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General Introduction
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I. General IntroduCtIon

I. anGIoGraphIC ImaGInG
Angiography is the term that is used for techniques that visualize the inside, 
or lumen, of blood vessels. The word originates from the Greek words αγγειον 
(aggeion), meaning “vessel” or “bucket”, and γραφειν (graphein), meaning “to 
write” or “to record”. An image of the blood vessels of a patient, an angiogram, is 
traditionally made by injecting a radio-opaque contrast agent into a blood vessel 
and making projection images using X-rays. In 1927 the Portuguese physician and 
neurologist Egaz Moniz made the first cerebral angiogram of a living patient.1,2 
The technique enabled physicians from that day on, to base their diagnosis on 
imaging instead of surgery for several kinds of neurological disorders, such as 
aneurysms, arteriovenous malformations, and tumors.

Although nowadays a number of other imaging techniques have been developed 
to visualize blood vessels (see Fig. 1), conventional angiography is still daily 
practice. There has of course been improvement in patient safety and in image 
quality over the years, but the basic principle of the technique has remained the 
same: Iodine contrast is injected via a catheter into the artery to be depicted, and 
projection images are made. The focus of conventional angiography, however, has 
shifted from diagnosis to interventional procedures, where the direct feedback and 
the dynamic aspect of the technique play an important role.3,4 In the diagnostic 
process conventional angiography has been gradually replaced by other techniques. 

With conventional angiography evaluation of blood vessels is limited because of 
the difficulty of interpreting the three dimensional (3D) reality from two dimensional 
(2D) images, and overprojection of different vessels. Three dimensional rotational 
angiography was introduced to solve this problem.5 However, with both techniques a 
patient is exposed to a small but not negligible risk of neurological complications 6,7 
because of the need for catheterization.

Computed tomography angiography (CTA) and magnetic resonance 
angiography (MRA) are 3D imaging techniques that nowadays are applied often 
for imaging of blood vessels. Both techniques are less invasive than conventional 
angiography as there is no need for catherization of the patient. For a number 



9General IntroduCtIon

of diagnostic questions it has been shown that these techniques can replace 
conventional angiography.8,9 MRA has the advantage over CTA that it does not 
involve the use of X-rays. Disadvantages of MRA are, however, its cost, its limited 
availability and long acquisition times.10,11 CTA examinations are considered the 
primary choice for a number of clinical questions. This thesis will concentrate on 
CT angiography of the region of head and neck. 

Fig. 1
Four different techniques used to 
depict an intracranial aneurysm 
(arrowhead) in the posterior 
communicating artery of one patient; 
A) an angiogram; 
B) a digital subtraction angiogram; 
C) a volume rendering of three 
dimensional rotational angiogram and 
D) a maximum intensity projection of 
computed tomography angiography 
examination with bone removal.

II. Ct anGIoGraphy of the head & neCk reGIon
In 1972 Hounsfield introduced the first head computed tomography (CT) 
scanner (EMI Mark I, EMI Ltd., London, United Kingdom) that could make 
cross-sectional images of patients.12,13 Since then there has been an enormous 
development in CT technology, for CT angiography the main step in the evolution 
has been the development of spiral CT with a slip-ring. Before this development, 
CT angiography had already been introduced but the scan length was limited to 
approximately 3 cm.14-16 CT acquisition times were long as cable connections to 
the gantry prevented continuous rotation. The gantry had to be accelerated in one 
direction, stopped after one rotation and then accelerated in the opposite direction. 
As the time that vessels are enhanced after administration of a contrast agent is 
limited (20-30 s) only a small part of vessels could be visualized. Due to the slip-
ring technology it became possible to mount the high-frequency power supplies 
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on the rotating part of the gantry without the need for a cable connection from 
the rotating part to the stationary part and continuous rotation became possible. 
This made conventional acquisitions (slice for slice) faster but it also made a new 
technique, spiral (or helical) acquisition, possible. In spiral CT the continuous 
rotation of the gantry is combined with simultaneous patient translation through the 
gantry which enables fast volumetric imaging of organs without discontinuities.17 
The concept of spiral CT was introduced by W. Kalender in 1989, soon after the 
slip-ring CT scanners became available.18

After the introduction of spiral CT, several early reports on clinical applications 
of spiral CT dealt with CT Angiography.19-23 For CTA the spiral CT technique 
was important as it made it possible to acquire the data for the reconstruction of 
three dimensional images in the short time (20-30 s) that the injected contrast was 
present in the arteries or veins (see Fig. 2). Moreover, in this short time a patient 
could hold his or her breath which largely reduces motion artifacts. 

Fig. 2 
Images from a CTA examination of the head and neck region of a patient 
with a stenosis of the right internal carotid artery. 
A) A region of interest of an axial image at the site of the most severe 
stenosis. The stenosed right internal carotid artery (arrowhead), a 
calcified atherosclerotic plaque (triangle) and the external carotid artery 
are depicted. The left internal carotid artery (open arrowhead) and the 
left external carotid artery (open arrow) are also depicted. 
B) and C) show a sagittal and coronal maximum intensity projection of a 
thin slab (20 mm) around the right carotid artery.

Because of the high contrast-to-noise ratio of CT imaging compared with 
conventional angiography, the contrast agent in CTA can be injected intra-venously 
instead of arterially, which is less invasive. The contrast agent is normally injected 
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in an antecubital vein and it passes the heart and the pulmonary circulation before 
it enters the systemic circulation for the first passage. The time between the start 
of the injection and the moment that maximal enhancement is reached of the 
vessels of interest (in the order of 12-27 s for the carotid arteries)24 will depend 
on the injection protocol, but also on patient specific factors as weight and cardiac 
function.25 To reduce the risk of a scan with sub-optimal enhancement a test-bolus 
injection26-28 or bolus-tracking techniques29-31 can be used. 

A CT venography (CTV) scan is made if one is interested in the venous system 
instead of the arterial system (see Fig. 3). The main difference between a CTA 
and a CTV scan is the timing.32 As the contrast will first pass through the arterial 
system, then through the capillaries and then through the veins and sinuses, the 
optimal time delay between injection and starting of the scan of a CTV scan will 
be longer. 

To prolong the time that vessels are enhanced, both CTA and CTV scans are 
made in the main direction of the blood flow; in case of a scan of the head this will be 
from caudal to cranial for a CTA scan and in the opposite direction for a CTV scan.

Fig. 3 
A) A diagram displaying the larger veins and sinuses in the head & neck region that should be visible in a patient without thrombosis. SSS: superior sagittal 
sinus; ISS: inferior sagittal sinus; SS: straight sinus, SC: sinus cavernous, TS: transverse sinus; CS: confluence of sinuses and VJI: internal jugular vein. 
B) Sagittal maximum intensity projection of a CTV examination (after bone removal) of a patient with a venous thrombosis. No or minimal enhancement is 
present in the superior sagittal sinus (SSS, arrowheads) and the sagittal sinus inferior (SSI, triangles), while the straight sinus (open arrow) is clearly visible.

An imaging technique closely related to CTA is CT perfusion (CTP) 
imaging.33 A CTP examination consists of a time-series of CT scans, during and 
after injection of a contrast bolus. With post-processing of the images different 
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functional parameters such as the cerebral blood volume, cerebral blood flow and 
mean transit time can be determined.34-36 These parameters enable physicians to 
distinguish in the brain of a patient with stroke between areas that can benefit 
from treatment and areas that will not (see Fig. 4). This can be of help in making 
decisions on treatment of patients.

Fig. 4 
The result of an analysis of a brain perfusion scan of a 
patient suffering from a stroke. Areas with a reduced 
perfusion are indicated with a colour, areas in black do 
not longer show an active regulation of the perfusion 
while the grey areas still do have an active regulation and 
could benefit from treatment.

III. outlIne of the thesIs 
In this thesis a number of topics on image processing of CTA images are treated. 
The first topic is the visualization of blood vessels in CTA. In chapter 2 a method 
is described that aids visualization of blood vessels by removing image voxels 
corresponding to bone. The method described is a modification of a method 
described previously. Chapter 3 and 4 deal with clinical applications of the original 
method. The second topic is on quantification of the size of blood vessels in CTA 
images. Two aspects are treated, the definition of a center lumen line in chapter 5 
and the accurate and precise measurements of the diameter of a vessel in chapter 
6. In chapter 7 the feasibility is investigated to obtain both CTA images and CTP 
images from one single examination.
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III.a. Bone removal
A CTA scan made with a modern scanner consists of hundreds of images. 
Examination of all vessels in all cross-sectional images is a cumbersome task.37 
To facilitate the review of the examination one often tries to get a better overview 
using images made with three dimensional (3D) visualization techniques such as 
maximum intensity projection (MIP) or volume rendering (VR).38 In this way, 
a physician can examine a whole vascular tree faster for pathologies, will have 
a better insight in its 3D structure and has to consider only the relevant cross-
sectional images.

With 3D visualization techniques, two dimensional (2D) projection images 
are created from different directions from a 3D volume. MIPs can be used 
straightforward for the visualization of vessels if they are surrounded by soft 
tissue. In case bone is present it will hamper the visualization of the vessels in MIP 
images as the CT value of bone will be higher than that of the enhanced vessels. 
As a result the bone will overlay the vessels in the MIP images. In VR images a 
similar problem exists. In this case, the overlap in the ranges of intensity values of 
vessels and bone makes it impossible to visualize the vessels separately. To make 
vessels visible in MIP or VR images in areas with bone, like the head and neck 
region, bone has to be removed from the CTA images.21,23,39

Bone removal can be performed manually. Almost all commercially available 
3D viewing software supports removal of regions from the volume of interest 
interactively by drawing contours with a mouse. This manual bone removal, 
however, is very time consuming and almost impossible in areas like the skull and 
spine, where vessels are situated close to the bone or are surrounded by bone.39,40 

Bone removal can also be performed automatically using a masking method, 
matched mask bone elimination (MMBE).41,42 This method uses an additional 
low dose scan in which vessels are not enhanced. From this scan a bone mask 
is made of all high density voxels. As the bone mask is made from a different 
scan it can not be used directly to remove bone in the enhanced image because of 
inevitable patient movements between the two scans. Therefore the two scans are 
first registered. Subsequently all voxels corresponding to bone in the CTA images 
are given a low value and vessels can then be visualized without the disturbing 
effect of bone in VR- or MIP images.

A problem that arises when masking bone in a CT image, is that a thin strip 



Chapter 114

of adjacent tissue is masked as well, due to unsharpness of the images and the 
thickness of the imaged slices. When vessels are in close proximity of bone, their 
integrity is affected as they are eroded by the mask. This problem can in principle 
be alleviated by using sharper images, because in that case the mask will be more 
accurate and less erosion of the vessels will take place. Sharper images can be 
obtained by using sharper reconstruction filters and thinner slices. A problem 
when using sharper images is that the noise in the images increases as well, 
which may affect their diagnostic quality. In practice therefore for each protocol 
a trade-off between sharpness and noise is made to make the images optimal for 
the diagnostic task at hand. With the following approach in principle both a well 
defined mask and a clinically acceptable noise level can be obtained: 1) make 
reconstructions of the CT scan with a higher resolution (and more noise), 2) mask 
the bone voxels in these higher resolution images (with less erosion of vessels) 
and 3) restore the desired noise level (by reducing the resolution). A method that 
follows this approach, multiscale MMBE, is presented in chapter 2 and the results 
are compared with the original MMBE method.

When the MMBE method was introduced, results were presented of only a 
limited number of patients. The quality of bone removal was not evaluated in a 
large group of patients and the diagnostic value of CTA images in combination 
with MMBE in the diagnostic process was also not investigated. These points are 
addressed in chapters 3 and 4.

In chapter 3 the diagnostic accuracy of CTA with MMBE is determined for 
detection of intracranial aneurysms in a large patient population with clinically 
suspected subarachnoid hemorrhage using digital subtraction angiography and 
three dimensional rotational angiography as reference standards.

In chapter 4 the interobserver variability in the detection of cerebral venous 
thrombosis using CT venography with MMBE was investigated and the quality of 
a fully automatic bone removal was evaluated. 

III.B. measurements of the deGree of stenosIs
CT angiography can be used to determine the degree of stenosis in patients that 
are suspected of carotid artery occlusive disease. These patients often suffer from 
transient ischemic attacks (TIAs), a neurologic dysfunction that persists for less 
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than 24 hours. The most common cause of a TIA is an embolus that occludes an 
artery in the brain. This embolus most frequently arises from an atherosclerotic 
plaque, that causes a stenosis of one of the carotid arteries. Treatment of the stenosis 
by endarterectomy (surgical removal) or endovascular stent placement can reduce 
the risk on reoccurrence of a TIA. Whether a patient will benefit from treatment, 
depends on the severity of this stenosis.43-46 

For quantification of carotid artery stenosis the NASCET criteria are often 
used. According to these criteria the severity of a stenosis is defined as the 
percentage of the diameter that is obstructed. This can be calculated by measuring 
the vessel diameter at the place of the stenosis and a vessel diameter at a distal 
reference site in the same vessel. In large trials it has been shown that patients with 
stenosis percentage of 70 % and higher benefit from surgical treatment.47 With 
lower stenoses percentages the benefit of this treatment does not outweigh the risks 
involved. Therefore accurate and precise diameter measurements are important.

Digital subtraction angiography (DSA) has historically been the golden standard 
to assess the severity of stenosis, but it has been shown that it can be replaced by 
less invasive three dimensional techniques such as MRA and/or CTA.8,9 CTA is 
often used for the quantification of carotid stenosis as it is relatively cheap and 
widely available in comparison to MRA.10,11

To measure the diameter of a blood vessel two steps have to be taken: 1) the 
center lumen line (CLL) has to defined, as measurements have to be performed 
perpendicular to the vessel and 2) the size of the cross-section of the lumen of the 
vessel has to be measured. If measurements are performed manually, both steps 
give rise to inter- and intra-observer variations. Systematic errors may be present 
as well. As the stenosis percentage is crucial for the decision on treatment there is 
a potential benefit in automated methods for stenosis quantification as these may 
reduce these variations and systematic errors. 

Many different structures and vessels are present in CTA images and with 
automatic methods it is often difficult to find which vessel is the one of interest. 
To overcome this problem, most methods are implemented in a semi-automatic 
way. An observer places two or more seedpoints in the carotid artery of interest, 
and next the automated method will try to determine the center lumen line of that 
specific artery. This automated approach greatly reduces the observer dependency 
as the variation between observers depends for the largest part on the definition of 
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where the center of a vessel is annotated and not on which specific carotid artery 
is the one of interest. 

Techniques for automated path tracing typically run into problems when dealing 
with vessels with abnormalities such as stenoses, aneurysms, and calcifications but 
also when dealing with bifurcations, vessels of high curvature, and other nearby 
vessels and bone.48-50 A promising method was published for the tracing of neurons 
in microscopic images.51 This method employed the use of an improved filter for 
recognition of tubular structures and seemed to be a valid option for the tracing 
of vessels in CTA images as well. In chapter 5 a method is presented based upon 
this filter and the resulting CLL tracings are compared with manual tracings of 
multiple observers and with tracings of another automated method. 

When a center lumen line has been defined the measurement of the diameter 
of the cross-section has to be performed. In this task automated methods still 
encounter a lot of problems. They show a decreasing accuracy and precision in 
diameter measurements of smaller vessels,52,53 are influenced by the convolution 
kernel used for the reconstructed images,53 are dependent on the amount of contrast 
enhancement54 and tend to have problems with the presence of calcifications.55,56

Underlying most of these problems is the blurring of the images, which is 
inherent in CT imaging. This blurring causes conventional methods that use 
the full width at half maximum criterion,57 or the second order derivative zero 
crossings criterion,58 to inaccurately locate the vessel boundary leading to a bias in 
the diameter estimate.59 One can try to remove this bias by the use of a correction 
procedure or by a model-based approach.60-65 In both approaches explicit allowance 
is made for the blurring of structures in the image. In principle this allows for 
elimination of the bias in diameter estimates of structures. Until now all methods 
are applicable only to vessels with circular cross-sections. The advantage of a 
model-based approach is that it can be readily extended to more general vessel 
geometries.

 With this in mind, a model-based approach for diameter measurements of 
vessels with a stenosis in CTA images was desired and implemented. To allow 
for non-circular shapes of the cross-section of vessels, Fourier descriptors were 
used.66,67 When calcifications are contiguous to the lumen of the vessel, both the 
vessel and the calcifications were modeled in an attempt to improve the diameter 
estimates of the vessel. This method is presented and evaluated in chapter 6.
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III.C. Cta & Ctp ComBIned
In clinical practice, patients who receive a CT perfusion examination almost 
always also receive a CTA examination of the cerebral arteries at the same time.68,69 
The similarity of the two examinations led to idea that CTA images might be 
obtained from CTP image series. In such a scenario one of the examinations could 
be eliminated, decreasing radiation dose and contrast medium load to the patient.

 The main difference between CTP and CTA is the dynamic aspect of a CTP 
scan and, until recently, the limited region of the brain that was covered in a CTP 
examination. With the ongoing development of CT-scanner technology coverage 
has increased while the slice thickness has decreased.70-73 This opens the possibility 
to obtain anatomical images from the cerebral vasculature from the same scan that 
is used to obtain the functional CTP images.

Because of the large number of images of a CTP examination each single 
image is acquired with a lower mAs value than in a CTA examination to limit the 
total dose of the CTP scan. Therefore each single CTP image, even at the time of 
maximal enhancement, has a contrast-to-noise ratio (CNR) that is too low to be 
useful as a CTA image. In chapter 7 a method for weighted averaging of the whole 
sequence of CTP images is described in an attempt to create images with sufficient 
CNR. The resulting images are compared to CTA images.
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