. 1    CMR provides an excellent modality for delineating cardiac anatomy and function. 
( a )  represents a four-chamber view of a normal heart in diastole and ( b ) in systole. ( c ,  d ) represent 
images in diastole and systole from a patient with ischemic cardiomyopathy and impaired ejection 
fraction       
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    Challenges in Undertaking Coronary Magnetic Resonance 
Angiography 

 Since the fi rst studies on the use of coronary MRA (CMRA) [ 12 – 15 ] there have 
been signifi cant technical advancements, leading to better imaging quality with 
reduced scanning time. However, movement of the coronary arteries due to cardiac 
and respiratory motion introduces motion artifacts. Reduction of these artifacts is 
crucial due to the small and tortuous caliber of the coronary vessels. The following 
section describes some of the challenges associated with coronary MRA.  

  Fig. 3    Images taken from the same patient at rest ( a , on the  left ) and following stress using ade-
nosine ( b , on the  right ). The  black area  on the  right  represents a perfusion abnormality indicating 
reversible ischemia in the right coronary artery (RCA) territory       

  Fig. 2    Following administration of the paramagnetic contrast agent containing gadolinium, areas 
of myocardial enhancement ( white area  shown by  white arrows ) can be identifi ed representing 
myocardial fi brosis (scarring). Such areas represent not viable myocardium, which will not benefi t 
from revascularization of the coronary artery supplying blood to this area. Image ( a ) is from a 
patient with 3-vessel CAD. The area supplied by the left anterior descending (LAD) coronary 
artery is not viable ( white arrows ), therefore LAD revascularization will not be benefi cial. Image 
( b ) is from a patient with 3-vessel CAD as well where there is no late Gadolinium enhancement 
(LGE). The myocardium is viable and revascularization can be recommended       
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    Cardiac Motion: Coronary Movement in Systole and Diastole 

 An ideal subject for visualization using magnetic resonance is something that 
remains still during the entire acquisition time. In humans for example the upper 
and lower limbs can be very still and allow for good visualization. The coronary 
arteries are small, often tortuous, and they are displaced during the cardiac cycle. 
This leads to signifi cant motion artifacts when trying to visualize the coronaries and 
the vessel wall. For optimal results, any CMR sequences aimed at visualizing the 
heart and the coronaries in particular need to take this into consideration. 
Synchronizing image acquisition to the ECG (R-wave) corresponding to the times 
of minimal displacement is therefore mandatory for successful coronary artery 
imaging with CMR. Coronary artery motion is minimal during end-systole and 
mid-diastole and previous research has shown the advantage of acquiring image 
data during both rest periods [ 16 ]. The specifi c advantages of both techniques are 
illustrated in Table  1 .

   The optimal trigger delay and the length of the acquisition window vary with the 
patient’s heart rate. The rest period should be identifi ed for each patient from a high- 
temporal resolution cine scan usually as a four chamber view performed shortly 
before the coronary scan [ 17 ]. Real time arrhythmia rejection algorithms that facili-
tate only the inclusion of regular heartbeats within certain limits might further 
improve image quality for MRA angiography [ 18 ,  19 ].  

   Table 1    Comparison of cardiac imaging in end-systole and mid-diastole in an attempt to image 
the heart in minimal displacement during the cardiac cycle   

 Comparison of cardiac imaging with cardiovascular magnetic resonance aiming for minimal 
displacement 

  During end-systolic rest    During mid-diastolic rest  
  Advantages    Advantages  
 Heart rate variability less important  Longer acquisition window 
 Larger diameter of the venous vessels 
(if this information required) 

 Higher signal when gradient echo sequences used 

  Disadvantages    Disadvantages  
 Shorter acquisition window  Heart rate variability has higher potential to affect 

image quality 
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    Respiratory Motion 

 Another major problem for cardiac imaging with CMR is the displacement of the 
heart during respiration. It can often reach a distance that can be ten-fold higher than 
the coronary artery diameter. Synchronization of the image acquisition with the 
respiratory cycle is therefore mandatory. Several methods have been used to mini-
mize this respiratory motion. Initial approaches for visualizing the proximal native 
coronary arteries used two-dimensional breath-holding or averaging techniques and 
mid- or late-diastolic image acquisition with average 6–8 phase encoding lines 
acquired during each cardiac cycle. However, the main drawback of such techniques 
was that a long breath-hold of up to 20 s was required for each image slice, which 
is not easily achieved by every patient. Furthermore, even if patients can initially 
manage a 20 s breath-hold to complete the MRA an average of 25 slices are required 
per patient. This can be very tiring and it is therefore common to see the quality of 
breath-holding decreasing towards the end of the examination, leading to misregis-
tration artifacts between successive breath-holds, degrading the overall image qual-
ity. Currently breath-holds for high-resolution three-dimensional datasets are too 
long and imaging results were rather disappointing. Currently a prospective real- 
time navigator of the diaphragm is most commonly used and successful technique 
for coronary lumen and vessel wall imaging. 

 To compensate in part for this problem, Ehman and Felmee [ 20 ] fi rst proposed 
the use of respiratory MR navigators to remove the time constraint of a breath-hold. 
The MR navigator (typically an one-dimension pencil beam) is usually placed on 
the dome of the right hemidiaphragm [ 21 ] (Fig.  4 ). Data are only accepted if the 
diaphragm-lung interface is within a user-defi ned window (usually up to 8 mm), 
preferably positioned around the end-expiratory interface position. If the navigator 
signal falls outside this predefi ned window, data is rejected and needs to be reac-
quired in the following cycle. This results generally in a gating effi ciency of around 
40–60 %, which means that a large proportion of the scanning time is actually not 
used [ 22 ,  23 ]. To improve this shortcoming several new self gating navigator 
approaches have been developed to 

    1.    Directly measure the motion of the heart.   
   2.    Account for the 3D motion of the heart (food-head, left-right, and 

posterior-anterior).   
   3.    Achieve 100 % scan effi ciency by applying more sophisticated motion correc-

tion methods including 3D rigid body or 3D affi ne.    

  Other approaches included scanning the patient in prone position [ 24 ] and the 
use of thoracic or abdominal bandings [ 25 ].  
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    Cardiovascular Magnetic Resonance Sequences 

 Image quality for coronary MRA was signifi cantly improved using two-dimensional 
gradient echo techniques (Edelman [ 26 ] and Manning [ 27 ]). Sixteen heartbeats 
were required initially in order to acquire one slice during a single breath-hold, 
which meant that most patients would tire towards the end of the test. Following the 
introduction of navigator techniques as described above, three-dimensional imaging 
covering the whole heart became feasible. Due to its ease to use, this is now the 
preferred approach in the clinical arena. Several modifi cations are currently avail-
able. The most widely accepted is a T2 preparation technique in combination with 
a three-dimensional gradient echo (at 3 T) or steady-state free-precession (SSFP) 
technique (at 1.5 T). Steady-state free-precession sequences are usually preferred at 
1.5 T. Although possible at 3 T, the use of SSFP sequences is currently limited by 
the prolongation of repetition times, increased sensitivity of off-resonance and the 

  Fig. 4    Using scout images 
the position of the respiratory 
navigator can be planned. A 
pencil beam (one- 
dimensional navigator) is 
usually placed on the dome 
of the right hemi-diaphragm 
(heart in the left chest). Using 
the respiratory navigator a 
three-dimensional volume 
covering the whole heart can 
be acquired in a free 
breathing subject.  R Lung  
right lung,  L Lung  left lung, 
 Ao  aorta,  LV  left ventricle,  RV  
right ventricle,  LA  left atrium, 
 RA  right atrium       
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need for higher fl ip angles. T2-preparation and fat suppression techniques are now 
preferred for noncontrast-enhanced imaging of the coronary artery lumen. The epi-
cardial fat can cause artifacts and fat suppression techniques reduce the signal gen-
erated by the epicardial fat tissue, making the lumen of the coronaries more visible 
[ 26 ,  28 ]. T2-preparation techniques improve the contrast between the coronary 
lumen and the underlying myocardium [ 29 ] as although blood and myocardium 
have similar T1, they have different T2. Additionally T2-preparation suppresses 
deoxygenated venous blood leading to better visualization of coronary arteries. 
An example of the currently most commonly used technique is shown in Fig.  5 .   

    Contrast Agents for Coronary Angiography 

 The currently most commonly used type of contrast agents in CMR are nonspecifi c 
and distribute in the extracellular space. These are used for fi rst pass contrast- 
enhanced angiography, perfusion imaging, and late gadolinium enhancement (LGE) 
imaging of the myocardium [ 30 ]. Other types of contrast agents include intravascu-
lar targeted [ 31 ] and blood pool iron contrast agents (fast and slow blood pool clear-
ance). Each contrast agents has specifi c characteristics, which needs to be 
encountered for its clinical use. It is very important to choose the sequence design 
appropriately for the clinical question and the contrast agent used [ 31 ]. 

  Fig. 5    Progressive improvement in the image quality can be noticed by adding ECG triggering, 
then a respiratory navigator followed by T2 preparation. (Image courtesy of Matthias Stuber, 
Professor and Director CVMR/CIBM/CHUV, University of Lausanne, Switzerland)       
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 On a practical level the ultimate decision depends on the clinical question for the 
individual patient, balancing the luminographic information required against the 
vessel wall and myocardial information required. For example, extracellular con-
trast agents quickly extravasate into the interstitial space, and while they provide 
excellent detection of scar tissue by LGE (indicating previous myocardial infarc-
tion, Fig.  2a ), diffuse fi brosis by T1 mapping and viability of the myocardium (sug-
gesting that the muscle is still alive and that myocardial function is likely to improve 
following revascularization, Fig.  2b ), they are suboptimal for coronary artery lumen 
imaging due to their rapid clearance. Blood-pool contrast agents on the other hand, 
offer the highest contrast between the vessel lumen and the surrounding tissues but 
might provide less information regarding late Gadolinium enhancement (LGE). 
Contrast agents with low albumin-binding properties have the potential for com-
bined coronary artery and infarct imaging This is due to their prolonged retention 
time in blood and their higher relaxivities thereby improving coronary artery imag-
ing while maintaining a good late enhancement for fi brosis and viability assessment 
[ 32 ]. Intravascular contrast agents are best used for coronary artery lumen imaging 
with an inversion prepulse instead of a T2-preparation prepulse [ 33 ,  34 ] The diag-
nostic value of this approach in patients with coronary artery disease still needs to 
be evaluated in larger clinical studies.  

    Are We Ready for Coronary Magnetic Resonance 
Angiography to Enter Routine Clinical Use? 

 The advances in coronary lumen and vessel wall imaging currently allow clinical 
applications in selected patient groups [ 35 ] (Figs.  6 – 8 ). This includes patients with 
Kawasaki disease [ 36 – 38 ] and imaging the origins and course of the coronary ves-
sels in patients of different age groups for diagnosis and planning of interventional 
procedures.    

 Equally the origins of the coronary vessels can also be visualized in every patient, 
if needed [ 16 ]. When trying to visualize the mid- or the distal segment of a vessel, 
however, imaging quality is often less optimal. Images of the right and left coronary 
arteries are usually of better quality than those of the circumfl ex coronary artery as 
demonstrated in Fig.  6 . This is because the circumfl ex artery tends to run in the 
direct vicinity of the myocardium and great cardiac vein and is further away from 
the CMR receiver coils. Previous studies have shown that the mean length of arter-
ies that could be seen with coronary MRA is about 80 mm for the right coronary, 
50 mm for the left anterior descending and 40 mm of the circumfl ex coronary artery 
[ 39 ] (Fig.  8 ). 

 However, coronary MRA is currently not a standard clinical tool in patients with 
coronary artery disease. This is due to relatively lengthy acquisition times, limited 
spatial resolution, and being dependent on a regular heart rate in a cooperative 
patient. Signifi cant further improvements regarding faster acquisition times 
and more time effi cient data acquisition techniques may bring coronary MRA into 
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  Fig. 6    In this healthy subject 
the proximal origin and 
course of the right coronary 
artery, left main coronary 
artery, and left anterior 
descending coronary artery 
are well visualized and seen 
to be free of any signifi cant 
disease [ 6 ]. Please note that 
the vessel wall is imaged 
using the same CMR 
sequence (see Fig.  7 ).  RCA  
right coronary artery,  LMCA  
left main coronary artery, 
 LAD  left anterior descending 
coronary artery       

  Fig. 7    CMR imaging from 
the same healthy subject as 
shown in Fig.  6 , with 
emphasis on imaging of the 
coronary wall, confi rming no 
signifi cant atherosclerotic 
process in the wall of the 
vessel [ 6 ]. The same CMR 
sequence can be used to 
visualize both the coronary 
lumen (Fig.  6 ) and coronary 
wall (Fig.  7 )       

clinical practice together with myocardial perfusion imaging and LGE as a reliable 
and safe alternative for invasive and x-ray-dependent coronary artery angiography 
in the cardiac catheterization laboratory. 

 At present current clinical applications are listed below:

    1.     Coronary artery origin anomalies      

 Coronary MRA can provide excellent delineation of the origin and proximal course 
of both the right and the left coronary arteries including children and young adults 
[ 16 ]. This is particularly helpful in the evaluation of young patients with chest pain 
and/or syncope, where the anomalous coronary origin needs to be excluded as an 
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alternative to computed tomography and invasive coronary angiography [ 40 ] 
(Fig.  9 ). 

    2.     Coronary artery aneurysms    
   •    Patients with vasculitis such as patients with Kawasaki disease need life-long 

follow-up and carry higher risk when investigated with invasive x-ray- 
dependent coronary angiography. Sometimes these patients develop exten-
sive coronary artery aneurysms with the risk of coronary artery stenosis and 
thrombosis within the coronary artery aneurysm. Coronary MRA is accepted 
as a valuable alternative to follow-up coronary artery aneurysms location and 
extension noninvasively without the use of x-ray radiation [ 36 – 38 ] (Fig.  10 ).    

   3.     Coronary bypass graft assessment     

  In patients following coronary artery bypass graft surgery (CABG) anginal chest 
pain is a common fi nding, both soon after CABG but more commonly a few years 
later. Frequently prior operation notes are not available and thus the  luminal integ-

  Fig. 8    CMRA shows the left main coronary artery ( arrow ) and the left anterior descending. ( b ) 
demonstrates late gadolinium enhancement (LGE) in the vessel wall ( arrow ) and ( c ) shows the 
result of superimposing image ( a ) and ( b ). This combines coronary artery anatomy as well as ves-
sel wall imaging with LGE in one image. (Image adapted with permission from reference [ 35 ])       
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rity of the grafts needs to be assessed. Coronary MRA may provide a road map prior 
to cardiac catheterization angiography to describe the number and location of arte-
rial and venous grafts used. Bypass grafts however have  certain distinct characteris-
tics differentiating them from the coronary arteries, actually making them ideal for 
visualization with CMR: they are usually much larger compared to native arteries 
and they typically have a rather straight and (sometimes) known course. Furthermore, 
they tend to remain in an almost stationary position with each successive cardiac 
cycle. With spin and gradient echo techniques and the use of contrast agents, the 
sensitivity in identifying a blood signal inside a graft approaches 95–100 % [ 41 – 43 ]. 
The major limitation in graft imaging with CMR lies in the metallic clips frequently 

  Fig. 9    This CMRA image 
shows a single coronary 
artery in a 3-year-old patient 
with a hypoplastic right 
ventricle. The left main 
coronary artery (LMT) arises 
from the right coronary artery 
(RCA).  Ao  aorta,  LAD  left 
anterior descending artery, 
 LCX  left circumfl ex coronary 
artery,  LV  left ventricle,  RV  
right ventricle. (Image 
adapted with permission from 
reference [ 40 ])       

  Fig. 10    Multiple aneurysms 
of the right coronary artery 
are shown in an 8-year-old 
patient with Kawasaki 
disease using volume 
rendering of a free breathing 
respiratory navigator-gated 
and ECG-triggered isotropic, 
whole-heart, 3D steady-state- 
free-precession magnetic 
resonance dataset.  RCA  right 
coronary artery. (Image 
adapted with permission from 
reference [ 36 ])       
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used (particularly for left and right internal mammary grafts), which causes signal 
voids and susceptibility artifacts, sometimes preventing a full assessment of their 
anatomy. To fi ll this gap subsequent coronary angiography or aortography can be 
targeted to the remaining questions. This will reduce the time in the cardiac cathe-
terization laboratory, radiation exposure, and risk associated with invasive 
angiography.

    4.     Patients with a dilated heart     
  When faced with a patient with a dilated heart, it is not clear whether this pheno-
type relates to ischemic cardiomyopathy or dilated non-ischemic cardiomyopa-
thy. Traditionally such patients undergo invasive angiography or Computed 
Tomography coronary angiography to exclude coronary artery disease. However, 
it has been recently proposed [ 44 ] that coronary MRA in conjunction with late 
gadolinium enhancement and perfusion imaging of the myocardium is suffi cient 
to establish the diagnosis without the need of further anatomical coronary tests.  

    Conclusion 

 In clinical cardiology the role of cardiac magnetic resonance is a well established 
tool for diagnosis and monitoring of cardiac anatomy, function, viability, and perfu-
sion. Even though coronary MRA technology has improved signifi cantly in the last 
few years, it is not used routinely at present in clinical practice. However, coronary 
MRA plays an important role for diagnosis and follow-up of specifi c coronary 
lesions, such as patients with vasculitis e.g. patients after Kawasaki disease. 
Coronary artery aneurysm location and size can be assessed with this technology 
radiation free and noninvasively which is very important in pediatric patients. 
Coronary MRA also allows visualization of coronary artery origins and course, 
which allows clarifi cation of unclear chest pain in children and young adults. It also 
provides additional support for planning complex congenital heart surgery. Further 
improvements in motion compensation and more time effi cient acquisition and 
reconstruction techniques make it more likely that coronary MRA will play an 
increasingly important role in the clinical routine of cardiac disease in the future.     

   References 

    1.    Perk J, De Backer G, Gohlke H, et al. The fi fth joint task force of the European Society of 
Cardiology and other societies on cardiovascular disease prevention in clinical practice. Eur 
Heart J. 2012;33:1635–701.  

    2.   Global status report on non-communicable diseases 2010. Geneva, World Health Organization, 
2011  

    3.    Mathers CD, Loncar D. Projections of global mortality and burden of disease from 2002 to 
2030. PLoS Med. 2006;3, e442.  

V. Vassiliou et al.



201

    4.    Heidenreich PA, Trogdon JG, Khavjou OA, et al. Forecasting the future of cardiovascular 
disease in the United States: a policy statement from the American Heart Association. 
Circulation. 2011;123:933–44.  

    5.    Chiribiri A, Ishida M, Nagel E, Botnar RM. Coronary imaging with cardiovascular magnetic 
resonance: current state of the art. Prog Cardiovasc Dis. 2011;54:240–52.  

      6.    Patel MR, Peterson ED, Dai D, et al. Low diagnostic yield of elective coronary angiography. 
N Engl J Med. 2010;362:886–95.  

    7.    Bashore TM, Balter S, Barac A, et al. 2012 American College of Cardiology Foundation/
Society for Cardiovascular Angiography and Interventions expert consensus document on car-
diac catheterization laboratory standards update: a report of the American College of 
Cardiology Foundation Task Force on Expert Consensus documents developed in collabora-
tion with the Society of Thoracic Surgeons and Society for Vascular Medicine. J Am Coll 
Cardiol. 2012;59:2221–305.  

    8.    Efstathopoulos EP, Pantos I, Thalassinou S, Argentos S, Kelekis NL, Zograpfos T, Panayiotakis 
G, Katritsis DG. Patients radiation doses in Cardiac Computed Tomography: comparison of 
published results with prospective and retrospective acquisition. Radiat Prot Dosimetry. 
2011;148:83–91.  

    9.    Huda W, Schoepf UJ, Abro JA, Mah E, Costello P. Radiation-related cancer risk in a clinical 
patient population undergoing cardiac CT. Am J Roentgenol. 2011;196:159–65.  

    10.    Greenwood JP, Maredia N, Younger JF, et al. Cardiovascular magnetic resonance and single- 
photon emission computed tomography for diagnosis of coronary heart disease (CE-MARC): 
a prospective trial. Lancet. 2012;379:453–60.  

    11.    Nissen SE, Tuzcu EM, Schoenhagen P, Brown BG, Ganz P, Vogel RA, Crowe T, Howard G, 
Cooper CJ, Brodie B, Grines CL, DeMaria AN. REVERSAL Investigators. Effect of intensive 
compared with moderate lipid-lowering therapy on progression of coronary atherosclerosis: a 
randomized controlled trial. JAMA. 2004;291:1071–80.  

    12.    Botnar RM, Stuber M, Danias PG, Kissinger KV, Manning WJ. Improved coronary artery defi -
nition with T2-weighted, free-breathing, three-dimensional coronary MRA. Circulation. 
1999;99:3139–48.  

   13.    Kim WY, Danias PG, Stuber M, et al. Coronary magnetic resonance angiography for the 
 detection of coronary stenosis. N Engl J Med. 2001;345:1863–9.  

   14.    Paulin S, von Schulthess GK, Fossel E, Krayenbuehl HP. MR imaging of the aortic root and 
proximal coronary arteries. AJR Am J Roentgenol. 1987;148:665–70.  

    15.    Edelman RR, Manning WJ, Burstein D, Paulin S. Coronary arteries: breath-hold MR angiog-
raphy. Radiology. 1991;181:641–3.  

      16.    Uribe S, Hussain T, Valverde I, et al. Congenital heart disease in children: coronary MR angi-
ography during systole and diastole with dual cardiac phase whole-heart imaging. Radiology. 
2011;260:232–40.  

    17.    Kim WY, Stuber M, Kissinger KV, et al. Impact of bulk cardiac motion on right coronary MR 
angiography and vessel wall imaging. J Magn Reson Imaging. 2001;14:383–90.  

    18.    Jahnke C, Paetsch I, Nehrke K, et al. A new approach for rapid assessment of the cardiac rest 
period for coronary MRA. J Cardiovasc Magn Reson. 2005;7:395–9.  

    19.    Tangcharoen T, Jahnke C, Koehler U, et al. Impact of heart rate variability in patients with 
normal sinus rhythm on image quality in coronary magnetic angiography. J Magn Reson 
Imaging. 2008;28:74–9.  

    20.    Ehman RL, Felmlee JP. Adaptive technique for high-defi nition MR imaging of moving struc-
tures. Radiology. 1989;173:255–63.  

    21.    Wang Y, Riederer SJ, Ehman RL. Respiratory motion of the heart: kinematics and the implica-
tions for the spatial resolution in coronary imaging. Magn Reson Med. 1995;33:713–9.  

    22.    Danias PG, Stuber M, Botnar RM, et al. Relationship between motion of coronary arteries and 
diaphragm during free breathing: lessons from real-time MR imaging. AJR Am J Roentgenol. 
1999;172:1061–5.  

    23.    Nagel E, Bornstedt A, Schnackenburg B, et al. Optimization of realtime adaptive navigator 
correction for 3D magnetic resonance coronary angiography. Magn Reson Med. 1999;
42:408–11.  

Cardiovascular Magnetic Resonance Imaging of Coronary Arteries



202

    24.    Huber S, Bornstedt A, Schnackenburg B, et al. The impact of different positions and thoracial 
restrains on respiratory induced cardiac motion. J Cardiovasc Magn Reson. 2006;8:483–8.  

    25.    Sakuma H, Ichikawa Y, Chino S, et al. Detection of coronary artery stenosis with whole-heart 
coronary magnetic resonance angiography. J Am Coll Cardiol. 2006;48:1946–50.  

     26.    Edelman RR, Manning WJ, Burstein D, Paulin S. Coronary arteries: breath-hold MR angiog-
raphy. Radiology. 1991;181:641–3.  

    27.    Manning WJ, Li W, Boyle NG, Edelman RR. Fat-suppressed breath-hold magnetic resonance 
coronary angiography. Circulation. 1993;87:94–104.  

    28.    Li D, Paschal CB, Haacke EM, Adler LP. Coronary arteries: three-dimensional MR imaging 
with fat saturation and magnetization transfer contrast. Radiology. 1993;187:401–6.  

    29.    Brittain JH, Hu BS, Wright GA, Meyer CH, Macovski A, Nishimura DG. Coronary angiogra-
phy with magnetization-prepared t2 contrast. Magn Reson Med. 1995;33:689–96.  

    30.    Regenfus M, Ropers D, Achenbach S, Kessler W, Laub G, Daniel WG, et al. Noninvasive 
detection of coronary artery stenosis using contrast-enhanced three-dimensional breath-hold 
magnetic resonance coronary angiography. J Am Coll Cardiol. 2000;36:44–50.  

     31.    Makowski MR, Wiethoff AJ, Uribe S, et al. Congenital heart disease: cardiovascular MR 
imaging by using an intravascular blood pool contrast agent. Radiology. 2011;260:680–8.  

    32.    Laurent S, Elst LV, Muller RN. Comparative study of the physicochemical properties of six 
clinical low molecular weight gadolinium contrast agents. Contrast Media Mol Imaging. 
2006;1:128–37.  

    33.    Goldfarb JW, Edelman RR. Coronary arteries: breath-hold, gadolinium-enhanced, three- 
dimensional MR angiography. Radiology. 1998;206:830–4.  

    34.    Stuber M, Botnar RM, Danias PG, et al. Contrast agent–enhanced, free-breathing, three- 
dimensional coronary magnetic resonance angiography. J Magn Reson Imaging. 1999;
10:790–9.  

     35.    Hussain T, Fenton M, Peel SA, et al. Detection and grading of coronary allograft vasculopathy 
in children with contrast enhanced magnetic resonance imaging of the coronary vessel wall. 
Circ Cardiovasc Imaging. 2013;8:66–70.  

      36.    Greil GF, Seeger A, Miller S, et al. Coronary magnetic resonance angiography and vessel wall 
imaging in children with Kawasaki disease. Pediatr Radiol. 2007;37:666–73.  

   37.    Greil GF, Stuber M, Botnar RM, et al. Coronary magnetic resonance angiography in adoles-
cents and young adults with Kawasaki disease. Circulation. 2002;105:908–11.  

     38.    Mavrogeni S, Papadopoulos G, Hussain T, Chiribiri A, Botnar R, Greil GF. The emerging role 
of cardiovascular magnetic resonance in the evaluation of Kawasaki disease. Int J Cardiovasc 
Imaging. 2013;29(8):1787–98.  

    39.    Chiribiri A, Botnar RM, Nagel E. Magnetic resonance angiography: where are we today? Curr 
Cardiol Rep. 2013;15:328.  

     40.    Tangcharoen T, Bell A, Hegde S, et al. Detection of coronary artery anomalies in infants and 
young children with congenital heart disease by using MR imaging. Radiology. 
2011;259:240–7.  

    41.    Galjee MA, van Rossum AC, Doesburg T, et al. Value of magnetic resonance imaging in 
assessing patency and function of coronary artery bypass grafts. An angiographically con-
trolled study. Circulation. 1996;93:660–6.  

   42.    Vrachliotis TG, Bis KG, Aliabadi D, et al. Contrast-enhanced breath-hold MR angiography for 
evaluating patency of coronary artery bypass grafts. AJR Am J Roentgenol. 1997;168:
1073–80.  

    43.    Rubinstein RI, Askenase AD, Thickman D, et al. Magnetic resonance imaging to evaluate 
patency of aortocoronary bypass grafts. Circulation. 1987;76:786–91.  

    44.    Assomull RG, Shakespeare C, Kalra PR, et al. Role of cardiovascular magnetic resonance as a 
gatekeeper to invasive coronary angiography in patients presenting with heart failure of 
unknown etiology. Circulation. 2011;124:1351–60.    

V. Vassiliou et al.



203© Springer Science+Business Media New York 2015 
R. Trivedi et al. (eds.), 3D Imaging Technologies in Atherosclerosis, 
DOI 10.1007/978-1-4899-7618-5_9

      MRI of Intracranial Atherosclerosis 

             Mark     R.     Radon     ,     Maneesh     Bhojak    ,     H.     Levansri     D.     Makalanda    , 
and     Damiano     Giuseppe     Barone   

            Introduction 

 MRI provides excellent demonstration of the intracranial contents, including both 
the brain parenchyma and, via magnetic resonance angiography (MRA) techniques, 
the intracranial vasculature. There has been considerable technical progress in the 
development of MRA which now offers a modality with high sensitivity for the 
detection of intracranial vascular occlusions. 

 In addition to being able to provide anatomical and tissue detail, magnetic reso-
nance (MR) can also detect a variety of other physical processes. Early clinical MRI 
was troubled by motion effects, but by the mid-1980s these had been well charac-
terised and a variety of techniques had been proposed to exploit these for measure-
ment of intravascular fl ow [ 1 ]. Additional developments have permitted a variety of 
physiological measures through diffusion and perfusion-weighted imaging. 

 The intracranial circulation features relatively small vessels which, when dis-
eased, can have profound clinical effects. MRI is prone to a number of technical 
artefacts, and sensitive to motion. As a result, intracranial vascular imaging is tech-
nically challenging. Optimal image quality requires optimised protocols and high- 
performance equipment. Benefi ts from improved signal-to-noise ratio available at 
higher fi eld strengths are particularly visible in these demanding techniques (Fig.  1 ).   
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    Magnetic Resonance Techniques 

    Anatomical Imaging 

 Structural brain imaging is most useful for the detection of cerebral infarcts result-
ing from intracranial atherosclerotic disease (ICAD). The anatomical detail pro-
vided by MRI is considerably greater than CT and permits detection and quantitation 
of both acute and chronic infarcts and of white matter ischaemia. Certain patterns of 
ischaemic disease, such as borderzone infarction, have a correlation with patterns of 
vascular disease, e.g. MCA atherosclerosis [ 2 ] (Fig.  2 ).  

 A minimum structural imaging protocol is suggested to include T1, T2 fl uid- 
attenuated inversion recovery (FLAIR) and T2-weighted imaging. Imaging planes 
should include the axial plane, and preferably at least one orthogonal plane. FLAIR 
is useful for the detection of infarcts in the periventricular white matter and within 
the cortex by virtue of suppression of CSF signal [ 3 ]. However, FLAIR is suscep-
tible to a variety of artefacts and is not adequate as a sole technique. 

 T2*, or more recently, susceptibility-weighted imaging is commonly used in the 
context of acute stroke for the detection of intracranial haemorrhage (including 
microhaemorrhage). However, because of the sensitivity to magnetic susceptibility 
of this technique, it can also be used to detect intravascular thrombus/clot due to the 
paramagnetic properties of deoxyhemoglobin. This phenomenon has been termed 
the  hypointense vessel sign , in a manner analogous to the  hyperdense artery sign  on 
CT [ 4 ]. In practice, the sensitivity and specifi city are poor, and given the easy avail-
ability of MR angiography techniques, the value of this sign is limited.   

  Fig. 1    Impact of fi eld strength on imaging. ( a ) Axial maximum intensity projection (MIP) slab 
from 3D TOF MRA study at 1.5 T. ( b ) Axial MIP slab from 3D TOF MRA study at 3.0 T in the 
same patient. The higher signal-to-noise ratio enables vessels which run close to the plane of the 
images to be seen more clearly, particularly the posterior cerebral arteries ( arrow ) and distal M2 
branch arteries ( arrowhead )       
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  Fig. 2    Cerebral borderzone ischaemia. ( a  and  b ) T2 axial and T2 FLAIR coronal images showing 
ischaemic lesions ( arrows ) along the deep ACA/MCA borderzone. ( c ) T2 axial image showing 
right posterior MCA borderzone cortical infarction ( white arrow ) and an old left occipital lobe 
infarct ( black arrow )       
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    Physiological Imaging 

    Diffusion-Weighted Imaging 

 The development of diffusion-weighted imaging (DWI) has revolutionised the 
imaging of acute stroke due to very high sensitivity and specifi city for cerebral 
infarction. The principle of DWI is the quantitation of molecular diffusion of water 
within tissue, which is typically performed by using an imaging sequence modifi ed 
with the addition of a diffusion-sensitising gradient [ 5 ]. The underlying technique is 
typically an ultra-fast T2-weighted imaging sequence. The measure of diffusion 
sensitivity as defi ned by the prescribed sensitising gradient is termed the  b -value. 
Much of the literature is based on imaging with  b -value of 1,000 s/mm 2 , but there 
has been interest in the use of higher  b -values of up to 3,000 s/mm 2 , for the detection 
of cerebral ischaemic lesions [ 6 ]. 

 The resulting DWI images demonstrate loss of signal in the presence of diffusion 
(or bulk patient motion) giving a dark appearance. From these images may be com-
puted a map of apparent diffusion coeffi cient (ADC) which represents a measure 
where the main structural imaging contrast (T2 effects) on the base sequence has 
been removed, effectively generating an image based almost solely on diffusion 
effects, although some contamination from non-diffusion effects such as bulk 
motion may remain. 

 Acutely infarcted and critically ischaemic brain parenchyma shows restriction of 
water diffusion due to cytotoxic edema. This is shown as high intensity on DWI 
images, and restriction of diffusion can be confi rmed by corresponding low values 
on the ADC map (Fig.  3 ).  

 Because the white matter of the brain shows directional diffusion parameters, 
this technique can be extended to estimate the diffusion tensor by using multiple 
directional diffusion measurements, providing an estimate of the predominant 
direction of diffusion and its anisotropy [ 7 ]. Diffusion tensor imaging (DTI) pro-
vides a number of quantitative measures, in addition to ADC, which include the 
fractional anisotropy (FA) and radial and longitudinal diffusivities. The role of these 
additional parameters is a fi eld of active exploration, but they may be of value in 
detecting chronic regional cerebral ischaemia [ 8 ].  

    Perfusion Imaging 

 The aim of perfusion-weighted imaging is the quantitation of blood fl ow through 
the cerebral tissue. The most studied method, dynamic susceptibilty contrast (DSC), 
utilises a bolus of an intravascular contrast agent. The contrast agent results in a 
quantifi able loss of signal during its passage through the intravascular space. From 
a curve of signal intensity, maps of cerebral blood fl ow and volume can be synthe-
sised [ 9 ]. Non-contrast methods based on arterial spin labelling (ASL) have also 
been developed, but there are challenges and pitfalls [ 10 ]. 

M.R. Radon et al.



207

 Perfusion imaging has proved useful in the context of acute stroke imaging for 
early prognostication and stratifi cation for treatment by identifying tissue at risk of 
infarcting (the ischaemic penumbra) prior to DWI changes [ 11 ]. 

 Outside of the acute phase, there is scope for the determination of cerebrovascu-
lar reserve. This technique is reasonably established in selecting patients for 
 intervention in severe carotid stenosis and in Moyamoya vasculopathy. However, it 
has been demonstrated in the context of MCA stenosis (Fig.  4 ) [ 12 ].    

  Fig. 3    Detection of acute cerebral infarction with diffusion-weighted imaging. ( a ) T2 axial imag-
ing showing extensive, confl uent white matter abnormality with a discrete left corona radiata lacu-
nar infarct. ( b ) Diffusion-weighted imaging (DWI) shows focal hyperintensity in the right frontal 
white matter. ( c ) Apparent diffusion coeffi cient (ADC) map demonstrates low ADC, i.e. restricted 
diffusion, in the right frontal white matter lesion, indicating acute infarction. ( d ) Coronal T2 
FLAIR image fails to distinguish the acutely infarcted region from the background of small vessel 
ischaemic disease       
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    Vascular Imaging 

 There are several MRA techniques available for assessment of the intracranial arter-
ies. Broadly, they are divisible into fl ow-sensitive techniques, in which image con-
trast is derived from the effects of bulk motion, and contrast-enhanced techniques, 
in which a contrast agent changes the imaging properties of the blood within the 
vascular lumen. 

 While it is unnecessary to have a detailed knowledge of the fundamental physics 
and techniques to interpret MRA images, appreciation of the limitations and arte-
facts is important to avoid error and to be able to develop and apply imaging 
protocols.  

    Time of Flight 

    Technical Background 

 Time of fl ight (TOF) effects alter the signal returned by fl owing blood, and can com-
monly be seen as fl ow-related enhancement on conventional gradient echo (GE) 
T1-weighted images. Flowing blood results in bulk movement of magnetised spins. 
If the direction of fl ow is perpendicular to the plane of the imaging slice, unsatu-
rated spins from outside of the imaging slice will replace those which have been 
partially saturated by the imaging sequence. In a heavily T1-weighted imaging 
sequence, the stationary spins have an attenuated signal due to partial saturation, 
whereas the moving blood returns a more intense signal. 

  Fig. 4    Contrast-enhanced MRA. ( a ) Thick-slab MIP image from contrast-enhanced MRI of 
 cervical and intracranial arteries. The right intracranial VA shows no opacifi cation. ( b ) Thick-slab 
MIP image from 3D TOF MRA in the same patient performed at the same time as ( a ). There is high 
signal visible in the right VA. This was subsequently shown to be hyperintense on T1 imaging, 
indicating that this is intravascular thrombus, and not fl ow-related signal. The underlying cause in 
this case was thought to be arterial dissection       
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 The technique of two-dimensional GE TOF was introduced by Wehrli and 
Gullberg [ 13 ,  14 ]. Sequential axial sections acquired with this technique could be 
used to examine the intracranial arteries as well as the carotid bifurcations. The 
development of three-dimensional Fourier transform techniques permitted the 
acquisition of numerous thin sections, with isotropic voxel resolution. This improved 
resolution was of substantial benefi t for assessment of the intracranial circulation 
when compared with 2D techniques [ 15 ]. The benefi ts of the reduced voxel size go 
beyond that of higher spatial resolution and include improved signal-to-noise ratio 
and reduced susceptibility effects. The 3D TOF technique represents the most com-
monly used technique for assessment of the intracranial arteries [ 16 ]. A variant 
which uses relatively thin, stacked, overlapping volumes (multiple overlapping 
thin-slab acquisition, MOTSA) has been the most effective in combining the techni-
cal advantages of both the 2D technique (reduced spin saturation) and 3D technique 
(improved SNR and resolution) [ 17 ].   

    Potentials, Limitations and Artefacts 

 Early reports of the performance of TOF MRA against intra-arterial digital subtrac-
tion angiography (IADSA) reported 100 % agreement for detection of occlusions 
and 61 % agreement for grade of stenosis [ 18 ], and showed sensitivity and specifi c-
ity for occlusion of up 85–100 % and 95–97 %, respectively, and lower values for 
non- occlusive stenosis [ 19 ,  93 ]. A more recent, prospective, multicentre trial 
(SONIA) compared detection of non-occlusive stenosis by TOF MRA against the 
gold standard of IADSA [ 20 ]. Negative predictive value (NPV) was good (91 %), 
but positive predictive value (PPV) was only fair at 59 %, leading to the recommen-
dation that a positive 3D-TOF MRA study should be followed by confi rmatory 
testing. Smaller studies have quoted similar fi gures at 1.5 T [ 21 ]. At 3 T, however, 
both NPV and PPV are substantially increased [ 22 ], although this study examined 
a different population and the NPV/PPV may be confounded by different disease 
prevalence. 

 A tendency for TOF MRA to overestimate stenosis is recognised in the intracra-
nial arteries [ 23 ]. The two most important causes are turbulent fl ow and slow veloc-
ity fl ow. Turbulent fl ow, resulting in disordered motion, can result in signal dropout 
due to intra-voxel spin dephasing, for example within the cavernous segment of the 
ICA [ 18 ] (Fig.  5 ). This problem can be exacerbated by the presentation of images in 
the form of maximum intensity projection (MIP) images. Review of the source 
images may assist in recognition of this artefact [ 24 ]. Slow fl ow can also result in 
loss of fl ow-related signal and this has been recognised following severe stenosis 
and proximal ICA stenosis [ 22 ]. However, this sign can also be used as a marker of 
severe stenosis [ 25 ].  

 As the base sequence for TOF imaging is inherently T1-weighted images, there 
is potential for other sources of T1 hyperintensity to be visible on TOF MRA. This 
can be seen in thrombus and haemorrhage, as well as fat.  
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    Contrast-Enhanced MRA 

 Contrast-enhanced (CE) MRA utilises the paramagnetic effect of an intravenously 
administered gadolinium compound. The T1 shortening effect of the contrast agent 
results in increased signal intensity within the vessels [ 26 ]. 

 CE MRA is technically challenging due to the requirement for rapid acquisition 
and precise timing so as to avoid venous enhancement. The advantage is the avoid-
ance of saturation effects which may result in signal dropout. Time-resolved exami-
nation is also possible. Various techniques have been described to achieve this, 
albeit with some compromise to image resolution [ 27 ,  28 ]. 

 Despite this, intracranial CE MRA has been reported to have similar diagnostic 
performance to 3D-TOF MRA with the benefi t of faster image acquisition, which 
may be particularly advantageous in the acute situation, and a larger fi eld of view 
which can include the extracranial arteries [ 29 ] (Fig.  4 ). 

 Disadvantages of the use of CE MRA relate primarily to the use of the contrast 
agent: occasional idiosyncratic/anaphylactic reactions and nephrogenic systemic 
fi brosis [ 30 ] are potential risks. 

 Early reports of the use of blood-pool contrast agents for intracranial MRA sug-
gest that image quality can be improved and gadolinium dosage reduced [ 31 ]. 
Enhanced relaxivity due to macromolecular binding of the agent is thought to be a 
major contributor to the image quality, even during fi rst-pass circulation [ 32 ]. 

 The technique of CE TOF MRA provides fl ow-based imaging and the increased 
signal provided by the relaxivity contributed by the contrast agent. This technique 
could be of value for the assessment of stented arteries [ 33 ].  

  Fig. 5    TOF MRA in vascular stenosis. Sagittal thin-slab MIP projection to show the right cavern-
ous ICA. The right carotid siphon appears critically stenosed ( arrow ) and there is irregularity of 
the terminal ICA ( arrowhead ). IA-DSA of the right ICA shows that the stenosis of the carotid 
siphon ( arrow ) and terminal ICA ( arrowhead ) are not as severe as the TOF MRA had suggested       
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    Other Vascular Imaging Techniques 

 There has been some interest in the technique of quantitative MRA to measure 
 posterior circulation hemodynamics in patients with vertebrobasilar disease, where 
it has shown some benefi t in risk stratifi cation [ 34 ], and in the detection of in-stent 
restenosis [ 35 ]. However, despite initial promise of a reliable non-invasive tech-
nique, for assessment of stent patency, there has not yet been any robust indepen-
dent validation of this technique. 

 A variety of high-resolution (HR) techniques have been described in recent years 
for the assessment of the intracranial arteries, including assessment of the arterial 
wall [ 36 – 39 ,  94 ]. These protocols have varying degrees of similarity to protocols 
based upon proximal ICA plaque imaging [ 40 ]. These techniques have had limited 
penetration into routine practice, and have not been incorporated into acute stroke/
TIA imaging guidelines where established MRA techniques, potentially supple-
mented with perfusion imaging, are the mainstay [ 41 ]. 

 High-resolution black-blood MRI is one technique for detection and classifi ca-
tion of MCA stenoses [ 36 ]. The demonstration and measurement of plaque size and 
volume, as well as measure wall thickness, have been demonstrated together with 
differences between symptomatic and asymptomatic plaques [ 42 ]. 

 Also echoing techniques in the ICA, there have also been reports of the detection 
of direct thrombus imaging for the identifi cation of intraplaque haemorrhage or dis-
section by the presence of T1 hyperintensity within the arterial wall [ 43 ]. 

 The disappointing results of the Stenting versus Aggressive Medical Management 
for Preventing Recurrent Stroke in Intracranial Arterial Stenosis (SAMMPRIS) trial 
[ 44 ,  45 ] have resulted in changes in practice away from intracranial stenting [ 46 ]. 
However, the SAMMPRIS trial has been criticised on a number of fronts, and there 
is ongoing interest in the refi nement of interventional techniques and patient selec-
tion, and plaque imaging may play a role in this. Early reports of the reproducibility 
of these HR techniques show excellent inter- and intra-observer reliability for iden-
tifi cation of plaques, and contrast enhancement, with substantial agreement for 
presence of intra-plaque haemorrhage [ 47 ]. However, future work to correlate clini-
cal outcomes with HR imaging fi ndings is required.  

    Mechanisms of Stroke 

 Ischaemic stroke resulting from occlusive disease of the intracranial arteries can be 
broadly classifi ed according to its mechanism into thrombotic occlusions, embolic 
occlusions and perforator occlusions. Initially introduced as part of the TOAST 
study [ 48 ], this traditional classifi cation is limited because a proportion of strokes 
remain unclassifi able, or represent a mixture of aetiologies. Newer classifi cation 
systems, such as the Causative Classifi cation System (CCS) [ 49 ] and ASCOD 
 phenotypic system [ 50 ], aim to improve classifi cation in these circumstances. 
The prevalence of individual subtypes is widely variable between studies, and 
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between populations and races [ 51 ]. Broadly, however, the relative prevalence of 
the major subtypes ranges between 15 and 40 % for large artery atherosclerosis, 15 
and 30 % for embolic and 15 and 30 % for lacunar infarcts [ 52 ]. The coexistence of 
multiple mechanisms is also recognised as is the importance of factors such as cere-
brovascular reserve and collateral circulation [ 53 ].  

    Patterns of Atherosclerosis 

 The most common site of intracranial atherosclerosis is the carotid siphon. However, 
atherosclerotic disease at this site has a relatively more benign course than extracra-
nial carotid disease; one study found no relation between disease at the siphon and 
recurrent stroke following carotid endarterectomy [ 54 ,  55 ]. 

 The most well-studied parts of the intracranial circulation are the MCAs and the 
vertebrobasilar system. In comparison, there is relatively little literature on the sig-
nifi cance of ACA and PCA disease. This may be explained by the relatively low 
incidence of ACA stoke and the rarity of ACA atherosclerosis [ 56 ]. 

 ICAD is also not a static disease. MRA has been used to defi ne progression, dem-
onstrating that symptomatic lesions progress in up to 29 % and regress in 15 % [ 57 ]. 

 The clinical signifi cance of intracranial arterial stenosis has been less well 
defi ned than that of carotid bifurcation stenosis. In part, this may be due to the dif-
fi culty of the detection of such small lesions. One early clinicopathological study 
[ 58 ] detected a relatively low rate of MCA atherosclerosis and attributed the pri-
mary cause to the proximal ICA. More recent studies have suggested higher rates of 
intracranial atherosclerosis [ 59 ] [ 60 ], and this has prompted recent commentators to 
suggest that this early underestimate established a precedent favouring the investi-
gation of extracranial atherosclerosis [ 61 ]. 

 Intracranial ICA stenosis has also been reported to have a higher incidence of 
borderzone infarction than extracranial ICA stenosis [ 62 ]. There has been one report 
that this type of pattern may be due to embolisation [ 63 ], a mechanism previously 
implicated in the pathophysiology of borderzone infarction [ 64 ]. However, neither 
pattern is specifi c; both patterns become more frequent as the degree of stenosis 
increases [ 65 ]. Another infarct pattern is the phenomenon of pure subcortical infarc-
tion (cortex sparing) in the context of MCA stenosis or occlusion [ 66 ], which if 
shown on structural imaging should prompt the review of vascular imaging.  

    MCA Atherosclerosis 

 Intracranial arterial stenosis has long been recognised as a risk factor of recurrent 
stroke [ 67 ] [ 68 ]. More recent studies have also established intracranial arterial ste-
nosis as a risk factor for recurrent events after transient ischaemic attack (TIA) in 
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both early (within 7 days) and late (90 days) phases [ 69 ] [ 70 ] (Fig.  6 ). This fi nding 
is not universal; the Trial of Cilostazol in Symptomatic Intracranial Arterial Stenosis 
(TOSS)-2 found instead that initial ischaemic lesion pattern was a better predictor 
than the presence of arterial stenosis [ 71 ]. However, the high-risk pattern of periph-
eral subcortical infarction may be a manifestation of severe stenosis, as turbulent 
blood fl ow may be more likely to cause plaque rupture and distal embolisation [ 72 ].  

 However, the symptomatology of intracranial stenosis may be different to that of 
extracranial stenosis: MCA stenosis-related MCA-territory ischaemic events are 
reported to have lower NIHSS scores than ICA disease [ 73 ] [ 2 ]. The presence of 
MCA stenosis has been correlated with the presence of more “central”, lenticulo-
striate perforator territory infarction, which would not be unexpected, given the 
origin of these perforating branches from the M1 segment [ 74 ] (Fig.  7 ).   

    Vertebrobasilar Atherosclerosis 

 The vertebrobasilar system is also frequently affected by atherosclerosis, although 
large vessel disease is the major cause of stroke within the posterior circulation. The 
presence of basilar atherosclerosis is also correlated to more extensive large vessel 
disease and diffuse intracranial disease [ 75 ]. Atherosclerotic disease of the vertebral 

  Fig. 6    MCA stenosis. 
( a ) Axial thick-slab MIP 
projection of 3D TOF 
MRA. A severe stenosis of 
the left MCA ( arrow ) is 
present in this patient who 
presented recurrent 
“crescendo” left hemisphere 
TIAs. The more distal left 
MCA branches show reduced 
fl ow-related signal indicative 
of reduced fl ow ( arrowhead )       
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arteries is most commonly extracranial. However, intracranial VA disease (Fig.  8 ) is 
well recognised and can result in occlusion of medullary branches with subsequent 
infarction [ 76 ].  

 However, the branch vessels of the vertebrobasilar system, most importantly, the 
posterior inferior cerebellar arteries, superior cerebellar and posterior cerebral arter-
ies, may also be affected by emboli. In the presence of atherosclerotic (both intra- 
and extracranial) disease, there may be artery-to-artery embolisation [ 77 ]. 

  Fig. 7    MCA thrombosis. ( a ) Axial T2 image in a patient with acute right hemiparesis shows sig-
nal abnormality in the left putamen ( arrow ) and left insula cortex ( arrowhead ). ( b ) DWI shows 
hyperintensity in congruent regions, indicating acute infarction. ( c ) Axial T2* imaging shows 
hypointensity of the left M1 and M2 branches. Magnetic susceptibility due to deoxyhemoglobin in 
thrombus results in “blooming” and signal dropout. ( d ) CT angiogram confi rms occlusion of the 
left M1       
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 The mid segment of the basilar artery (BA) is a common site for atherosclerosis. 
Ischaemia may occur due to haemodynamic insuffi ciency, occlusion or distal 
embolisation. Basilar perforator branch occlusion is also a relatively common 
 pattern of infarction. The imaging pattern in this case is of a lacunar infarct within 
the brainstem (often unilateral), commonly in the pons (Fig.  9 ). As is the case with 
VA disease, artery-to-artery embolisation is common, and distal emboli can be 
shown.  

 PCA atherosclerosis has been scantily described in the literature, but has been 
implicated in recurrent TIA [ 78 ] and midbrain/thalamic (perforator) infarction [ 79 ].  

    Diffuse Atherosclerosis 

 Intracranial atherosclerosis, like atherosclerosis in general, is frequently multifocal. 
Asymptomatic lesions can be found in up to 41 % of patients with symptomatic 
intracranial atherosclerosis [ 80 ] (Fig.  9 ). The presence of multiple MRA-defi ned 
stenoses worsens prognosis in the acute phase and predicts a higher stroke recur-
rence rate [ 81 ] [ 82 ] (Fig.  10 ).  

  Fig. 8    Vertebral artery stenosis. ( a ) Oblique MIP image from TOF MRA shows severe stenosis of 
the right intracranial VA ( arrow ). The left VA (not shown) is hypoplastic. ( b ) Axial FLAIR image 
shows bilateral infarction of the medial occipital lobes       
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  Fig. 9    Basilar perforator branch occlusion. ( a ) Axial T2 image showing acute infarct in the left 
of the midbrain ( arrow ). ( b ) Axial MIP of 3D TOF MRA shows a congenitally hypoplastic left 
P1 ( arrow ) and irregularity of the basilar tip. Perforator branches arise from the P1 segments and 
P2 segments. Embolisation to one of these vessels is thought to be the cause in this patient. 
( c ) Axial T2 image in a different patient showing bilateral medial thalamic infarction, due to 
 occlusion of a developmental variant of a PCA perforator branch (the artery of Percheron). 
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    Mimics and Other Causes of Intracranial Arterial Stenosis 

 There are a variety of non-atherosclerotic causes of intracranial arterial stenosis, and 
these should not be forgotten in the workup of the patient with stenosis on imaging.  

    Arterial Dissection 

 Intracranial arterial dissection is an uncommon condition, with prevalence of 
approximately 12 % in patients with symptomatic cerebrovascular dissection (the 
remainder having extracranial dissection) [ 83 ]. Unlike extracranial dissections, 

  Fig. 10    Diffuse intracranial 
atherosclerosis. Axial 
projection MIP from 3D TOF 
MRA. The left ICA is 
completely occluded at the 
skull base and its fl ow-related 
signal is absent ( fi lled arrow ). 
There is considerable 
irregularity and appearance of 
severe stenosis of the right 
ICA siphon ( open arrow ). 
There is also considerable 
irregularity of the intradural 
vertebral arteries ( curved 
arrows ). The left MCA shows 
low-intensity fl ow-related 
signal, in keeping with slow 
fl ow secondary to the ICA 
occlusion ( arrowhead ). There 
is cross fl ow across the 
anterior communicating 
artery       

Fig. 9 (continued) ( d ) Coronal MIP of TOF MRA in a different patient shows the artery of 
Percheron arising from a single P1 ( right ) to supply both medial thalami ( arrow ). The right P2 
segment ( arrowhead ) is shown with dominant supply from the posterior communicating artery. 
The left PCA is supplied primarily from the basilar ( open arrowhead ). The superior cerebellar 
arteries are shown arising from just below the basilar tip ( open arrows ). ( e ) Axial T2 image show-
ing a small lacunar pontine infarct ( arrow ). ( f ) Volume- rendered/shaded image from TOF MRA 
showing mid basilar stenosis ( arrow )       
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intracranial dissections are more likely to result in dissecting aneurysm formation 
and subarachnoid haemorrhage (SAH) [ 84 ]. The most common locations are the 
terminal ICA, proximal MCA and VA.  

 Four major clinical syndromes have been described in the VA: aneurysm forma-
tion (Fig.  11 ), subintimal dissection and perforator occlusion, SAH and chronic dis-
section with recurrent TIA or stroke [ 64 ].   

    Infl ammatory Vasculitis 

 There are numerous immunologic and infl ammatory angiitis disorders. 
 Primary angiitis of the CNS (PACNS) is an extremely rare disorder, but the diag-

nosis should not be neglected as immunosuppressive treatment may alter the prog-
nosis. While ischaemia is the underlying pathophysiology as a cause of stroke 
PACNS accounted for only 0.15 % of cases of stroke in one large series [ 85 ]. 

 Imaging features are variable, and include variable patterns of infarction, and 
intracerebral or subarachnoid haemorrhage. Angiographic fi ndings are often nor-
mal, but abnormalities include “beading” (multifocal narrowing in a vessel) in a 
variety of patterns and distributions, single regions of stenosis and collateral fl ow 
[ 86 ]. However, even IA DSA has limited sensitivity, with the role of MRA not well 
defi ned. 

 Polyarteritis nodosa (PAN) and Takayasu’s arteritis (TA) can give similar fi nd-
ings, with TA tending to affect larger and extracranial vessels [ 87 ].  

  Fig. 11    Basilar artery dissection. ( a ) Unenhanced axial CT image shows densely calcifi ed athero-
sclerotic involvement of the basilar artery ( arrowhead ) with a partially thrombosed dissecting 
aneurysm sac ( arrow ). ( b ) Coronal MIP from TOF MRA. The aneurysm sac is poorly shown, but 
the basilar artery is moderately stenosed at the site of the dissection, and there is widespread vas-
cular irregularity consistent with diffuse atherosclerosis       
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    Moyamoya 

 Moyamoya (MM) is an uncommon condition of unknown cause, which results in 
progressive stenosis and occlusion of the terminal ICA and proximal MCA/
ACA. Moyamoya syndrome is the term given to a Moyamoya-like vascular disorder 
associated with another disease condition, of which numerous have been described 
[ 88 ] (Fig.  12 ). Presentation may be with SAH or ischaemic symptoms.  

 Diagnosis has historically required IA DSA evidence of bilateral terminal ICA 
occlusion or stenosis, the presence of collateral basal vessels and external carotid or 
posterior circulation collaterals. Contemporary MRA is capable of demonstrating 
these features. HR MRI has recently been reported as possibly discriminating 
between MM and atherosclerosis [ 89 ].  

    Miscellaneous Conditions 

 Numerous additional conditions have been reported as causing intracranial stenoses 
or vasospasm, which may need to be considered in the clinical context. These 
include radiation injury, such as may follow treatment of cervical or intracranial 
tumors [ 90 ], vasospastic disorders (reversible cerebral vasoconstriction syndromes) 
[ 91 ] and drugs of abuse, particularly cocaine [ 92 ].  

  Fig. 12    Moyamoya syndrome. ( a ) T2 axial image in a young woman who presented with transient 
weakness of the left hand. Several small foci of white matter abnormality are shown along the 
ACA/MCA borderzone, suggestive of ischaemic lesions. ( b ) Thin-slab MIP projection of 
TOF MRA. The right M1 is severely stenosed and virtually occluded ( black arrow ). A number of 
thread-like collateral vessels (Moyamoya vessels) are present within the Sylvian fi ssure 
( white arrow )       
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    Conclusion 

 MRA provides the most important diagnostic information for the diagnosis and 
prognostication in ICAD. However, familiarity with structural imaging and the 
common patterns of disease are needed for the interpretation of a complete study. 
The high sensitivity of DWI for acute ischaemia has revolutionised stroke diagno-
sis, and the use of perfusion imaging now plays an important role in determining the 
choice of treatment. Greater recognition of the radiation burden of CT may place a 
greater role on MRI perfusion imaging. HR MRI techniques for plaque assessment 
still need to be validated in large studies but have shown signifi cant promise in 
detecting and classifying atherosclerotic disease and may have a role in guiding 
interventional treatment in the future.     
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            Introduction 

 Atherosclerosis is a progressive and chronic infl ammatory condition of the cardio-
vascular. Atherosclerotic changes that lead to signifi cant complications are most 
commonly located in the coronary and carotid arteries. Studies show that the fre-
quency of clinical events does not correlate well with the degree of vascular stenosis 
in the affected territory. Data from patients with myocardial infarction showed that 
only 22 % of patients presenting with STEMI had >70 % occlusion of the related 
artery [ 1 ]. Similarly, like most patients who have a myocardial infarction do not 
report any symptoms of ischemia prior to the event, in most cases a history of a 
transient ischemic attack (TIA) is not present in most cases of stroke. This indicates 
that the pathophysiology of the condition is likely to have a greater impact on the 
outcome of the disease than the degree of stenosis. 

 Rothwell et al. [ 2 ], in an analysis of pooled data from the three major randomized 
controlled trials of CEA for symptomatic patients [European Carotid Surgery Trial 

        M.   Jakuciński ,  M.D.    •    M.   Ząbek ,  M.D., Ph.D.    •    L.   Królicki ,  M.D., Ph.D.    
  Department of Radiology ,  Mazowiecki Szpital Brodnowski ,   Warsaw ,  Poland     

    K.  P.   Budohoski ,  M.D.      (*) 
  Division of Neurosurgery, Department of Clinical Neurosciences ,  Addenbrooke’s Hospital, 
University of Cambridge ,   Cambridge ,  UK    
 e-mail: kpb26@cam.ac.uk   

    V.  E.L.   Young ,  M.D., Ph.D.    
  Department of Radiology ,  University of Cambridge ,   Cambridge ,  UK     

    P.  J.   Kirkaptrick ,  M.D., F.R.C.S.(SN), FMedSci    
  Division of Neurosurgery, Department of Clinical Neurosciences ,  Addenbrooke’s Hospital, 
University of Cambridge ,   Cambridge ,  UK    

mailto:kpb26@cam.ac.uk


226

(ECST), North American Symptomatic Carotid Endarterectomy Trial (NASCET), 
and Veterans’ Affairs Trial], demonstrated that a signifi cant benefi t from surgery 
can only be achieved in patients with severe stenosis (70–99 %), with an absolute 
risk reduction (ARR) of ipsilateral stroke within the next 5 years of 16 % [ 2 ]. A 
marginal benefi t was observed in symptomatic patients with moderate stenosis (50–
69 %) with an ARR of 4.6 % [ 2 ]. For asymptomatic patients combined data from the 
Asymptomatic Carotid Atherosclerosis Study (ACAS) and the Asymptomatic 
Carotid Surgery Trial (ACST) demonstrated that patients who benefi ted from surgi-
cal treatment were those who had a signifi cant narrowing of ≥70 %. The decrease 
of 5-year stroke risk was shown to be from 11.5 to 6 % [ 3 ,  4 ]. 

 Classical angiography allows for the interpretation of the degree of stenosis, but 
is unable to measure other important parameters, such as infl ammation within the 
plaque or the structure of the atherosclerotic plaque. Furthermore, adaptive outward 
arterial remodeling may lead to the formation of large plaques without signifi cant 
luminal narrowing and this cannot be adequately assessed using DSA alone [ 5 ]. 

 In approximately 70 % of patients the cause of an infarct is a plaque rupture 
resulting in blood clot formation with or without embolization [ 6 ]. In the remaining 
patients with acute vascular events, intraluminal thrombosis may be precipitated by 
plaque erosion with endothelial dysfunction and denuding, as well as the infl uence 
of distorted anatomy due to the formation of calcifi ed nodules [ 6 – 12 ]. 

 Histological studies have been used to characterize plaque morphology and iden-
tify vulnerable atheromatous disease (Table  1 ) [ 10 ,  11 ]. As understanding of the 
morphology has increased, there has been a shift of interest toward identifying the 
characteristics of the carotid arterial wall on imaging, which may play a part in risk 
assessment, especially for the asymptomatic patients.

   Various underlying mechanisms which can cause mechanical failure of the 
fi brous cap, leading to plaque rupture, have been suggested, including biomechani-
cal stress [ 13 – 15 ], hemorrhage within the plaque [ 10 ,  16 ,  17 ], infl ammation within 

   Table 1    Criteria for defi ning vulnerable plaques and diagnostic imaging methods [ 8 ]   

 Type of criteria  Criterion  Imaging 

 Major  Active infl ammation  CE-MRI, USPIO-MRI, FDG-PET 
 Thin FC with large LRNC  MRI, CE-MRI, CT 
 FC disruption  MRI, CE-MRI, SPECT 
 Severe stenosis  MRA, CTA, B-mode ultrasonography 

 Minor  IPH  MRI, CT 
 Expansive remodeling  MRI 
 Superfi cial calcifi ed nodules  MRI, CT 
 Endothelial dysfunction  – 

   LRNC  lipid-rich necrotic core,  MRI  magnetic resonance imaging,  CE-MRI  contrast-enhanced 
MRI,  USPIO-MRI  ultra-small super-paramagnetic iron oxide-enhanced MRI,  FDG-PET  fl uorode-
oxyglucose positron emission tomography,  CT  computed tomography,  SPECT  single-photon 
emission computed tomography  
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the plaque with an infl ux of macrophages [ 18 – 20 ], destruction of the fi brous cap by 
proteolytic enzymes such as matrix metalloproteinases (MMPs) [ 21 ], and apoptotic 
cell death of fi brous cap fi broblasts [ 18 – 20 ].  

    PET Imaging of the Vulnerable Plaque 

 PET and SPECT studies allow for the analysis of atherosclerotic plaque composi-
tion by imaging the infl ammatory process, apoptosis, and metabolism of lipids. 

 The risk of plaque rupture and thrombus formation depends not only on the 
thickness of the fi brous cap surrounding the plaque, but also on the composition/
state, e.g., the presence of lipid and the infl ammation initiated by macrophages [ 8 –
 11 ]. The infl ammatory process is linked to plaque instability and the risk of acute 
vascular events. Among the effects, infl ammation leads to enzymatic damage and 
subsequent rupture of the fi brous cap. 

 Due to the active infl ammation, macrophages are of interest in monitoring ath-
erosclerosis. They have a signifi cant glycolytic activity, which can be imaged in 
PET after the administration of 18FDG [ 22 ]. 18FDG is a glucose analog, which is 
carried by the same transport mechanisms, and is subsequently transformed in the 
Krebs cycle, taking part in the fi rst step, phosphorylation, only. As a result, the 
uptake of 18FDG is directly proportional to the glucose transport mechanisms and 
the activity of hexokinase and therefore the metabolic activity of the tissue. 

 18F-FDG-PET studies were introduced into clinical practice over 20 years ago 
and are most commonly used to evaluate neoplastic and infl ammatory diseases. 
Tawakol et al. showed that the degree of 18FDG uptake strictly correlates with 
the presence of macrophages in the plaque (Fig.  1 ) [ 22 ]. The technique potentially 
allows for diagnosis of infl ammatory vascular lesions, as well as treatment 
monitoring.  

  Fig. 1    18FDG-PET/CT of 
the thoracic aorta. 
Accumulation of 18FDG in 
the aortic wall ( white arrow ) 
signifi es an active 
infl ammatory process in the 
atherosclerotic plaque       
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 PET has greatly improved after the introduction of hybrid PET/CT [ 23 ]. The CT 
imaging allows for an analysis of density of the surrounding tissue, which is then 
used to correct the attenuation phenomenon. The second advantage of this tech-
nique is image fusion from the two modalities, allowing good anatomical correla-
tion, some assessment of plaque structure, as well as information on the metabolic 
activity. PET also allows for the evaluation of structures in multiple vascular terri-
tories at once, which is advantageous in this systemic disease. Studies have shown 
that infl ammatory changes in atherosclerotic plaques are located diffusely through-
out the vascular system. If a plaque is demonstrated to have infl ammatory changes, 
it is common for the morphological changes to be present in other plaques to a simi-
lar degree. The presence of a plaque in one carotid artery is often connected with a 
contralateral, but is more commonly associated with plaques located within the 
same anatomical area. It has been shown that the uptake of 18FDG in atheroscle-
rotic plaques does not correlate with the degree of calcifi cation. This suggests that 
calcifi cation is the fi nal step in the disease process and is a more stable state. This 
observation shows the potential role of functional studies in disease work-up. The 
systemic nature of the disease can also be determined as illustrated with the 
increased 18FDG uptake in the area of atherosclerotic carotid plaques of patients 
who have had a previous myocardial infarction and a higher concentration of serum 
infl ammatory markers (including matrix metalloproteinase (MMP 3 and MMP 9) 
and C-reactive protein (CRP)). 

 PET/CT allows for the evaluation of the effectiveness of new generation drugs, 
which reduce plaque infl ammation in some way, by examining their effect on plaque 
stabilization. Tahara et al. [ 24 ] studied the effect of simvastatin on the degree of 
18FDG uptake in atherosclerotic plaques in two patient groups: those treated with 
simvastatin vs. low-cholesterol diet alone (overall population 43 patients). 
Measuring the 18FDG uptake values before treatment and at 3 months, the18F- 
FDG uptake in atherosclerotic plaque was markedly smaller in patients treated with 
simvastatin compared to diet alone, with an added correlation of decreased 18FDG 
uptake with higher high-density lipoprotein (HDL) levels. Lee et al. [ 25 ] established 
that PET allows for objective conclusions of the effect of lifestyle on disease pro-
gression. Prior to the observational period, 362 anatomical areas with increased 
18FDG uptake were identifi ed in a cohort of 60 patients. After 17 months the num-
ber of areas of increased uptake reduced to 124. The authors also evaluated the 
whole body 18FDG index. After lifestyle changes, the index decreased from 1.39 to 
0.53, which correlated with a decreased total and low- density lipoprotein (LDL) 
cholesterol concentration. This data illustrates that PET is a useful tool in the study 
of disease progression, as well as the effectiveness of drugs and lifestyle modifi ca-
tion in progression. Fayad et al. [ 26 ] used 18FDG- PET/CT combined with MR to 
study the effect of dalcetrapib on plaque morphology. Dalcetrapib modulates cho-
lesteryl ester transfer protein (CETP) activity to raise HDL cholesterol. The authors 
were able to demonstrate that PET as well as MRI are acceptable techniques to 
evaluate drug effectiveness. Furthermore, they have shown that dalcetrapib acts 
positively on the structure and functional parameters of vessel wall plaques. 

M. Jakuciński et al.



229

    Cardiac 

 Patients with a myocardial infarction do not always demonstrate signifi cant coro-
nary stenosis. However, histological assessment of plaques has often demonstrated 
features of instability, suggesting that modalities, such as PET, may be helpful in 
identifying this cohort of patients. A limitation to this method in coronary imaging 
is the physiological high uptake of 18FDG in myocardial tissue. If the patient was 
well prepared, with a low-carbohydrate, high-fat meal, myocardial suppression of 
18FDG uptake was enhanced allowing for proper evaluation of atherosclerotic 
plaques in coronary arteries. Wykrzykowska et al. [ 27 ] used the diet patient prepara-
tion before a PET study, which was correlated to coronary angiography and the 
results suggested that increased 18FDG uptake matched disease identifi ed on angi-
ography, although the results were not signifi cant in this small study (15 patients 
had 18FDG-positive coronary vessels).   

    MRI and the Vulnerable Plaque 

 MRI is as an established imaging modality for plaque morphology and stenosis eval-
uation. The technique does not require ionizing radiation, provides high- resolution 
images, and using multiple sequences can evaluate disease characteristics. The use 
of different sequences allows for evaluation of plaque structure [ 28 ], without the 
need of intravenous contrast, although this further enhances the technique [ 29 ,  30 ]. 
It is possible to assess the fi brous cap, lipid-rich necrotic core, or possible intra-
plaque hemorrhage. In contrast, calcifi cation may be more diffi cult to analyze. 

    Plaque Hemorrhage 

 One of the most common risk factors correlating with a high risk of clinical sequelae 
is plaque hemorrhage [ 31 ,  32 ]. The reason of bleeding is unclear, but most probably 
it is caused by fragile neovessels within the plaque [ 33 ,  34 ]. Without proper smooth 
muscle cell support and with a leaky endothelium it is common for them to rupture 
and cause a hemorrhage [ 35 ,  36 ]. Bleeding causes an increase in size of the plaque, 
with extravasated blood having a pro-infl ammatory effect, leading to accumulation 
of macrophages which produce proteases, and a positive feedback loop is created of 
infl ammation and neovascularization [ 33 ,  34 ]. This in turn causes degradation of the 
fi brous cap. MRI allows for the identifi cation of methemoglobin (which can be used 
as an endogenous contrast for MRI imaging), among other hemorrhage types, in the 
area of an atherosclerotic plaque. Methemoglobin has paramagnetic properties and 
is best identifi ed with a high signal on T1-weighted (T1 W) images. This phenom-
enon has a high sensitivity and specifi city for identifying recent intraplaque hemor-
rhage [ 37 ,  38 ]. High signal on both spin echo and time-of-fl ight (TOF) gradient 
echo T1-weighted images were noted by Yuan et al. [ 39 ]. MR imaging with 
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T1-weighted/TOF and T2-weighted/proton density (PD)-weighted sequences can 
now be used to date the intraplaque hemorrhage (Table  2 ) [ 36 ,  40 ]. Moody et al. 
proposed an MR sequence used for direct thrombus imaging—magnetization-pre-
pared rapid acquisition with gradient echo (MP-RAGE)—to image lower-limb deep 
venous thrombosis [ 41 ], which was later modifi ed for plaque imaging, providing 
sensitive but low-resolution imaging of plaque hemorrhage [ 42 ].

   The concurrent use of angio-MR (MRA) and plaque analysis is also being devel-
oped. Yoo et al. used the maximum intensity projection (MIP) of TOF MRA show-
ing the presence of juxtaluminal hyperintensities indicating plaque hemorrhage 
[ 43 ]. Another imaging method that has been applied is based on phase-sensitive 
reconstruction of an inversion recovery (IR)-prepared sequence that is timed to pro-
duce strongly negative signals in the vessel lumen and strongly positive signals in 
the vulnerable plaque. One of the diffi culties in combining angiography and plaque 
morphology imaging has been getting good angiographic coverage; for clinical pur-
poses carotid angiography is performed from the aortic arch to the circle of Willis 
while most plaque imaging is performed with dedicated high-resolution coils over 
the carotid bifurcation providing great detail of the plaque but limited angiographic 
coverage if the coil is not changed for a more standard array. 

 The assessment of intraluminal bleeding, also known as juxtaluminal hemor-
rhage, is an important sign of plaque vulnerability. This has mostly been studied in 
small patient groups, but they provide a strong indication of the importance of this 
feature. Takaya et al. [ 12 ] showed that the presence of juxtaluminal hemorrhage is 
associated with a cerebral infarction in 67 % of non-symptomatic patients with 
50–79 % carotid artery stenosis.  

    Plaque Morphology 

 Another factor determining the development of complications is the size (and vol-
ume) of a plaque. 

 Arterial expansive remodeling is a process whereby growth of the plaque is not 
refl ected in the narrowing of the arterial lumen [ 5 ]. This process has been implicated 

   Table 2    Stages of intraplaque hemorrhage   

 Stage of 
hemorrhage 

 Characteristics 

 Histology 

 MRI 

 T 1 W/TOF  T 2 W/PDw 

 Fresh (Type I)  Intact RBC with intracellular 
methemoglobin 

 Hyperintense  Isointense 

 Recent (Type II)  Lytic RBC with extracellular 
methemoglobin 

 Hyperintense  Hyperintense 

 Old  Amorphemosid  Hypointense  Hypointense 

   RBC  red blood cells,  T1W  T1 weighted,  TOF  time of fl ight,  T2W  T2 weighted,  PDw  proton density 
weighted [ 36 ,  40 ]  
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in plaque vulnerability by disguising large lesions [ 44 ,  45 ]. Such lesions may not 
manifest themselves in angiography, despite extensive atherosclerotic changes. 
Numerous studies confi rm that there are no clear relationship between the size of a 
plaque and the degree of vessel stenosis [ 46 ]. Volume assessment of a vulnerable 
plaque is diffi cult to image well. MRI is a potentially useful method for assessment 
of the extent of this phenomenon as it allows for simultaneous imaging of both the 
arterial lumen and wall [ 47 ,  48 ]. The most frequently used sequences are black- 
blood fast spin echo sequences [ 44 ,  47 ,  49 ,  50 ]. Corti et al. [ 49 ,  51 ] studied the 
effects of simvastatin lipid-lowering therapy on human atherosclerotic lesions (aor-
tic and carotid lesions) demonstrated by changes in both vessel wall thickness 
(VWT) and vessel wall area (VWA), which are often used as surrogate markers of 
expansive remodeling. Reductions in both parameters were statistically signifi cant 
at 12, 18, and 24 months after initiation of the treatment regime. 

 There are however limitations to MRI for measuring these parameters. Artifacts 
associated with blood fl ow and the partial volume effect due to an obliquity of the 
vessel wall can reduce the accuracy of defi ning the boundaries of the vessel wall. 
When using infl ow-dependent blood suppression techniques errors are encountered 
when there is slow or recirculating fl ow within the imaging slab, which may be as 
high as 50 %. New imaging methods for infl ow-independent blood suppression and 
3D imaging to minimize partial volume effects are implemented. 3D sequences 
additionally improved signal-to-noise ratios, increased longitudinal coverage, 
improved resolution especially in the through-plane direction, and provided greater 
acquisition effi ciency. The through-plane resolution is important because volumes 
need to be calculated with larger slice thicknesses making the results less accurate. 

 To assess the plaque burden it is necessary to accurately defi ne the external and 
internal walls of the vessel wall; traditionally this has been done by an experienced 
observed, but a number of software packages have been developed to automate this 
time-consuming task [ 52 ].  

    Fibrous Cap and Lipid-Rich Necrotic Core 

 Fibrous cap thickness and lipid-rich necrotic core size are two most readily avail-
able parameters from high-resolution MRI, which potentially may give additional 
information regarding the stability of a carotid atheromatous plaque (Fig.  2 ) [ 53 , 
 54 ]. Mostly histological studies have shown that one of the most common pheno-
types of plaques prone to rupture is a thin fi brous cap overlying a large lipid-rich 
necrotic core [ 6 ,  9 ,  10 ,  55 ]. Sequences used to image the FC and LRNC rely on the 
ability of cholesterol esters, which are the predominant component of lipid-rich 
necrotic core to shorten T2 relaxation time.  

 The result is a hypointense area on T 2 W images representing lipid-rich necrotic 
core. High intraobserver agreement was noted for the identifi cation of lipid-rich 
necrotic core and moderate agreement for fi brous cap. Furthermore the accuracy of 
feature identifi cation on imaging was validated against histology with good results. 
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Hatsukami et al. [ 56 ] performed an analysis of the ability of high-resolution MRI to 
distinguish between differences in fi brous cap thickness and rupture. They used 3D 
multiple overlapping thin-slab angiography (MOTSA) sequence to identify thick, 
thin, and ruptured plaques. Results showed an 89 % agreement with histological 
assessment. Trivedi et al. [ 57 ] performed a study of carotid plaque composition with 
emphasis on depicting lipid-rich necrotic core and fi brous cap ( n  = 40) using 2D, 
blood-suppressed, fast spin echo, T 2 W MRI sequences. A high interobserver 
 agreement was reported between subsequent MRI measurements as well as between 
MRI and histology. Cai et al. [ 53 ] used CE-MRI to measure the dimensions of 
fi brous cap and lipid-rich necrotic core in intact plaques. Sequences included DIR 
T 1 W, TOF, and proton density-weighted (PDw). Measurements obtained from 
CE-MRI were compared with those from T2 W MRI and histological fi ndings. 
A good correlation with histology of both measures (fi brous cap and lipid-rich 
necrotic core) was observed. 

  Fig. 2    Plaque morphology. Sequential images of an atherosclerotic plaque within the left internal 
carotid artery. The typical morphological components are seen, including the lipid-rich necrotic 
core ( red asterisk ), the fi brous cap ( white arrow ), and a possible site of ulceration ( red arrow ). 
ECA—external carotid artery; ICA—internal carotid artery       
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 It has been shown in prospective studies that plaque ulceration and thrombosis are 
more common in patients who are symptomatic [ 58 ,  59 ]. In symptomatic patients, a 
minimum cap thickness under 200 microns was associated with an odds ratio of 5.0 
for the presence of fi brous cap rupture [ 60 ]. Studies on case series have shown that 
it is possible to identify fi brous cap disruption of carotid plaques using multisequence 
MRI with black- and bright-blood sequences [ 61 ]. It has to be noted, though, that the 
histological defi nition of a thin FC (<250 microns [ 56 ]) is below the spatial resolu-
tion of conventional MRI. Therefore the plaque can be classifi ed as [ 17 ]:

•    Thick fi brous cap—fi brous cap is clearly visible on contrast-enhanced (CE)-
T1W as being between the LRNC and the vessel lumen.  

•   Thin fi brous cap—fi brous cap not evident on CE-T1W as being between the 
LRNC and the vessel lumen.  

•   Ruptured fi brous cap—fi brous cap absent on all imaging sequences.    

 Superfi cial calcifi ed nodules were fi rst reported in coronary arteries, and then 
subsequently in carotid arteries as well [ 6 ]. In the classifi cation of atherosclerotic 
lesions proposed by the American Heart Association (AHA), plaques with superfi -
cial calcifi cations are classifi ed as lesions Type Vb [ 56 ]. Later in a modifi cation to 
the AHA classifi cation [ 6 ] these lesions have been classifi ed as a “calcifi ed nodule” 
and described as an eruptive nodular calcifi cation with underlying fi brocalcifi c 
plaque. The second element is calcifi cation—calcifi ed nodules protruding into the 
lumen can lead to thrombus formation [ 73 ]. Calcifi ed nodules are distinguished 
from most plaque calcifi cations, which are separated from the lumen by fi brous tis-
sue and may be indicative of stable lesions [ 62 ]. An in vivo MRI study on 123 
patients was able to visualize, using fast spin echo multi-contrast imaging, calcifi ca-
tions with a sensitivity of 76 %, specifi city of 86 %, and a good intraobserver agree-
ment [ 55 ]. However, this analysis was performed without regard to the location of 
calcifi ed nodules. Juxtaluminal nodules, which are associated with a greater risk of 
rupture however, are more diffi cult to visualize than those located deeper within the 
plaque because they appear as a hypointense signal on T 1 W, T 2 W and TOF images 
and are not easily distinguishable from the lumen. This limitation, however, can be 
overcome by an addition of bright-blood sequences to the imaging, making the 
hypointense calcifi cation clearly different from the hyperintense signal of blood on 
TOF [ 63 ]. 

 Recently Underhill et al. [ 17 ] proposed a risk assessment system for patients 
with carotid atheroma based solely on MRI characteristics. The system was designed 
to aid in objective and uniform, noninvasive stratifi cation of patients’ risk arising 
from their plaque burden. Additionally the authors aimed to defi ne features of 
carotid plaques, which may precede the development of fi brous cap rupture and 
plaque hemorrhage. The classifi cation system was named the Carotid Atherosclerosis 
Score (CAS) (Fig.  3 ). Despite being histologically validated, CAS was based on 
cross-sectional data and will need to undergo a series of prospective studies in order 
to compare its predictive value against the degree of stenosis seen on angiography.  

 Table  3  presents the summary of the various characteristics of carotid plaques 
and the MRI sequences best used for their evaluation.
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       Future Directions of MR Imaging 

 Contrast-enhanced MRI (CE-MRI) of atherosclerosis is a developing area. It is 
commonly used to image the neovascularization of atherosclerotic plaques, which 
is thought to represent active infl ammation. Gadolinium-based contrast media are 
used for their T1 shortening ability. Accumulation of the media leads to signal 
increase on T1-weighted (T 1 W) sequences. By using gadolinium chelates it is pos-
sible to investigate late-phase enhancement, which is a surrogate of contrast diffu-
sion to the extracellular compartment, and observe the diffusion of contrast over 
time. For both CE-MRI and DCE-MRI the choice of image acquisition is essential. 
Care needs to be taken to suffi ciently suppress the blood signal to allow clear visu-
alization of the vessel wall. This can be achieved by using black-blood T 1 W 
sequences with either double inversion-recovery (DIR) [ 64 ] or more recently pro-
posed quadruple inversion-recovery (QIR) [ 65 ]. For dynamic contrast-enhanced 
MRI, on the other hand, a sequence which does not suppress blood is sometimes 
used, e.g., spoiled gradient-recalled echo (SPGR) T 1 W. 

 Another solution that has been used is T2-shortening contrast agents such as 
ultra-small super-paramagnetic particles of iron oxide (USPIOs), which have been 
studied both in vitro and in vivo. The agent undergoes phagocytosis by macro-
phages leading to a low-intensity signal in the plaque directly proportional to the 
amount of macrophages [ 66 ]. The T2 effect creates a hypointense area on conven-
tional spin echo (SE) MR sequences. Because of a T2* sensitivity of gradient echo 
(GE) sequences, they are more sensitive to USPIO effects than spin echo sequences 

  Fig. 3    Carotid 
atherosclerosis score. CAS 1: 
low risk; CAS 2: medium- 
low risk; CAS 3: low-high 
risk; CAS 4: high-risk 
plaques. Max % LRNC- 
maximum percentage of 
plaque wall occupied by 
LRNC. Adapted from 
Underhill et al. [ 17 ]. 
LRNC—lipid-rich necrotic 
core       
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but may be subject to poorer image quality [ 67 ]. There is also an interesting study 
with a fi brin-targeted contrast agent which allows for the assessment of thrombus 
formation [ 68 ]. 

 It was proposed that tensile wall stress and wall shear stress may be responsible 
for progression as well as rupture of atherosclerotic lesions [ 69 ]. Stress can be mea-
sured in carotid arteries using MR imaging as a basis, with the aid of fi nite element 
analysis (FEA) [ 70 ]. Stress modeling using FEA has been validated against histo-
logical fi ndings using excised atherosclerotic plaques [ 71 ]. U-King-Im et al. [ 71 ] 
confi rmed that high-resolution MR-derived 2D geometrical arterial models can be 
used to perform FEA. Trivedi et al. [ 15 ] have expanded on this work and performed 
an MRI-based FEA to predict the differences in plaque tensile stress for symptom-
atic and asymptomatic patients with carotid atherosclerosis. 

 Studies have used an atherosclerotic targeting contrast agent (ATCA) in which 
gadolinium-containing endohedrals were functionalized and formulated into lipo-
somes with CD36 ligands intercalated into the lipid bilayer. ATCA is specifi cally 
internalized by CD36 receptors on atherosclerotic plaque providing enhanced visu-
alization of lesions under physiological conditions. ATCA may become a new tool 
for physicians to noninvasively detect atherosclerotic disease [ 72 ]. 

 Furthermore, continued advances in radiofrequency hardware have resulted in an 
increase in the operating fi eld strength from 1.5 T to 3 T and even 7 T. At 3 T an 
approximately twofold increase in signal-to-noise ratio can be obtained, resulting in 
a fourfold reduction in scanning time or a signifi cant increase in temporal 
resolution. 

 It is important to note that MRI and PET are able to visualize different aspects of 
the disease process, making them complementary to each other in the evaluation of 
vulnerability of the plaque. Saito et al. demonstrated the complementary use of the 
techniques in plaque evaluation, with a high lipid content, the presence of blood in 
MRI imaging, and an infl ammatory process in PET being important [ 73 ].      
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