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General Discussion 



In this thesis a number of topics on image processing of vascular CT images have 
been treated. The first topic is automatic bone removal, a method that is used to 
aid the visualization of blood vessels in CTA. The second topic is measurement 
of the diameter of blood vessels in CTA images. The third topic is research into 
the possibility of the combination of two types of examinations, CT perfusion 
and CTA, into one examination. The outcomes of the studies on these topics and 
possible future developments are discussed. 

i. Bone removal

For a better understanding of the vascular anatomy in CT angiography (CTA) or 
CT venography (CTV) images, maximum intensity projection (MIP) or volume 
rendered (VR) images are used. Before these images are made high density 
structures such as bone and calcifications are often removed from the 3D volume 
because these structures interfere with the visualization of the vessels. 

Many different methods have been introduced to remove bone from CTA or 
CTV images. These methods can be divided into two groups: methods that use 
the contrast enhanced scan only and methods that need an additional scan without 
contrast enhancement of the vessels. With regard to the radiation dose, methods 
that work without an additional scan of course are to be preferred. However, it 
appears that these methods have considerable limitations. Because it is difficult to 
find the exact border between bone and contrast-enhanced vessels, the results of 
these techniques are not optimal, i.e. the bone removal is often incomplete or part 
of the vasculature is removed. In addition, they are often implemented in a semi-
automatic way which makes the results subjective.

Bone removal methods that require an additional scan without contrast 
enhancement of the vessels are generally fully automatic and are applied 
increasingly. Ten years ago in our hospital a method, matched mask bone elimination 
(MMBE), was introduced to automatically remove voxels corresponding to bone 
from CTA images.1,2 A number of modifications have been introduced. Siemens 
Healthcare sells an application called ‘Syngo Neuro DSA CT’ that implements a 
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method, ‘bone subtraction CTA’, described by Lell et al.3,4 Main difference with 
the MMBE method is that, instead of using a fixed threshold to define bone in the 
non enhanced scan, the threshold is locally adjusted depending on the CT-values 
found in enhanced scan. This should help to reduce erosion of vessels adjacent 
to bone, while improving bone removal at places without vessels. Preliminary 
results of a small comparison study between the original MMBE method and 
the Syngo Neuro DSA CT application that we performed,5 show that the latter 
method indeed produces somewhat less erosion of vessels than does MMBE, but 
also that it performs worse in the case of more pronounced patient movements 
between the non enhanced and the enhanced scan. This possibly can be explained 
by differences in the matching process in the two methods. Another bone removal 
application, SURE Subtraction, is marketed by Toshiba Medical Systems. This 
method actually does involve subtraction of the non enhanced scan from the 
enhanced scan, as opposed to the masking methods described above and the 
processed images are reported to contain more noise than the original CTA scan.6 
as could be expected.2

Bone removal is now also possible using dual energy scans made on a dual 
source scanner.7 In this method the scan made at two energies is converted into an 
enhanced and a non-enhanced scan. In a recent comparison between the two-scan 
method of Lell et al 3,4 and a dual energy bone removal method, the method of Lell 
et al was found to be superior with respect to vessel integrity. The dual energy 
bone removal method provided better bone suppression in the neck, because 
matching in the method of Lell fails when the bone structures within the neck 
move relative to each other between the scans. A problem with the dual energy 
method was the correct differentiation of iodine and bone in high noise regions. To 
improve the differentiation some adhoc solution was implemented, using a vessel 
tracking algorithm. This algorithm, however, also showed some failures, notably 
the preservation of the subclavian arteries and some arteries in the neck region and 
is sensitive to streak artefacts as well.8

In this thesis chapters 2-4 deal with bone removal. In chapter 2 a method is 
described, multiscale MMBE, that is a modification of the original MMBE method. 
The main advantage of the multiscale approach over the original method is that the 
width of the strip of soft tissue adjacent to bone that is sacrificed in the masking 
process is substantially reduced (from 1.0 mm to 0.2 mm), while the quality of the 



chapter 8180

bone removal is retained or even improved. This is realized by using images with 
a higher resolution in the masking procedure and by subsequently blurring of the 
images to obtain the desired resolution and noise. In the study of chapter 2 both 
deconvolution and scanning with narrower collimation were used to reduce the 
slice thickness. With deconvolution the resolution was only improved by a modest 
amount. Scanning with narrow collimation with the scanner used in this study 
had the drawback, however, of an increased scan time. At present this drawback is 
less relevant as modern CT scanners have multiple narrow detector rows and can 
acquire sub-mm slices in very short scan times.

Chapters 3 and 4 deal with clinical evaluations of the original MMBE method. In 
chapter 3 the diagnostic accuracy of CTA combined with MMBE was determined 
for detection of intracranial aneurysms in a large patient population with clinically 
suspected subarachnoid hemorrhage. Digital subtraction angiography (DSA), 
that is considered to be the gold standard for detection of aneurysms, was used as 
reference standard in combination with three dimensional rotational angiography 
(3DRA). CTA with MMBE showed a high specificity and high sensitivity in the 
detection of intracranial aneurysms, although the sensitivity was limited in the 
detection of very small aneurysms (< 3 mm). As the rupture risk of very small 
additional aneurysms is extremely low, the results suggest that DSA is no longer 
mandatory as a diagnostic tool in patients with a good-quality CTA. Only in 
patients with confirmed subarachnoid hemorrhage and poor-quality CTAs, a 
complete diagnostic DSA should be performed. Detection of a ruptured aneurysm 
with CTA can be followed by selective DSA of the vessel harboring the aneurysm 
before endovascular treatment, thereby reducing complication risk and procedural 
time.

In chapter 4 the interobserver variability in the detection of cerebral venous 
thrombosis using CT venography with MMBE was investigated and the quality 
of the automatic bone removal was evaluated. The results showed that CTV 
with MMBE is a robust technique for visualization of the intracranial venous 
circulation, removing bone effectively. CTV has a high interobserver agreement 
for diagnosing the presence or absence of cerebral venous thrombosis. 

The effectiveness of the bone removal by the original MMBE method was 
evaluated in both the studies of chapter 3 and 4. In chapter 3 bone removal was 
scored as ‘complete’ in 4%, ‘nearly complete’ as 92% and ‘incomplete’ in 4% of 
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the cases. In chapter 4 the percentages for these three classes were 76%, 24% 
and 0%. And so although in a very high percentage of both studies bone removal 
was judged to be complete or nearly complete (96% and 100%, respectively), the 
distribution over both categories is different in both studies. This is for a large part 
caused by the fact that two different versions of the MMBE software were used. 
For the CTA study in chapter 3 a version was used in which small high density 
structures, i.e. structures with a volume less than 40 mm3, were left unmasked.9 
This was done in order to eliminate small clusters of noise from the mask, and it 
was thought that very small bone structures would not be present. It appeared, 
however, that in a number of scans such small bone structures were present (such 
as the auditory ossicles in Fig 2 of chapter 3), and this is largely responsible for the 
high percentage of judgment of ‘incomplete removals’ in chapter 3. As it appeared 
that corruption of the mask by noise pixels actually not was a problem, in the study 
of chapter 4 a new implementation of the MMBE software was used, without the 
elimination of noise pixels, and as a result a much higher percentage of ‘complete 
bone removals’.

Most probably the quality of the bone removal in chapter 3 and 4 should have 
been higher if the multiscale MMBE method, as described in chapter 2, had 
been used instead of the original MMBE method. However, a comparison of 
both methods in these two large patient groups was not possible as in multiscale 
MMBE images are used that are reconstructed with a sharp reconstruction kernel. 
Both studies in chapter 3 and 4 were performed retrospectively and only images 
reconstructed with a smooth reconstruction kernel were available. Although the 
multiscale MMBE performed better in two patient examples of chapter 2, the 
additional value over the original MMBE in more extensive clinical studies has 
to yet be shown.

ii. measurements of the vessel Diameter

In a number of clinical situations accurate and precise diameter measurements of 
vessels in CTA images are important. This is for instance the case when CTA is 
used to determine the degree of stenosis in patients that are suspected of carotid 
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artery occlusive disease. To measure the diameter of a blood vessel, two steps have 
to be taken; 1) the center lumen line (CLL) has to determined, 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. Both steps can give rise to inter- 
and intra-observer variations if they are performed manually. Automated methods 
have been introduced to reduce these variations and to facilitate the process. 

In the study in chapter 5, a new method for automated center lumen line 
definition of vessels in CTA images, VAMPIRE, was described and compared 
with another automated method and with manual CLL definitions as reference 
standard. In comparison with the other automated method as described by Frangi 
and Wink, 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 but the mean deviation of 
the VAMPIRE tracings from the average tracings of 4 observers was larger than 
the deviation between the observers. The reason is that there appears to be a bias in 
the VAMPIRE tracings, that tends to follow the inner curve of a vessel instead of 
the center of the vessel, something that needs improvement. The method described 
in chapter 5 is limited to slabs of the volume and cannot be used for tracings in 3D. 
A 3D extension of the technique of chapter 5 has been published more recently.10

In the study in chapter 6, a model-based approach was described and tested for 
the measurement of the diameter of a vessel. Two features of this approach are the 
use of prior knowledge in the fitting of the model at the site of the stenosis, where 
the SNR can be low, and the applicability to both cylindrical and non-cylindrical 
vessels in the presence of an inhomogeneous background. The validity of this 
approach for diameter measurements of cylindrical arteries in CTA-images is 
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. For the smallest diameters (1.5 mm and less) the use of prior knowledge 
was vital to avoid a dependency of the parameters that prevented the estimation of 
the diameters. The measurements performed in the carotid artery of two patients 
with non-circular cross-sections and calcifications adjacent to the stenosis, show 
the feasibility of the presented method and the importance of the modelling of 
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non-cylindrical arteries with background inhomogeneities. The accuracy of the 
size estimates in these patients could not be established unambiguously, because 
no gold standard was present. More advanced phantoms should be used in future 
experiments to validate the method for these situations. 

The approach of chapter 6 is not yet truly 3D as it works only on cross-sectional 
images and assumes vessels orthogonal to the axial plane. Moreover, abrupt 
changes in vessel diameter are not accounted for. The direction of the vessel was 
assumed to be orthogonal to the axial plane, as in this situation the blurring is 
isotropic within the plane and can be described with one parameter. Extension 
of the method to 3D and to anisotropic point spread functions would allow for 
abrupt diameter changes and vessels in any direction. This extension to 3D is 
challenging, however, as there are many different shapes of the vessel lumen (and 
of calcifications) that the model has to be able to describe. The use of Fourier 
descriptors is not straightforward in 3D. A mathematical shape descriptor that 
might be used is the Zernike moment invariants that have been used to describe 
the shapes of aneurysms.11 An extension to anisotropic point spread functions is 
relatively straightforward. When the anisotropy is relatively insignificant, isotropy 
can be obtained by preblurring, in-plane or in the z-direction.12 Otherwise the 
anisotropy can be explicitly modeled. 

Correct diameter measurement of a vessel in the presence of calcifications 
is challenging. Instead of modeling the calcification as was done in chapter 6, 
one could also try to remove the calcification prior to the measurements. The 
method from chapter 2 would not be suitable as the point spread function is not 
taken into account and the removal of the calcification is too coarse. A more 
promising approach would be the use local subtraction of calcifications in order 
to replace the calcification with the background intensity.13 A slight drawback is 
that this approach requires an additional non enhanced scan. In the original local 
subtraction approach two scans were made, and these scans were matched. An 
exact match was difficult to obtain because of problems with the reproducibility of 
the calcifications in the two scans.14 The use of dual energy techniques with a dual 
source scanner to subtract the calcifications possibly can solve this problem as the 
two scans with different energies are acquired simultaneously and no matching is 
required.

In chapter 6 the diameter was measured of internal carotid arteries of patients 
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with carotid artery occlusive disease. When the bias in the diameter measurements 
is not accounted for, it is most pronounced in vessels with diameters below 1 mm 
(see Fig. 4 in chapter 6). Diameters of normal internal carotid arteries are typically 
reported to be in the range of 4-6 mm. According to the NASCET criterion, 
patients should be treated when they have a stenosis of more than 70%, which 
corresponds to diameters of 1.2-1.8 mm of the stenosed internal carotid artery 
and in this range the bias is less severe. In applications where the vessel diameter 
tends to be smaller, e.g. diagnosis of coronary stenosis or diagnosis of cerebral 
vasospasms, application of the presented method to obtain diameter estimates 
without bias might have important clinical consequences. 

iii. cta & ctp comBineD

Patients that receive a CT perfusion examination almost always also receive a CTA 
examination of the cerebral arteries at the same time.15,16 Individual images of a 
CTP examination are too noisy to use for diagnostic purposes as a CTA study. The 
study in chapter 7 showed that weighted averaging can be used to combine these 
images. The quality of the resulting images is promising, although the quality of 
an ordinary CTA examination was not completely reached. 

The study in chapter 7 was performed on 64-slice scanner with a coverage of 
4 cm. With the use of the toggling table technique 17,18 the coverage was extended 
to 8 cm, while reducing the sampling rate from once per 0.4 s to once per 3.5 s. With 
the use of more recent scanners a coverage of 16 cm is possible while maintaining a 
sampling rate of once per 0.4 s.19,20 The higher coverage increases the applicability 
of the described method as the scan range of a regular CTA examination is 
approximately 12 cm. With recent scanners it is also possible to vary the time 
interval between scans. In that way a larger part of the images can be acquired in 
the maximally enhanced phase which would increase the contrast-to-noise ratio of 
the weighted average image for the same dose. Another useful feature would be the 
free choice of the mAs-value for each scan within the CTP sequence. For scans to 
be used both as CTP and CTA scans, an optimization of all available parameters 
(number and timing of images, mAs-value for each image) should be performed to 
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obtain the optimal trade-off between both examinations for a certain dose. 
The possibility to use the time dependency of enhancement of vessels to 

differentiate between arteries and veins is an additional advantage of the approach 
of obtaining CTA images from a CTP series. Veins (or arteries) can be masked 
fully automatic to give a clear view on the vessels of interest. In the study of chapter 
3 this would have made the manual removal of venous structures to improve the 
visibility of aneurysms superfluous. The automatic masking of arterial structures 
could have improved the interobserver variability in diagnosing venous thrombosis 
in the study of chapter 4 as small arteries were sometimes mistaken for veins due 
to arterial contamination in the CTV images.

iv. future research

Future research in topics discussed in this thesis will be influenced by the technical 
development of CT scanners. The current increase in detector coverage of CT 
scanners with decreasing slice thickness is an development that affects all the 
topics.

With the increased coverage, a shift can be expected from static CTA 
examinations to dynamic CTA examinations. A number of advantages of dynamic 
images are already shown in this thesis. Differentiation will be improved between 
arteries, veins, soft tissue and bone, which can be helpful in the process of diagnosis. 
The difference between functional and anatomical imaging will decrease as both 
examinations can be combined into one. Further research on this topic will be 
necessary to find the optimal scanning technique that provides both functional and 
anatomical information.

Quantification of blood vessels in dynamic images will also be a challenge. 
In this case the time dependence enhancement of blood vessels versus the static 
enhancement of the surrounding tissue is a new feature that could be used in a 
model-based approach to obtain more accurate diameter measurements. The 
increased availability of four dimensional images of blood vessels will likely 
inspire the development of more advance segmentation and quantification 
methods. This will be necessary to quantify the change of vessel diameter in time 
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as a consequence of the beating of the heart, which is expected to be an important 
parameter in the diagnosis of vessel pathologies.

Differentiation between anatomical structures will also be improved by the 
development of dual energy techniques. At the moment different technical 
approaches exist to obtain dual energy images. Energy separation can be achieved 
with energy selective detectors, by using two X-ray sources with different energy 
spectra or by using a single X-ray source with fast voltage switching. As described 
earlier, the first results of a dual energy technique on a dual source scanner for bone 
removal are promising, although it is not yet clear if the quality of the bone removal 
will be equal to the conventional techniques for the same dose. Dual energy 
techniques are likely to have implications for more clinical applications than bone 
removal alone, such as characterization of renal stones and differentiation of fatty 
masses in the liver. 

Ultimately all advances in technology and in image processing methods in CT 
will enable radiologists to make more accurate and precise diagnoses on the health 
status of the vascular system of their patients.
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