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Summary

With computed tomography (CT) two dimensional cross-sectional images can be 
made of patients. To visualize the vascular system of a patient in CT images a 
contrast agent is administered before the CT scan. If the CT scan is made shortly 
after the administration, primarily the arterial vascular system will be visualized 
and the examination is called CT angiography (CTA). If the CT scan is made 
somewhat later, primarily the venous vascular system will visualized and the 
examination will be called CT venography (CTV). Image processing methods can 
be applied to CTA or CTV images to aid the diagnosis of vascular pathologies and/
or vascular diseases.

In this thesis research has been performed on image processing methods on 
the following topics: (1) visualization of blood vessels, (2) quantification of the 
diameter of blood vessels and (3) combination of images from a CT perfusion 
examination to obtain CTA images.

In the visualization of blood vessels with a CT angiography examination three 
dimensional (3D) visualization techniques such as maximum intensity projection 
(MIP) or volume rendering (VR) are often used. These techniques help physicians 
to examine a whole vascular tree faster for pathologies and to give a better insight 
in the 3D structure. Bone in the CTA images hampers 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. Therefore for an unhindered visualization 
of vessels in areas with bone, like the head and neck region, bone has to be removed 
from the images. 

In chapter 2 a method was described that aids visualization of blood vessels 
by automatically removing image voxels corresponding to bone. The method is a 
modification of a previous method, matched mask bone elimination (MMBE). A 
drawback of that method is that vessels adjacent to bone may be partly masked as 
well. In the modified method, multiscale MMBE, this problem is reduced by using 
images at two scales: a higher resolution than usually is used for image processing, 
and the usual resolution for visualization. This multiscale approach was compared 
with the original one in a phantom study and in clinical CTA data. In phantom 



190

experiments it was shown that the width of a strip of soft tissue adjacent to bone 
that is masked erroneously is reduced without reducing the quality of the bone 
removal. Clinical scans show that vessels adjacent to bone are less affected and 
therefore better visible. 

CT angiography is increasingly used for the visualization of intracranial 
aneurysms. In comparison with digital subtraction angiography (DSA), which is 
consider as the reference standard, CTA is faster, less invasive and offers three 
dimensional images. To be able to replace DSA with CTA in the diagnosis of 
intracranial aneurysms the diagnostic accuracy of CTA should be comparable. This 
was investigated in chapter 3 of this thesis. 108 patients with a clinical suspicion 
of subarachnoid hemorrhage underwent both CTA and DSA combined with three-
dimensional rotational angiography (3DRA). The CTA images were post processed 
with the original MMBE method. Two neuroradiologists, independently, evaluated 
27 predefined vessel locations in the images for the presence of an aneurysm. After 
a consensus reading, diagnostic accuracy of CTA was calculated per predefined 
location and per patient.

In the CTA images processed with MMBE all ruptured aneurysms were 
detected but one (1.2 %). From the unruptured aneurysms 10 aneuryms were not 
detected (29%), however these aneurysms were considerably smaller (9 aneurysms 
< 3mm), additional to a larger ruptured aneurysms and were not the cause of the 
subarachnoid hemorrhage (if present). CTA aided with MMBE was found to be an 
accurate method in detecting ruptured intracranial aneurysms in any projection 
without overprojecting bone. The results suggest that, after detection of a ruptured 
aneurysm with CTA, DSA and 3DRA can be limited to the vessel harboring the 
ruptured aneurysm prior to endovascular treatment.

Computed tomography venography has proven to be a reliable imaging method 
in the evaluation of cerebral venous thrombosis. For better visualization of veins 
and sinuses, bone is often removed from the images. In chapter 4 the quality of bone 
removal in CTV images by the original MMBE method was assessed. Furthermore, 
the interobserver variability in the evaluation of cerebral venous thrombosis with 
CTV was investigated. Scans of fifty patients with clinical suspicion of cerebral 
venous thrombosis were processed and the axial source images and maximum 
intensity projections were retrospectively evaluated by two neuroradiologists for 
quality of bone removal and for the presence or absence of thrombosis in 9 dural 
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sinuses and 5 deep cerebral veins. CTV aided with MMBE was found to be a 
robust technique for visualization of the intracranial venous circulation, removing 
bone effectively. CTV has high interobserver agreement for presence or absence 
of cerebral venous thrombosis. 

The second topic of this thesis is quantification of the diameter of blood vessels 
in CTA images. Diameter measurements of blood vessels are used in the decisions 
on treatment of patients for a number of diseases. Therefore accurate and precise 
diameter measurements are required. As manual measurements give rise to inter- 
and intra-observer variations and systematic errors may be present as well, there has 
been an interest in automatic methods. To measure the diameter of a blood vessel 
two steps have to be taken: a) the center lumen line (CLL) has to be estimated, as 
measurements have to be performed perpendicularly to the vessel and b) the size 
of the cross-section of the lumen of the vessel has to be measured. An automated 
method for CLL definition was described in chapter 5. An automated method for 
the second step, measuring the cross-sections, was described in chapter 6. 

Automated methods for center lumen line tracing typically run into problems 
when dealing with vessels with abnormalities but also when dealing with 
bifurcations, vessels of high curvature, and other nearby vessels and bone. 
In chapter 5 a method, called VAMPIRE, was presented based upon a method 
for the tracing of neurons in microscopic images. The resulting CLL tracings 
were compared with manual tracings of multiple observers and with tracings 
of another automated method. In comparison with the other automated method, 
CLL definitions obtained with VAMPIRE were considerably more successful in 
tracing the target vessel. Less problems occurred in finding a CLL in the area 
of stenoses, calcifications, multiple vessels and bone structures. In comparison to 
manual tracing, VAMPIRE was faster. However there appeared to be a bias in the 
VAMPIRE tracings. They tend to follow the inner curve of a vessel instead of the 
center of the vessel, something that needs improvement. 

Methods for the second step, measuring the diameters of blood vessels, often 
show a bias. Underlying this bias is the blurring of the images, which is inherent in 
CT imaging. One can try to remove this bias by the use of a correction procedure 
or by a model-based approach. Until now, these methods have been applied only 
to vessels with circular cross-sections. To allow for non-circular shapes of vessels 
a new model-based method was implemented and investigated in chapter 6. To 
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describe the non-circular cross-sections Fourier descriptors were used. When 
calcifications are adjacent to the lumen of the vessel, both the vessel and the 
calcifications were modeled. In addition, prior knowledge was used in the fitting 
of the model at the site of the stenosis, where the SNR can be low. The validity 
of the approach for diameter measurements in CTA-images was evident from the 
results of measurements performed on a phantom. Accurate and precise diameter 
estimates were obtained from circular cross-sectional images of thin cylinders 
mimicking stenosed carotid sections in the neck down to a diameter of 0.4 mm. 
Measurements performed in the carotid artery of two patients with non-circular 
cross-sections and calcifications adjacent to the stenosis, showed the feasibility 
of the presented method, and the importance of the modelling of non-cylindrical 
arteries and background inhomogeneities. The accuracy of the size estimates in 
these patients could not be established unambiguously, because no gold standard 
was present.

The last topic of this thesis is the extraction of CTA images from a CT 
perfusion examination. Patients that receive a CT perfusion examination almost 
always also receive a CTA examination of the cerebral arteries at the same time. If 
CTA images would be obtained from the CTP image series, the CTA examinations 
could be eliminated decreasing radiation dose and contrast medium load to the 
patient. Individual images of a CTP examination, however, are too noisy to use for 
diagnostic purposes as a CTA study. In chapter 7 a method for weighted averaging 
of the whole sequence of CTP images was described in an attempt to create CTA-
like images with sufficient quality. The resulting images were compared to real 
CTA images. 

The quality of the weighted averaged images approaches that of CTA image, 
although the image quality of CTA was not quite reached. Additionally, it appeared 
to be possible to automatically differentiate veins from arteries in the CTP images. 
This feature was used to automatically mask the veins in the CTA images created 
from the CTP-series which improved the visualization of the arteries.


