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1.1 Multi-slice spiral computed tomography

1.1.1 Brief history

The history of multi-slice spiral computed tomography (CT) starts in Ger-
many in 1895 when Wilhelm Conrad Röntgen (1845-1923) (Fig. 1.1a) dis-
covered a new type of radiation, which he called x–rays [78]. This type of
electromagnetic radiation, which has a shorter wavelength than visible light
and the ability to penetrate matter, was immediately used to image the in-
ner human body. The images thus obtained showed a two-dimensional (2D)
projection of the inner structures. The contrast in the images was based on
the differences in x–ray attenuation coefficients and in the thickness of the
various tissues. In 1901 Röntgen received the first Nobel prize for physics
”in recognition of the extraordinary services he has rendered by the discov-
ery of the remarkable rays subsequently named after him”.

For decades the principle of observing the inner human body by looking
at projection images in the form of photographs (’x–rays’) or fluoroscopic
images did not really change. In these images the depth information was
lost and details were obscured by overprojection of other structures. Sev-
eral attempts were made to image only a certain plane of the inner hu-
man body, a technique that became known as tomography. For example
the Dutch physician B.G. Ziedses des Plantes (1902-1993) published in 1931
his results on an ingenious method to obtain tomographic images, which
he called planigraphy [104]. In 1934 he defended his thesis on planigraphy,
stereoscopic techniques, and subtraction techniques.

In 1956 the South African nuclear physicist Allan M. Cormack (1924-
1998) (Fig. 1.1b) initiated his work on cross-sectional imaging on behalf of
the improvement of radiotherapy treatment planning. In 1963 and 1964 he
published his work on the problem of reconstructing a cross-section of a
body by using information from projection data through that body [10].
Cormack tested his method with transmission measurements obtained from
a phantom using gamma radiation. His efforts were not directly used for di-
agnostic applications. In any case the computing power was not sufficient
at that time.

The principle of reconstructing cross-sections was introduced into the
medical world by the British engineer Godfrey Newbold Hounsfield (1919-
2004) (Fig. 1.1c). Hounsfield developed his own reconstruction technique
as he was unaware of Cormack’s work. In 1972 he presented the first full–
scale CT–scanner (EMI Mark I, EMI Ltd., London, United Kingdom) and the
first picture of a patient’s head [30]. This image represented a cross-section
with a thickness of 13 mm and consisted of a matrix of 80 by 80 pixels, which
showed the anatomical structure of the brain. Compared to a plain x–ray im-
age, the CT image showed remarkable contrast between tissues with small
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(a) (b) (c)

Figure 1.1: Three Nobel prize winners who played a role in the his-
tory of computed tomography. (a) W. C. Röntgen. (b) A. M. Cormack.
(c) G. N. Hounsfield. Photographs c©The Nobel Foundation.

differences in x–ray attenuation coefficient. Godfrey Hounsfield and Allan
Cormack were both rewarded in 1979 by the Nobel prize committee with
the Nobel prize for medicine ”for the development of computer assisted
tomography”. Recently, a survey of American physicians showed that the
invention of CT, together with magnetic resonance imaging (MRI), is seen
as the most important medical innovation in the last three decades of the
twentieth century [21].

After the introduction in 1972, CT–scanners and reconstruction algo-
rithms were improved greatly. The time to obtain the information for re-
constructing a cross-section was reduced to the order of one second, and
the spatial resolution was improved substantially. Most CT scanners uti-
lized the fan beam geometry, in which the x–ray tube rotates around the
patient and attenuation measurements are obtained with an array of detec-
tors, which also rotates. In this thesis, the term fan measurement is used
for the read-out of the detector array at one position of the x–ray tube. Af-
ter data are acquired for one rotation of the x–ray tube, the scanner table is
moved and the next slice is scanned. For nearly two decades this scanning
technique, which is called the sequential technique, basically remained the
same.

In the late eighties newly acquired insight and technical improvements
resulted in scanners which were able to move the patient through the CT
scanner, while simultaneously acquiring projection data of the continuously
rotating x–ray source and detector array. This technique is called spiral
CT and was devised by the German physicist Willi A. Kalender (1949). In
1989 he reported the first clinical examinations with spiral CT on the annual
meeting of the Radiological Society of North America [49]. The introduc-



12 Chapter 1

tion of spiral CT and the following developments have led to a renewal of
interest in the development of new clinical applications.

The performance of the spiral CT–scanner was further improved by the
introduction of scanners which measured multiple fans simultaneously. This
multi-slice1 spiral CT technique was introduced in 1992 (CT Twin, Elscint,
Haifa, Israel)2. In 1998 most CT manufacturers introduced a CT system that
was able to acquire four fans simultaneously. This innovation reduced the
time that was needed for a CT–scan, without necessarily decreasing the spa-
tial resolution. A four-slice CT scanner of this generation is used throughout
the studies in this thesis (Mx8000 Quad; Philips Medical Systems; Best; The
Netherlands). Since then the technical developments in multi-slice spiral
CT were primarily focused on increasing the number of fans. Currently
CT scanners are available which acquire 64 fans simultaneously and results
have been reported of prototypes which acquire 256 fans [66]. For the ma-
jority of studies in this thesis the main questions which are addressed are
independent of the type of spiral CT scanner actually used.

The overview given above of the history of multi-slice spiral CT is of
course far from complete. Besides the persons mentioned above a vast num-
ber of people have contributed to this development; partly cooperating with
the aforementioned, partly working independently. A good starting point
for a more complete overview is the book on CT by W.A. Kalender [47].

1.1.2 Data acquisition

In Fig. 1.2 the anatomical planes and the corresponding coordinate system,
which is used throughout this thesis, are shown.

A CT scanner basically consists of a patient table and a gantry. The pa-
tient, who lies on the table, can be moved through the gantry. The table
moves in a direction parallel to the z-axis. The gantry accommodates an
x–ray tube and a detector array, which rotate around the patient. The pro-
jections are measured in the x, y–plane (axial plane), except when the gantry
is tilted. This can be done for example to avoid direct irradiation of the eyes
when imaging the brain. A tilted gantry might have consequences for the
quality of the reconstructed images if the scan plane is not perpendicular to
the direction of table movement [31].

The width of the detectors in the axial plane influences the spatial reso-
lution in the x, y–direction. This width, which generally can not be chosen

1The term multi-slice spiral CT is debatable. With multi-slice spiral CT multiple fan measurements
are made and an arbitrary number of slices can be reconstructed. In contrast to sequential CT, there is
no longer a one–to–one relationship between a scanned slice and a reconstructed slice. In literature a
number of alternative terms can be found, like multi-section, multi-channel, and volumetric CT. In this
thesis, the term multi-slice is used because it is widespread.

2The first two–slice CT-scanner was actually the one constructed by Hounsfield. In the next 20 years,
however, all newly developed CT scanners were single–slice.
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(a)

axial (x, y)
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(b)

x
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z

Figure 1.2: Definition of (a) anatomical planes and (b) coordinate system.

by the user, is in the order of 0.5–0.7 mm when scaled to the center of the
field–of–view, depending on the CT scanner used3. The width of the de-
tector array in the z–direction influences the z-resolution or effective slice
thickness. On our scanner the width of the detector array can be varied
between 0.5 and 10 mm, scaled to the center of the gantry. The widths of
the detector arrays, which are used in this thesis, are 2 × 0.5 mm (two de-
tector arrays, each with a width of 0.5 mm, are read out simultaneously),
4 × 1 mm, and 4 × 5 mm.

For one complete rotation, the projection data are acquired for approx-
imately one thousand x–ray tube angles ψ. At sequential CT, the data are
acquired in an axial plane. These data can be used to reconstruct one cross–
sectional image. After data acquisition the patient is translated in the z–
direction for the next axial plane.

At spiral CT, the projection data are acquired while the patient is moved
through the scanner gantry. The ratio of the table translation or table feed f
per 360◦ rotation of the x–ray tube and the total width of the detector arrays
dtotal, is called the pitch value of a spiral scan:

pitch =
f

dtotal
. (1.1)

In Fig. 1.3 the relation between the x–ray tube rotation angleψ and the table
position z is shown for pitch 0.875 and dtotal = 4 × 1 mm = 4 mm. Above
the graph in Fig. 1.3 the z–positions of the four central detectors are given
forψ = 0◦. The choice of pitch 0.875 in this example results in an overlap of
the detectors which improves the sampling in the z–direction. The quality
of the sampling varies with the pitch [99]. In the studies in this thesis pitch
values were used that were suggested by the CT manufacturer.

3With the Mx8000 scanner, which is used in this thesis, the width of the detectors can be reduced by
the user by introducing an additional array of pins (ultra–high resolution mode).
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0

180

360

0.0 3.5 7.0 z (mm) →

↑ ψ (◦)

Figure 1.3: Relation between x–ray tube rotation angle ψ and table position
z for pitch 0.875 and detector collimation 4 × 1 mm. Above the graph the
z–positions of the four central detectors for ψ = 0◦ are given.

Normally, there is virtually no difference in attenuation coefficient be-
tween blood and surrounding tissue. Consequently, blood vessels are not
visible on CT images. When the vessels have to be visualized, a contrast
agent, which increases the attenuation coefficient of blood, is administered
intravenously. The delay between the injection of contrast agent and the
enhancement of the vessels of interest is often firstly measured with a test
bolus of contrast agent.

Motion of the patient during data acquisition, other than the enforced
translation in the z–direction, may lead to inconsistencies in the projection
data and to artifacts in the reconstructed images. Therefore the patient is
instructed to lie still and normally to hold his or her breath during data ac-
quisition. This limits the scan time to approximately 30 s. Other motions, for
example due to heart beat and vessel pulsation, can not be suppressed. The
influence of these motions can be reduced by using only projection measure-
ments that are made during a particular phase of the cardiac cycle in which
the motion is minimal [44]. For this purpose the electrocardiogram (ECG)
can be recorded during data acquisition.

1.1.3 Image reconstruction

In CT, the attenuation coefficient µ is reconstructed at positions x = (x, y, z)
with the aid of the measured intensity of the attenuated x–rays along lines
through the human body. The measured intensity I depends on the intensity
I0 of the x–ray source and on the linear attenuation coefficients of the tissues



General introduction 15

along the projecting line:

I = I0 · e−
∫
µ(s)ds. (1.2)

Cross-sectional images are generally reconstructed with the filtered back-
projection technique [46]. Reconstructions are made at a large number of
(equidistant) z–positions to obtain a volumetric data set. To reconstruct an
image in the x, y–plane at a certain z–position, attenuation measurements
along a large number of parallel lines for all possible angles are required at
that position. With spiral CT, however, only a few fan measurements are
available at any position. All other attenuation measurements are obtained
by interpolating measurements from positions nearby. Two interpolation
methods can be chosen by the user, namely 180◦ interpolation and 360◦
interpolation. When using 180◦ interpolation, attenuation measurements
made in one direction are also used in the opposite direction. When using
360◦ interpolation, the attenuation measurements are used in only one di-
rection. Consequently, samples at a greater distance in the z–direction are
used at 360◦ interpolation. This influences the spatial resolution in the z–
direction and the noise in the images.

The spatial resolution is primarily determined by the size of the focal
spot of the x–ray tube, the dimensions of the detectors, the sampling dis-
tance, and the reconstruction kernel used in the filtered back projection. The
choice of this kernel determines the trade–off between the in–plane spatial
resolution and the noise level. On our scanner basically five kernels can be
used, which vary from A (smooth) to E (ultra sharp). The relatively sharp
filters are mostly used for special purposes, for instance when detail in bony
structures is required. They enhance, however, the noise level and may em-
phasize reconstruction artifacts.

The linear attenuation coefficient µtissue is not used directly in CT imag-
ing. A value, which represents the attenuation coefficient relative to the
attenuation coefficient of water, is used instead. This CT value is given by

CT value =
µtissue −µwater

µwater
× 1000, (1.3)

with µwater the attenuation coefficient of water. In honor of the inventor of
CT this value is specified in Hounsfield units (HU). Note that this does not
conform to physical conventions because the CT value is dimensionless. By
definition the CT value of water is 0 HU, and that of air virtually -1000 HU.
The maximum CT value on our scanner is 3095 HU. A transfer function is
used to convert these CT values to different shades of gray on a video mon-
itor. The human observer can only discern a limited number of gray levels.
Therefore usually a reduced range of CT values is displayed, which depict
only a part of the complete information available in the image. CT values
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below and above this range are represented by black and white, respectively.
The user defined range is specified by the CT values of the level (center of
the range) and window (width of the range).

1.1.4 Radiation dose

Ionizing radiation, including x–rays, is potentially harmful to the human
body. To reduce the risk of a CT examination the radiation dose should
therefore be as low as reasonably achievable (ALARA principle) [69]. The
possible damage of radiation to the human tissue is in the first place related
to the absorbed dose in that tissue. The absorbed dose, in gray (Gy), is by
definition the absorbed energy in joule (J) per unit of mass (kg). Above a
certain threshold for the absorbed dose, ionizing radiation may induce so
called deterministic effects, for example induction of erythema or cataract.
In general, the absorbed dose due to CT examinations is far below this
threshold.

Besides deterministic effects the exposure to x–rays may induce stochas-
tic effects, i.e., the induction of cancer, or genetic damage when the repro-
ductive organs are exposed. It is generally assumed that – for a CT exam-
ination of a certain part of the human body – the danger of x–rays is pro-
portional to the total amount of energy absorbed in that part of the body.
However, the risk for a given absorbed dose is not equal for all organs and
tissues. Furthermore, the absorbed dose is not the same for all organs and
tissues when a CT scan is made. Therefore an additional quantity, the ef-
fective dose, in sievert (Sv), has been introduced to take these aspects into
account [35]. This quantity is a measure for the total damage due to radi-
ation for an average member of a reference population. The effective dose
depends on the part of the human body which is scanned, the design of the
CT–scanner, and the scanning parameters.

For any given CT examination, the absorbed dose in any tissue is pro-
portional to the tube current and the exposure time. Usually, the mAs value,
which is the product of tube current and exposure time of one rotation of the
x–ray tube, is given:

mAs value = I × trot, (1.4)

with I the tube current in mA and trot the x–ray tube rotation time per 360◦
in s. The total number of rotations that is needed to cover the volume of
interest is inversely proportional to the pitch. Therefore the total amount of
absorbed energy is proportional to the so called effective mAs:

effective mAs value =
mAs value

pitch
. (1.5)

For a given CT–examination the effective dose thus is proportional to the ef-
fective mAs value. Furthermore it depends on the tube voltage and detector
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collimation used. In CT scans often a tube voltage of 120 kV is used.
The effective dose of an examination can be translated to an estimated

risk to induce cancer. This risk depends on the age of the individual and
the part of the human body that is scanned. It is assumed that the absorp-
tion of even a small amount of radiation will increase the risk of inducing
cancer and genetic defects. It is estimated that an effective dose of 1 mSv
corresponds to a risk of the induction of fatal cancer for an average patient
of 1:20,000. The effective dose caused by a CT scan can be seen relative to
the effective dose caused by the natural background radiation, which is in
the order of 2 mSv per year in The Netherlands. Generally, the advantages
of the information obtained with a CT scan are much greater than the esti-
mated risks, especially for elderly patients.

1.2 Image registration

Image registration is the alignment of images by optimizing a measure of
agreement between the images. The purpose of image registration is often
the combination of information in different images from the same anatom-
ical region on a voxel–by–voxel basis. The images are generally obtained
at different moments and possibly also with different imaging modalities.
In the studies described in this thesis all images were made using CT. The
combined information is used for different purposes that will be introduced
in Section 1.3.

The problem of registering two sets of images can be divided into the
transformation of the images of the first scan to the images of the second
scan, and the optimization of this transformation. In the simplest situation
the registration is performed using the complete sets of images. In the stud-
ies in this thesis, only parts of the images were used, which were obtained
by segmentation. In the next sections the segmentation, transformation and
optimization steps of the registration procedure will be discussed.

1.2.1 Segmentation

In general the inner human body can not considered to be one rigid struc-
ture. Individual bones in the head and neck region, for example, can move
relatively to each other and soft tissue structures can deform. A correct
alignment of the complete sets of images therefore often requires a com-
plicated transformation. In the image registration performed in this thesis
adequate results could be obtained by segmentation of the structures that
were present in the images, using simple rigid transformations for each seg-
mented structure (see next section).

The automatic identification of the structures to be registered is often
the most complicated step in the registration procedure. In Chapter 2 of this
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thesis, for example, the bones in CT images of the head and neck region
had to be separated. It appeared that this was not a trivial task due to the
spatial blurring of the images and the relatively small distance between the
bones. However, the use of a non rigid transformation is often even more
complicated than segmentation of the structures of interest.

1.2.2 Transformation

The transformation that has to be applied to register two sets of images,
or the segmented structures in these images, can be a plain rigid transfor-
mation or a more complex, elastic, transformation. Rigid transformations
can be used when translations in three orthogonal directions and rotations
around three orthogonal axes are sufficient to align the structures of inter-
est. Elastic transformations are necessary for the registration of images of
human tissues that show deformations, for example in the case of breast
imaging . Different kinds of transformations are available, which take these
deformations into account [80, 36, 53].

In this thesis the structures of interest that were registered could all be
assumed to be rigid or to be a collection of rigid structures that were free
to move relative to each other. Therefore, in this thesis all transformations
used for the registration were rigid. Several transformations were used in
case the images contained more than one structure of interest.

1.2.3 Optimization

The parameters of the transformation should be chosen such that the quality
of the registration is optimal. For the optimization of the transformation a
cost function is defined which quantifies the remaining differences between
the transformed structures of interest in the first set of images , and these
structures in the second set of images. The cost function can be based on the
CT values in the images or on other characteristics of these images [64, 91].

Once the cost function is defined, it can be minimized by iteratively ad-
justing the parameters of the transformation. Often the cost function not
only has a global minimum but also has a number of local minima. The
minimization procedure should be robust so that the global minimum will
be found [11]. Several methods exist for the automatic minimization of the
cost function. In this thesis, the iterative downhill simplex method was
used [73]. This method is robust and does not require any additional in-
formation of the function to be minimized, like first or higher order deriva-
tives.
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1.3 Outline of the thesis and aims of the studies

In this thesis a number of applications of image registration in multi-slice
spiral CT is described. The following subjects are treated:

• Angiography with multi-slice spiral CT (Chapter 2–4),

• Comparison of multi-slice spiral CT with sequential CT (Chapter 5-6),

• Evaluation of a surgical intervention with multi-slice spiral CT (Chap-
ter 7).

Chapter 2, 3, and 4 deal with CT angiography (CTA), which is an impor-
tant application of multi-slice spiral CT. With CTA, vessels can be visualized
in a minimally invasive way. The multi-slice spiral CT scanning technique
is very suitable for CTA because of the high spatial resolution and short
scan time. The radiologist primarily uses the cross-sectional CTA images for
making a diagnosis. For a better understanding of the 3D structure of the
vessels, additional visualization techniques like maximum intensity projec-
tion (MIP) and volume rendering (VR) are used by the radiologist and the
referring clinician. However, in the volume of interest, bone structures and
calcifications may be present, which hamper the visualization of the vessels
because of their very high CT values. In Chapter 2 and 3 methods are de-
scribed to remove bone structures in order to improve the visualization of
the cervical arteries and cerebral veins, respectively. In Chapter 4 a method
is described to remove arterial wall calcifications in order to improve the
visualization of the renal arteries. The aim of all three studies was to re-
move these dense structures automatically and in such a way that the vessel
lumen was minimally affected.

Chapter 5 and 6 deal with the comparison of multi-slice spiral CT with
sequential CT. In contrast to sequential CT images, multi-slice spiral CT im-
ages suffer from reconstruction artifacts due to the interpolation process
which is necessary because in spiral CT the fan measurements of one ro-
tation of the x–ray tube are not made in a single plane. The aim of the study
in Chapter 5 was to investigate the amount in which the reproducibility of
multi-slice spiral CT is affected by these artifacts and to investigate the in-
fluence of the scanning parameters on the reproducibility. Structures that
do not change in between scans should be depicted identically in two scans
for an optimal registration.

Routine CT scans of the brain are generally made with the sequential
technique instead of the spiral technique. The aim of the study in Chapter 6
was to verify that the image quality of multi-slice spiral CT is at least as
good as the image quality of sequential CT for routine scans of the brain. If
this is the case, the high resolution scans of the brain can be used both for
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the normal clinical purposes, and for registration with images made earlier
in order to visualize temporal differences.

Chapter 7 deals with an application of the segmentation and registra-
tion techniques that were initially developed for the removal of bone in CTA
scans. The aim of the study in Chapter 7 was to visualize the differences be-
tween a mandible before and after surgical intervention. This visualization
facilitated the evaluation of this intervention.

The thesis is concluded with a general discussion in Chapter 8.
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2.1 Introduction

With CTA the arteries and veins can be visualized in a minimally inva-
sive way. Resulting data sets are often visualized by means of maximum
intensity projection (MIP) images. In a CTA data set, however, the maxi-
mum value along a line in the direction of projection is often that of bone,
which obscures the vessels; therefore the voxels that represent bone have
to be removed from the data set, prior to the generation of the MIP im-
age [68, 86, 85].

Because arteries are often in close proximity of the bone, for example
in the skull base and near the vertebrae, manual removal of bone can be
time consuming or virtually impossible. Different methods exist for the re-
moval of high density structures. Structures that are well separated from
the arteries of interest can be removed manually by using a cutting tool on a
graphical workstation. This can be done in multiple slices simultaneously if
a viewing angle can be chosen in such a way that structures to be removed
do not overproject the arteries of interest on a MIP. In case of overprojection
in all orientations the cutting has to be done for one slice at a time, which is
very time consuming. Methods that use image processing techniques such
as thresholding and region growing to identify the bone have been reported
as an alternative [8, 17, 95, 16, 100, 70]. As CT values of the edges of the
bones are in the same range as the CT values of the contrast-enhanced ar-
teries, these techniques are prone to the choice of parameters. Thresholding
images, which contain contrast-enhanced arteries, implies the use of a rather
high threshold. Therefore, several post processing steps (e.g., dilation) may
have to be used in order to remove the bone sufficiently. This may also af-
fect the vessels. Even then the quality of the bone removal may be mediocre,
especially in regions with thin bone structures that have not been included
in the initial mask.

We present a method to remove the bone in a fully automatic way. Our
approach is to use an additional scan to make a mask. This scan is made
prior to the injection of contrast agent; therefore, a relatively low and con-
stant threshold can be used to acquire the mask. This initial mask is already
of good quality, so only one dilation step has to be used. This approach,
called matched mask bone elimination (MMBE), has been introduced for
CTA examinations of the Circle of Willis [96].

Due to inevitable motion of the patient in between the two scans, the
CTA data set and the additional data set have to be registered. A restric-
tion of the original MMBE method is that it is only applicable to volumes
containing a single rigid bone structure. This is a considerable limitation,
since a volume may contain multiple bones that can move with respect to
each other (e.g. in the neck region). In this chapter an improved method
is introduced to be able to register volumes containing multiple bones. In
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this new method, called piecewise MMBE, the bones are separated first and
then registered individually.

The internal carotid arteries and the vertebral arteries are often very
close to bone; therefore, it is essential to find the correct balance between
the removal of the bone and the preservation of these arteries. We evalu-
ated the influence of the parameters of the CT scans and the parameters of
the piecewise MMBE method on the quality of the removal of the bone in
the MIP images and the integrity of the arteries in the CTA images. Finally,
the performance of the piecewise MMBE method was evaluated in a clinical
setting with CTA examinations of the cervical arteries of 35 patients.

2.2 Piecewise MMBE method

2.2.1 Overview

The piecewise MMBE method uses two CT data sets. The first one B(x) is
made prior to the injection of contrast agent. The second one C(x) is the
contrast-enhanced CTA set. In B(x) and C(x), x = (x, y, z) is the discrete
coordinate of a voxel in the depicted volume.

The method consists of three steps (see Fig. 2.1). The first step is a regis-
tration step to compensate for movements of the patient between the scans.
For this purpose the bones in the nonenhanced data set B(x) are identi-
fied, separated and registered individually with the corresponding bones in
the contrast-enhanced data set C(x). Next the bone voxels in the registered
nonenhanced data set are converted to a mask. Finally the corresponding
voxels in the contrast-enhanced data set that belong to the mask are given
an arbitrary low value. The masked data set is used to make MIP images of
the arteries. In the following we describe the piecewise MMBE method in
more detail.

2.2.2 Identification and separation of the bones

Each bone in the nonenhanced data set is surrounded by soft tissue with rel-
atively low CT values. However, at a considerable number of locations only
a small distance between the bones is present. The spatial blurring of the
CT imaging process causes that at these locations the voxels that represent
soft tissue have relatively high CT values. In Fig. 2.2 this is illustrated for a
small region of the skull base and the adjoining vertebra.

The separation of the individual bones is done by using a watershed al-
gorithm [97]. The implementation of the algorithm by the National Library
of Medicine Insight Segmentation and Registration Toolkit (ITK) is used. It
is applied to the inverted 3D CT data set (Fig. 2.2c, bottom curve). The al-
gorithm separates the volume into so called catchment basins. A catchment
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(a) (b)

(c) (d)

(e) (f)

Figure 2.1: The piecewise MMBE-method illustrated with coronal images of
the neck region of a patient. The method uses two CT scans: (a) a nonen-
hanced and (b) a contrast-enhanced scan. First the bones in the nonen-
hanced data set are registered with those in the contrast-enhanced data set,
resulting in (c) a registered nonenhanced data set. Next the bone in the reg-
istered nonenhanced data set is converted to (d) a mask. Finally the corre-
sponding voxels in the contrast-enhanced data set are given (e) an arbitrary
low value and (f) a MIP image can be made.
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Figure 2.2: Separation of bones by the watershed algorithm. (a) Sagittal im-
age of a detail of the skull base and the upper vertebra. (b) Separated bones.
Each gray value represents a region Ri. (c) CT values along the vertical line
depicted in Fig. (a). The voxels that represent soft tissue have a relatively
high CT value at locations between the bones (arrow). The bottom profile
depicts the input for the watershed algorithm. The dashed vertical lines
give the locations of the transition from one region to the other.
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basin is defined as a set of voxels whose paths of steepest descent termi-
nate at the same local minimum of the input data. In order to speed up the
watershed algorithm, the nonenhanced data set is clipped first so that the
initial number of catchment basins is considerably reduced. Voxels with CT
values lower than bmin are set to bmin. Voxels with CT values higher than
bmax are set to bmax. The value of bmin should assure that both the transition
region from bone to tissue is not affected and that all soft tissues are set to
a constant value. In order to avoid that contiguous bones are merged, the
upper boundary bmax should be considerably higher than the highest CT
value of soft tissue between these bones. The depth of a catchment basin is
defined as the difference between the value of the local minimum and the
lowest value at the boundary of the basin. The number of basins is reduced
by merging relatively shallow basins. The amount of merging m determines
the minimal depth of a catchment basin. It can be set between 0% and 100%
of the difference bmax − bmin.

The output of the watershed algorithm consists of a volume with N la-
belled regions of connected voxels. We will refer to these regions by Ri, with
i = 1, 2, . . . N. In Fig. 2.2b an example of two separated bones is shown. In
Fig. 2.2c the positions of the boundaries between the regions are given by the
dashed vertical lines. Ideally, the number of regions N equals the number
of bones.

2.2.3 Registration of the bones

For an accurate determination of the mask, both the bone and the transition
zone from bone to surrounding tissue, have to be available in the registered
nonenhanced data set. Therefore the whole region Ri containing both bone
and surrounding tissue is transformed in the registration procedure.

In the registration procedure voxels are used that lie at the edges of the
bones. These voxels are obtained by selecting all voxels with CT values in a
certain interval [smin, smax] in both images. The collection of selected voxels
in the nonenhanced data set B(x) and contrast-enhanced data set C(x) is
denoted by SB and SC, respectively.

The registration is performed in three steps. In each step a transforma-
tion, consisting of translation in three directions and rotation around three
axes, is determined by minimization of a cost function that depends on the
six parameters of the transformation. For the minimization of these cost
functions the downhill simplex method is used [73]. In the first two steps
the chamfer matching method is used [91]. For that purpose a template
DC(x) is made of the contrast-enhanced data set. DC(x) is the distance be-
tween a voxel coordinate x and the closest selected bone voxel in SC. To
reduce computation time the city-block distance is used [91].

In the first step the transform T1 is determined that describes the overall



Removal of bone by piecewise MMBE 27

motion of all bones between the two scans by minimizing the cost function

F1(T1) = ∑
x∈SB

DC(T1x), (2.1)

which represents the mean distance between the transformed bone voxels
in the nonenhanced data set and those in the contrast-enhanced data set.
Next, each bone i is registered individually by an additional transform T2,i,
which is concatenated with T1. The cost function of the second step is given
by

F2,i(T2,i) = ∑
x∈SB,i

DC(T2,iT1x), (2.2)

with SB,i = SB ∩ Ri. In the third and final step an additional transformation
T3,i is determined for each bone, which registers the bone with a higher
accuracy. In this step the sum of squared differences of the CT values given
by

F3,i(T3,i) = ∑
x∈SB,i

(
B(x)− C(T3,iT2,iT1x)

)2
, (2.3)

is used as cost function for each bone i. Tri-linear interpolation is used in
the matching method.

2.2.4 Conversion of bone to a mask

The mask is constructed by thresholding the registered nonenhanced data
set, followed by dilation. Due to the spatial blurring of the CT imaging
process, soft tissue voxels directly adjacent to bone have relatively high CT–
values. Since these CT–values are in the range of the CT–values of contrast-
enhanced blood, they hinder the visualization of the arteries on a MIP im-
age. For the determination of the mask the threshold should preferably be
only marginally above the CT value of tissue. However, tissue has varying
CT values and noise is present in the measured CT values. Consequently,
the use of a threshold value that is too low leads to masking of voxels in
isolated tissue areas that may include arteries. Therefore the threshold level
should exceed a minimum value. After thresholding, some of these small
isolated regions may still be present. Therefore the volume of each isolated
region should exceed a lower limit Vmin, before it is included in the mask.
The results are not expected to be sensitive for the precise value of Vmin
because the volume of a bone is a few orders of magnitude larger, and the
volume of a noise cluster is an order of magnitude smaller. Finally, a bi-
nary dilation is applied to mask adjacent voxels with CT values that are
lower than τ , but still may hinder the visualization of the arteries [81]. The
amount of dilation is denoted by the number of voxels d that is added to
each voxel of the initial mask obtained by thresholding. The values of τ and
d are chosen with the aid of a phantom study (see Sec. 2.4.2).
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2.3 Original MMBE method

The original MMBE method, which was developed by Venema et.al. [96],
differs from the piecewise MMBE method described above with respect to
the registration of the bones. In the original method the bones are not sep-
arated first but assumed to be one rigid structure. In the patient study
the piecewise MMBE method will be compared with the original MMBE
method (see Sec. 2.4.3). Therefore we describe the registration method of
the original MMBE method below.

The registration is performed in two steps. In the first step the chamfer
matching method is used. For that purpose a template DB(x) is made of the
nonenhanced data set. DB(x) is the distance between a voxel coordinate x
and the closest selected bone voxel in SB. The transform T1 is determined
that describes the overall motion of all bones between the two scans by min-
imizing the cost function

F1(T1) = ∑
x∈SC

DB(T1x). (2.4)

Next, each 2D slice of the contrast-enhanced data set C(x) is registered with
the 3D nonenhanced data set B(x). The cost function of the second step is
given by

F2,i(T2,i) = ∑
x∈SC,i

(
B(T2,iT1x)− C(x)

)2
, (2.5)

with SC,i the collection of voxels in SC in slice number i.

2.4 Experiments

2.4.1 Overview

A phantom study was performed to evaluate and quantify the trade-off be-
tween the removal of the bone and the preservation of the arteries contigu-
ous to the bone. This study allowed us to make a clear choice for the thresh-
old level τ and the amount of dilation d.

In a patient study the performance of the complete piecewise MMBE
method was evaluated, both with respect to the robustness of the procedure
and the quality of the MIP images that were obtained.

All scans were made with a multi-slice CT scanner (Mx8000 Quad; Philips
Medical Systems, Best, Netherlands). Scans were made with a tube voltage
of 120 kV and a rotation time of 0.75 s. Reconstructions were made with a
180◦ interpolation algorithm [72] and a voxel size of 0.29× 0.29× 0.50 mm3.
The remaining scanning and reconstruction parameters for both the phan-
tom study and patient study are listed in Table 2.1. In the following we
describe the scans and studies in more detail.
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2.4.2 Phantom study

A phantom consisting of a human skull embedded in a synthetic material
was used (Fig. 5.2 on page 82). The CT value of the synthetic material is
approximately 150 HU, which is roughly 100 HU higher than the soft tissue
in vivo. The phantom did not contain any arteries nor contrast agent. This
did not affect the relevance of the study because the purpose was not to
test the visualization of arteries but to quantify the quality of the removal
of bone. For the sake of clarity we still use the terms nonenhanced and
contrast-enhanced to describe the CT scans of the phantom.

A number of scans was made that were evaluated pairwise. Each pair
of scans mimicked the clinical situation of a nonenhanced and contrast-
enhanced CT scan. Between the nonenhanced and contrast-enhanced scans
the phantom was slightly displaced in a random way to mimic the clini-
cal situation where small motions of the patient between scans are often
present. We studied the influence of the mAs value of the nonenhanced
CT scan and the pitch value of both scans on the quality of the mask (see
Table 2.1).

From each of the nonenhanced scans a mask was calculated for differ-
ent threshold levels τ and different amounts of dilation d. The threshold
level τ was varied between 190 HU and 300 HU with increments of 10 HU.
Threshold levels below 190 HU produced unsatisfactory results for nonen-
hanced scans made with 280 mAs, because regions of soft tissue, connected
to the bone region, were included in the mask. The lowest threshold that
produced acceptable quality of the mask increased somewhat with decreas-
ing mAs level. Therefore at 140, 70, and 35 mAs minimum thresholds of 200,
210, and 220 respectively, were used. The following values for the amount
of dilation d were investigated: 0 (no dilation), 4 (adjacent voxels in the scan
plane), 6 (all adjacent voxels), 10 (8 in the scan plane plus 2 adjacent out of
plane), 18 (8 in the scan plane plus 10 out of plane) and 26 (all surrounding
voxels). The bone in the contrast enhanced data sets was masked and MIP
images were made on the coronal plane.

The quality of a mask depends both on the amount of removed soft tis-
sue in the vicinity of the bone and on the quality of the MIP images. For the
quantification of the quality of the mask both the collection of true bone vox-
els and the ground truth of the MIP image had to be known. Because there
was no way to separate the bone and synthetic material of the phantom
exactly, the determination of true bone voxels could only be done approxi-
mately. A reasonable approximation was obtained by scanning the phantom
with ultra high spatial resolution. The parameters for this scan are listed in
table 2.1. A region of interest (ROI) was chosen and investigated further (see
Fig. 2.3a). The true bone voxels in this ROI were determined by threshold-
ing with a threshold of 860 HU, which is halfway between the maximum
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(a) (b) (c)

Figure 2.3: Images of the region of interest of 23×23 mm2 that is in-
vestigated in the phantom study. Window center: 100 HU. Window
width: 650 HU. (a) Image of the contrast-enhanced scan (280 mAs, pitch
0.875). (b) As (a), with the true bone voxels indicated with dark gray. The
remaining white voxels represent synthetic material, but have a high CT
value due to the spatial blurring of the CT imaging process. (c) As (a), with
a mask with τ =235 HU and d=10 voxels using 280 mAs for the nonen-
hanced scan. The mask voxels included by thresholding are light gray; the
mask voxels included by dilation are black.

Table 2.2: List of the parameters that were used to quantify the quality of
the mask.

Parameter Symbol
(unit)

difference in pixel value in MIP and value of
corresponding pixel in ground truth MIP

v (mm)

mean value of v in coronal MIP image v̄ (mm)
minimal distance from voxel at edge of the
mask to edge of the bone

w (mm)

mean value of w in ROI w̄ (mm)
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CT value of bone in the ROI and the mean CT value of the synthetic mate-
rial [74].

We determined the ground truth of the MIP image by masking the bone
in the contrast-enhanced data set thoroughly. The mask was obtained by
thresholding the ultra-high resolution data set at 230 HU and binary dila-
tion of the result with a spherical kernel with a radius of 3 mm. The result-
ing ground truth MIP image is an almost uniform image with an intensity
slightly above the mean CT value of the synthetic material.

For each voxel at the edge of the mask the minimal euclidian distance
w between this voxel and the edge of the bone was determined in order
to quantify the thickness of the soft tissue layer contiguous to the bone re-
moved by the mask. The mean value of w for all edge-voxels in the region
of interest is denoted by w̄. For each pixel in the coronal MIP image the dif-
ference v between the CT–value in this MIP image and the CT–value in the
ground truth MIP image was determined. The quality of the MIP image was
quantified by calculating the mean value v̄ over all pixels. The definitions
of these parameters are listed in Table 2.2.

2.4.3 Patient study

For the clinical evaluation of the piecewise MMBE method CTA scans of
35 patients were used. Scans were made because of the suspicion of either
carotid stenosis, occlusion or dissection of the carotid or vertebral arteries.
Scanning is started at the level of the disk space between the sixth and sev-
enth cervical vertebra and continues cranially including the skull base. Pa-
tients were instructed to breathe quietly without swallowing during scan-
ning. Non-ionic contrast material containing either 300 mg of iodine per
milliliter (Iohexol; Omnipaque; Nycomed, Oslo, Norway) or 320 mg of io-
dine per milliliter (Iodixanol; Visipaque; Ammersham Health) was injected
in a cubital vein at 4 ml/s. First, the delay between contrast injection and
enhancement of the arteries of interest was measured by injecting a small
amount of contrast agent and measuring the time to peak for the mean CT
value of blood at a fixed location in the patient. Next, a total of 120 ml con-
trast agent was injected and scanning was started after the measured delay.

The values of the parameters of the MMBE method that were used in
the patient study are listed in Table 2.3. In the original MMBE method good
registration results were obtained with smin = 600 HU and smax = 800 HU;
therefore, these values were used in the piecewise MMBE method as well.
For relatively large structures the number of selected voxels in SB and SB,i
easily exceeded one million. To reduce the computation time, a random
sample of 50,000 voxels of SB and SB,i was used when evaluating the cost
functions in Eqs. (2.1), (2.2), and (2.3). This did not affect the registration
results.
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Table 2.3: List of the values of the piecewise MMBE parameters that were
used in the patient study. The values for τ and d were chosen with the aid
of a phantom study (see Sec. 2.5.1).

Part of method, parameter Symbol Value used (unit)
separation of the bones,
lower clipping level bmin 100 (HU)
upper clipping level bmax 1600 (HU)
merging level m 70 (%)

registration of the bones,
lower boundary smin 600 (HU)
upper boundary smax 800 (HU)

conversion of bone to a mask,
lower boundary for inclusion in mask τ 150 (HU)
minimal volume of included region Vmin 40 (mm3)
amount of dilation of the mask d 10 (adjacent voxels)

To be able to assess the advantages of the piecewise method over the
original MMBE method, the latter was applied here as well. The complete-
ness of the identification and separation of the bones was visually inspected
and the quality of the bone removal was judged from MIP images on the
coronal plane.

2.5 Results

2.5.1 Phantom study

In Fig. 2.4 MIP images on the coronal plane are shown for the ground truth
and for eight masks obtained with different combinations of threshold value
τ and amount of dilation d. Furthermore, the corresponding values for v̄
and w̄ are given. For lower thresholds and more dilation the difference v̄ is
smaller. From Fig. 2.4 we conclude that the quality of MIP images with v̄
values of approximately 40 HU or more are unacceptable. For these values
large amounts of bone remain. Preferably v̄ has to be in the order of 20 HU
or less.

In Fig. 2.5 the relation between v̄ and w̄ is shown for different combina-
tions of τ (threshold value) and d (number of voxels dilation). The nonen-
hanced scans were made with 280 mAs. For pitch 0.375 data are shown
for d = 0 voxels only (filled triangles). For pitch 0.875 data are shown for
d = 0, 4, 6, 10, 18 and 26 voxels. In case no dilation is applied, the quality of
the mask for pitch 0.375 is slightly better than for pitch 0.875 (smaller values
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ground truth MIP

τ d v̄ w̄

190 10 4.8 1.3

200 6 9.7 1.1

230 6 21.2 1.0

250 6 30.2 0.9

240 4 38.4 0.9

210 0 51.6 0.8

230 0 70.6 0.7

250 0 89.3 0.7

Figure 2.4: MIP images after masking for different combinations of thresh-
old τ and amount of dilation d. Top: ground truth MIP image. The numbers
on the right represent τ (HU), d (voxels), v̄ (HU), and w̄ (mm). Images are or-
dered according to the value of v̄. Window center: 180 HU. Window width:
200 HU.

of both v̄ and w̄). For masks with dilation d > 0 the quality is approximately
equal for pitch 0.375 and pitch 0.875 (not shown). If the threshold value τ is
lowered for a fixed amount of dilation d, the value of v̄ decreases (better MIP
quality) and the mean width w̄ of the masked soft tissue layer increases. If
the amount of dilation d is lowered for a fixed threshold value τ , again the
value of v̄ decreases and the mean width w̄ increases. From Fig. 2.5 it is clear
that for a fixed quality of the MIP image v̄, the width of the masked tissue
layer w̄ depends on τ and d. In the region of acceptable MIP images (i.e.
v̄ < 40 HU) minimal values for w̄ are obtained using dilations d of 10, 6, or
4 voxels. Any of the combinations (τ , d) = (205, 4), (225, 6), and (235, 10)
will produce MIP images with v̄ ≈ 20 HU and a minimal value for w̄. A
higher threshold value τ , however, produces less isolated noise regions (see
Sec. 2.2.4); therefore we had a preference for d = 10 voxels.
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Figure 2.5: Relation between v̄ and w̄ for different combinations of threshold
τ , amount of dilation d, and pitch. The symbols represent different amounts
of dilation. Pitch 0.375: � 0 voxels. Pitch 0.875: � 0 voxels; + 4 voxels;
� 6 voxels; ◦ 10 voxels; � 18 voxels; × 26 voxels. For each amount of dila-
tion data are given for τ =190,200,...,300 HU (see numbers in graph). The
nonenhanced scans were made with 280 mAs.

In Fig. 2.6 the influence of the effective mAs value on the quality of the
mask is shown for pitch 0.875 and d = 10 voxels. The quality of the mask
was approximately equal for all effective mAs values. Consequently, the
nonenhanced CT scan can be made with a lower effective mAs–value with-
out a loss of quality.
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Figure 2.6: Value of v̄ and w̄ for different mAs values of the nonenhanced
scan: � 280 mAs; + 140 mAs; � 70 mAs; ◦ 35 mAs. Threshold value
τ =190,200,...,300 HU. Amount of dilation d = 10 voxels. Pitch 0.875. The
dashed lines depict the combination of v̄ ≈ 20 HU and w̄ ≈ 1 mm at τ=235
HU.
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Figure 2.7: Histogram of the CT values of soft tissue in the head and neck
region of a patient and of the CT values of the synthetic material in phan-
tom data. The dashed line represents the scaled histogram for the phantom
shifted to the left by 85 HU. The patient and phantom were scanned with 65
mAs and 70 mAs respectively.
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2.5.2 Patient study

A final choice had to be made on the desired quality of the MIP images
and, consequently, the width of the masked soft tissue layer. The CT scans
of the phantom lacked the contrast-enhanced vessels; therefore, the desired
quality of the MIP images was determined with the clinical CTA scans. As
the amount of dilation of d = 10 voxels was most favorable (see Sec. 2.5.1),
the choice came down to a choice for the value of τ . After discussion with
the radiologists it appeared that a suitable quality of the MIP images was
obtained with τin vivo = 150 HU.

Because the CT values of the synthetic material in the phantom study
were higher than the CT values of soft tissue in vivo, the value τin vivo had
to be increased accordingly when used in the phantom study. In Fig. 2.7
on page 37 the histograms of the CT values of the synthetic material of the
phantom and the CT values of soft tissue in a clinical CT scan are shown.
For the thresholding step, the right tails of these distributions are of decisive
importance. A shift to the left of 85 HU of the distribution of the synthetic
material appeared to let the right tail of this distribution coincide with the
right tail of the distribution of the soft tissue in vivo. Thus, the choice of
τin vivo = 150 HU can be converted to a choice of τ = 235 HU in the phan-
tom study. From Fig. 2.6 it appears that τ = 235 HU (and d = 10 voxels)
corresponds with a value of v̄ of approximately 20 HU and a mean width of
the masked soft tissue layer w̄ of approximately 1 mm.

In the watershed algorithm the number of regions N varied from 11 to 50
regions for the 35 patients (mean value was 23 regions). The mean number
of separate bones in the 35 data sets was in the order of 15 (skull, mandible,
hyoid bone, five vertebrae, calcifications and parts of the collarbones and
scapula), which means that often there were more regions than bones. The
additional regions were mainly caused by bones that were split up in two
or more regions.

The hyoid bone and arterial wall calcifications (if present) were sepa-
rated from the other bones in all cases. In Table 2.4 a list is given of the
success rates for the separation of the other bones. In 17 patients (49%) there
were artifacts present in the images due to metal fillings in the teeth. An
example is given in Fig. 2.8a. These streak artifacts did not influence the
performance of the separation of the bones by the watershed algorithm. In
7 patients (19%), however, the mandible was connected to the maxilla via
the hyperdense fillings and was not separated by the watershed algorithm
(see Fig. 2.8b). The upper vertebra was separated from the skull base in 33
patients (94%). A complete separation of all vertebrae was obtained in 4
patients (15%) and in 19 patients (54%) they were separated partially.

In comparison with the original MMBE method, the piecewise MMBE
method resulted in MIP images with less remnants of bone, which obscure
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Table 2.4: Succes rates of the separation of bones for 35 data sets.

Bones Times successfully separated a

Skull–mandible 28b (80)
Skull–upper vertebra 33 (94)
Vertebrae mutually,

all 4 (11)
partly 19 (54)
none 12 (34)

a Data in parentheses are percentages.
b Remaining 7 cases not separated due to metal fillings.

(a) (b)

Figure 2.8: Influence of artifacts induced by metal fillings on the separation
of bones. (a) Axial image of the nonenhanced CT scan. The vertebra in the
same axial plane as the metal is not connected to the mandible and/or the
skull via the hyperdense streak artifacts. (b) Coronal image of the nonen-
hanced CT scan. The hyperdense metal fillings connect the mandible to the
maxilla.
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the arteries, in 17 cases (49%). In Fig. 2.9 an example is given of the differ-
ence between the original method method and the piecewise MMBE method.
This patient had moved his mandible in between the two scans. With the
original method registration errors were present. With the piecewise method,
which registered the mandible and vertebrae separately, a correct masking
was obtained. For 15 patients (43%) the MIP images of the original MMBE
method had virtually the same quality as the MIP images of the piecewise
MMBE method. For these patients the bones evidently had not moved with
respect to each other between the scans. For the remaining 3 patients (9%)
the piecewise MMBE method did not mask all the bones correctly. In these
cases two or more vertebrae had moved with respect to each other in be-
tween the scans and were not separated by the watershed algorithm. In
Fig. 2.10 this is illustrated with a vertebra that was connected to three other
vertebrae, causing a suboptimal registration of the bones with the piecewise
MMBE method.
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(a) (b)

(c) (d)

Figure 2.9: MMBE results for different registration methods. (a) Cross-
sectional MMBE image with the original method (b) Cross-sectional MMBE
image with the piecewise method. (c) Coronal MIP image with the original
method. (d) Coronal MIP image with the piecewise method. With piecewise
rigid registration the mandible and vertebrae are all registered correctly.
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(a) (b) (c)

Figure 2.10: MMBE results for different registration methods. (a) Coro-
nal MIP image with the original method. (b) Coronal MIP image with the
piecewise method. (c) Sagittal contrast-enhanced image after application of
piecewise MMBE, showing slight mismatch because not all vertebrae were
separated by the watershed algorithm.
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2.6 Discussion

In this chapter we described and evaluated the piecewise MMBE method
for the removal of bone from CTA scans. The method is an extension of a
method described earlier [96] for data sets that contain bones that can move
with respect to each other.

We performed a phantom study to optimize the mask parameters for
each scan protocol. The quality of the mask increases when more bone is
removed from the MIP image (smaller value of v̄) and less soft tissue con-
tiguous to the bone is removed (smaller value of w̄). These requirements are
conflicting. The value of v̄ can be decreased at the cost of an increase of w̄
and vice versa.

For the chosen clinical settings with a threshold of 150 HU and a dilation
of 10 voxels, the mean width of the masked soft tissue layer was approxi-
mately 1 mm. Parts of arteries that were contiguous to the bone (e.g. the
vertebralis) were therefore also masked. If an artery was affected, a large
part of the lumen was preserved because the arteries were relatively large.
However, if accurate measurement of a stenosis is desired, the CTA source
images should be used.

When no dilation was applied (d = 0 voxels) the quality of the mask
appeared to be better for pitch 0.375 than for pitch 0.875. This can be ex-
plained by the influence of spiral reconstruction artifacts, which are more
pronounced at pitch 0.875. In Chapter 5 it is shown that such artifacts are
in general not equal in two otherwise identical scans that are made of the
same object. Consequently the mask obtained with the nonenhanced scan
may have a slightly different shape compared to the shape of the bone in
the contrast-enhanced scan. When dilation was applied, the differences in
quality between both pitch values practically disappeared. Apparently, the
dilation of the mask minimized the effects of these slight amounts of mis-
match.

Apart from the values for the threshold level τ and amount of dilation d,
which determined the amount of bone and contiguous tissue removed, the
performance of the MMBE method was strongly influenced by the quality
of the separation and registration of the bones. The parameters of the sepa-
ration step and registration step (see Table 2.3) were determined experimen-
tally. It appeared that the quality of the separation and registration were not
very sensitive for the exact value of the parameters. The exact value mainly
influenced the computation time.

In this study the separation was performed by a watershed algorithm.
The degree of separation could be chosen by setting the merging level m. Af-
ter some experiments it appeared that a merging level of m = 70% gave sat-
isfactory results. In general the algorithm successfully separated the bones
that often move with respect to each other in between the two scans (e.g. the
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mandible and the skull or the upper vertebra and the skull). The vertebrae,
however, could not be separated completely in 31 out of the 35 cases. Even if
the merging level of the watershed algorithm was decreased considerably,
the vertebrae remained connected. Luckily the upper vertebrae appeared
to be relative immobile with respect to each other and the registration of
two or more vertebrae as one rigid structure generally did not have conse-
quences for the quality of the match. In only 4 out of 35 patients (9%) the
registration of the vertebrae was suboptimal. Somewhat unexpectedly, the
original MMBE method did register the vertebrae in these cases correctly.
In the original MMBE method each 2D slice of the contrast-enhanced data
set was registered separately with the 3D nonenhanced data set [96]. Due
to this approach the original registration method was in a small number of
cases better able to cope with the relative movements of the vertebrae than
the piecewise MMBE method was.

In 7 out of 35 cases the maxilla and mandible remained connected due
to the presence of metal fillings. In case the mandible would have moved
relatively to the other bones, the registration would have been suboptimal.
Luckily this was not the case. This problem can be remedied by automati-
cally removing the metal and its direct surroundings prior to the separation
of the bones. As no vascular structures of clinical interest are in close prox-
imity to the metal fillings, this can be done without problems. The metal
fillings, which have higher CT values than bone, can easily be identified by
thresholding.

Besides bone, other high-attenuation structures such as calcifications,
which may be present in the arterial wall, are removed in the masking method
as well. Masking of calcifications may lead to an overestimation of the de-
gree of stenosis. In Chapter 4 an alternative method is described to remove
calcifications from CTA data sets.

In this chapter the results of the MMBE method were presented with
the aid of MIP images of the cervical arteries. The method can also be used
in combination with other visualization techniques such as shaded surface
display and volume rendering. These techniques have in common with the
MIP technique that the bone may hinder the visualization of the arteries [52].
Furthermore, the method can be extended to CTA examinations in other
parts of the body. In Chapter 3 two cases are reported in which the MMBE
method is applied for the visualization of the dural sinuses and cerebral
veins.

We conclude that the piecewise MMBE method is a powerful tool to ob-
tain MIP images of the cervical arteries free from overprojecting bone in a
fully automatic way and with only a slight increase of the total radiation
dose.
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3.1 Introduction

CT angiography (CTA) is widely used for imaging intracranial arteries and
veins. One disadvantage of conventional CTA is that time-consuming and
operator- dependent editing is needed to remove overprojecting bone for
the angiographic display of intracranial vessels. In this chapter, we describe
the use of the MMBE method (as described in Chapter 2) for the angio-
graphic display of multi-slice CTA data sets of the intracranial venous circu-
lation in two patients with the clinical suspicion of dural sinus thrombosis.

3.2 Case Reports

3.2.1 Technique

In each of the two patients, two spiral CT scans of the head were made
by using a multi-slice CT scanner (Mx8000 Quad; Philips Medical Systems,
Best, the Netherlands). Before the injection of contrast agent, a nonenhanced
spiral CT scan was made. After that, the CT venography examination was
performed. For the CT venography examination, a spiral CT scan was made
with a field of view of 210 mm, collimation of 4 x 1 mm, effective slice thick-
ness of 1.3 mm, reconstruction increment of 0.5 mm, scan time of 0.75 sec-
onds per 360◦ rotation, tube voltage of 90 kV, effective mAs value of 360
mAs, and a table of feed of 4.7 mm/s (pitch 0.875). Nonionic contrast ma-
terial (Omnipaque [Iohexol] containing 300 mg of iodine per milliliter; Ny-
comed, Amersham Health, Cork, Ireland) was injected in a cubital vein at
4 ml/s for a total of 120 ml. Scanning was started after a delay time that
was measured with a delay test. The gantry was angulated to exclude the
orbits from the acquired volume. A cephalic-to-caudal scanning progres-
sion was used. The nonenhanced CT scan was made with an effective mAs
value of 100 mAs; i.e., approximately one-quarter of the value of the CT
venography examination. All other parameters were the same as those for
the contrast-enhanced CT scan. The duration of one helical CT scan was 30
s. The total effective dose was 1.4 mSv (including 0.3 mSv for the nonen-
hanced scan and 1.1 mSv for the contrast-enhanced scan) as compared with
an effective dose for conventional CT of the head of 1.2 mSv (120 kV, 250
mAs, 4 x 5 mm collimation). Reconstructions were made with a voxel size
of 0.41 x 0.41 x 0.50 mm3, 180◦ interpolation, and reconstruction kernel B
(normal filter between smooth and medium sharp).

The principle of the MMBE method is described in Chapter 2. As the
volume of interest did only contain one rigid bone structure, the original
MMBE method instead of the piecewise MMBE method was used. As the
parameters of the MMBE method have been optimized for CTA scans of the
head and neck region, they were reconsidered for this study. A threshold
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(a) (b)

(c) (d)

Figure 3.1: CT scan of a 45-year-old woman with clinical suspicion of dural
sinus thrombosis. (a) Lateral, (b) anteroposterior, (c) caudocranial, and (d)
oblique sagittal MIP of CTA data set after MMBE. The projections demon-
strate normal appearance of the superior sagittal sinus (arrowheads), the
transverse sinuses (arrows), the deep venous system, and the superficial
cortical veins without any overlying bone structures.

of 200 HU was applied to identify bone voxels. This threshold gave slightly
better results than the threshold of 150 HU used in Chapter 2 because of the
lower tube voltage used in the present study (90 kV instead of 120 kV). MIP
images free from overprojecting bone were made in the conventional way
on a graphical workstation (MxView; Philips Medical Systems). Limited
manual editing was performed to remove some overprojecting arteries on
the MIP data set.

3.2.2 Case 1

A 45-year-old woman presented with headache and clinical signs of in-
tracranial hypertension. To exclude dural sinus thrombosis, CT venography
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was performed. After the MMBE procedure, no bone remnants were present
in the CTA data set. The axial sections and the MIP images demonstrated
patent dural sinuses (Fig. 3.1). No thrombus was seen. The dural sinuses,
cortical veins, and deep venous system were demonstrated with exquisite
detail.

3.2.3 Case 2

A 27-year-old man presented with fever, headache, and some weakness of
the right arm. Neurologic examination revealed bilateral papilledema. To
exclude dural sinus thrombosis, CT venography was performed. After the
MMBE procedure, no bone remnants were present on the MIP images ob-
tained from the CTA data set. The axial sections and the MIP images of the
CT venography data set demonstrated a filling defect in the superior sagittal
and bilateral transverse dural sinuses, consistent with thrombosis (Fig. 3.2).
Some enhancement of the dural sinus wall was present. The superficial cor-
tical veins and deep venous system were patent. The subependymal and
transmedullary veins were dilated.

3.3 Discussion

Previous reports have noted that CT venography has a high sensitivity for
depicting the intracerebral venous circulation as compared with digital sub-
traction angiography [100]. CT venography is superior to MR venography
in the identification of cerebral veins and dural sinuses and is at least equiv-
alent in establishing the diagnosis of dural sinus thrombosis [71]. Advan-
tages of CT venography as compared with MR angiography are that it is less
expensive and that the time to diagnosis in the initial workup of a patient is
shorter [100]. It can be instantly performed as an adjunct to a nonenhanced
CT scan in patients undergoing the initial workup. Because the procedure
duration is less than 1 minute, the image quality is hardly impaired by pa-
tient motion, and patient monitoring is easier in critically ill patients as com-
pared with MR imaging [100]. Although the diagnosis of dural sinus throm-
bosis can be made by evaluation of the axial thin-section contrast-enhanced
source images of a helical CT scan, 3D MIP images free from overproject-
ing bone clearly have additional value. These reconstructions are valuable
as a communication tool with clinicians, have the ability to be viewed in a
limitless number of views, and reduce the likelihood that normal anatomic
variations, such as high splitting of the superior sagittal sinus, will be mis-
taken for an empty delta sign [8].

An essential step in CT venography is removal of bone from the images.
Bone removal by using subtraction of an enhanced from a nonenhanced CT
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(a) (b)

(c) (d)

(e) (f)

Figure 3.2: CT scan of a 27-year-old man with clinical suspicion of dural
sinus thrombosis. (a) Lateral, (b) anteroposterior, (c) caudocranial, and (d)
oblique sagittal MIP of CTA data set after MMBE demonstrates complete
bone removal and occlusion of the superior sagittal sinus (arrowheads) and
both transverse sinuses (arrows). Note some overprojecting enhancement
of the transverse sinus walls. The superficial cortical veins and deep venous
system are patent. Axial contrast-enhanced 1-mm sections demonstrate fill-
ing defects in (e) the superior sagittal sinus (arrowhead) and (f) both trans-
verse sinuses (arrows).
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scan has been described elsewhere [34]. This technique has several draw-
backs. Firstly, subtraction always adds noise to the CTA images [96]. Sec-
ondly, subtraction without registration, as used by Imakita et al. [34], re-
quires that the patient remains completely still, which is often difficult to
achieve. CT venography has been performed by using a technique devel-
oped by Casey et al. [8], which they term a graded subtraction technique,
but which actually is a masking technique for removal of the bone from
the CT images. In their method, no precontrast scan is made. An initial
mask is generated by thresholding followed by widening of the mask by
one or more dilation steps. Because the thresholding has to be performed
with the contrast-enhanced images, a suitable threshold has to be chosen
carefully by a qualified operator to avoid the elimination of the contrast as
well. Thresholding images that contain the contrast-enhanced arteries and
venous structures implies the use of a rather high threshold, as much as
400 HU [8] or even slightly more than 500 HU [100]. Therefore, the quality
of the initial mask can be rather poor, and this quality has to be improved
by using one or several dilation steps, at the discretion of the operator. A
drawback is therefore that this technique is not automatic and that the re-
sults obtained will be operator dependent. Moreover, several dilation steps
may have to be used to remove the bone sufficiently, but that may also affect
the contrast-enhanced structures. Even then the quality of the bone removal
may be mediocre, especially in regions with thin bone structures that have
not been included in the initial mask. This method is best performed by a ra-
diologist with detailed knowledge of the cerebrovascular anatomy, to avoid
accidental elimination of dural sinuses and cortical veins during the proce-
dure [8]. Wetzel et al. [100] reported that removal of the thin bone layers at
the skull base was not possible without a cutoff of sinus structures because
of an overlap in attenuation values. As a consequence, in their study the
cavernous sinus was seen on only 62% of the MIP images.

The MMBE technique does not suffer from these drawbacks. A relatively
low, and constant, threshold of 200 HU can be used, because a nonenhanced
CT scan is used in the thresholding [96]. Because the initial mask is already
of good quality, only one dilation step has to be used. As a consequence
of these features, the MMBE procedure is fully automatic, and the results
obtained are completely independent of the operator and are therefore re-
producible and of high quality.

The bone-elimination procedure features two points: 3D image registra-
tion and bone removal according to a matched mask. Image registration
is important, because the head of the patient is prone to movement, and
minimal movement leads to serious artifacts in the processed images. An
advantage of the MMBE technique over subtraction is that low-dose nonen-
hanced images can be used, because the noise of the nonenhanced images
is not added to that of the CTA images. Moreover, the nonenhanced images
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can be stored for future use when repeat CTA examinations are indicated.
The MMBE method was originally developed for the processing of CTA

examinations of the intracranial carotid arteries and the circle of Willis [96].
By using this method Venema et al. [96] demonstrated that vessels at the
region of the skull base, such as the petrous and cavernous segments of
the internal carotid arteries, can be depicted without any overlapping bone.
The present study demonstrates that the method can also be successfully
applied for CT venography. The registration method described in this arti-
cle performed well in the compensation for patient motion between the two
scans. Because of the high capture range of the initialization step of the reg-
istration procedure the method is very robust. If the patient moves during
acquisition of one of the two scans, artifacts will inevitably be present in the
processed images. These artifacts will be restricted to the section positions
at which the movement occurred, because in our approach each contrast-
enhanced image is registered separately with the nonenhanced volume (see
Sec. 2.3).

Previous studies used single-slice spiral CT to visualize the intracranial
venous system with a scan duration of 60 s [100, 8]. Thinly-collimated multi-
slice spiral CT allows imaging of the entire brain within 30 s during peak
venous enhancement. In dural sinus thrombosis, the wall of the thrombosed
sinus may enhance, which may obscure the low attenuating voxels of the
intraluminal thrombus on MIP images [8]. Therefore, to exclude thrombosis,
the CT venograms should always be interpreted in conjunction with the
axial contrast-enhanced source images.

3.4 Conclusions

We conclude that MMBE is a useful adjunct for the angiographic display in
CT venography, removing the bone effectively while retaining the quality of
the source images with only a modest increase in radiation dose. This tech-
nique is fully automated, not operator dependent, and can be performed by
a technician. Interactive viewing of the venous vasculature in any plane is
possible without hindrance of overlying bone structures.

This new development may further enhance the use of CT venography
as the technique of choice for the evaluation of patients in whom abnormal-
ities of the intracranial venous circulation are suspected. Larger studies are
needed to evaluate whether this technique may supplant MR venography
or intra-arterial digital subtraction angiography.
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4.1 Introduction

CTA has become an established technique for minimally invasive imaging
of arteries in different parts of the human body [22, 12]. In order to get a
comprehensive overview of the vascular anatomy the 3D visualization tech-
nique of MIP is used regularly. To be able to observe the arteries in a MIP
image all high density structures have to be removed from the volume of
interest prior to the application of the projection procedure [37]. Especially
arterial wall calcifications can be a serious problem in the visualization of
the real lumen. This problem has been reported in a number of CTA studies
concerning the renal arteries [77, 5, 102], the coronary arteries [67] and the
carotid arteries [63, 57, 29]. Calcifications can also complicate the use of vol-
ume rendering (VR). To differentiate calcifications from contrast-enhanced
blood at VR one has to choose a transfer function with different opacity
and/or color values for contrast-enhanced blood and calcification [62]. The
choice for a particular transfer function strongly influences the visualization
of the lumen and thus the grading of the stenosis.

In Chapter 2 we described the MMBE method to remove bone from CTA
scans. The additionally masked soft tissue layer with a mean width of ap-
proximately 1 mm is relatively large compared to the dimension of the re-
maining lumen at the location of an arterial wall calcification. Choosing the
parameters of the MMBE method so that all voxels with a high CT value
due to the calcifications are removed, without including contrast-enhanced
blood, is virtually impossible. Therefore the MMBE method is not suitable
to remove arterial wall calcifications.

In this chapter we describe an alternative method for automatic removal
of arterial wall calcifications. The method is related to subtraction, a tech-
nique that is commonly used in conventional angiography, but less so in
CTA. In conventional angiography a nonenhanced image is subtracted from
the contrast-enhanced image in order to remove all common structures. Our
method, local subtraction, is based on this principle. Due to the inevitable
displacements of the patient in between the two scans the images have to be
registered prior to subtraction.

The method was tested in a phantom and with data from four patients.
The phantom consisted of cylinders with two different types of stenosis. The
patient data originated from a study in which patients underwent a CTA
examination of the renal arteries. For two patients the electrocardiogram
(ECG) was also recorded during data acquisition. This allowed us to make
cardiac gated reconstructions retrospectively. Results of local subtraction
are compared with results obtained by thresholding.
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4.2 Theory and methods

4.2.1 Image formation

In a CT scan all structures are imaged with blurred boundaries, due to the
finite width of the PSF. The width of the PSF depends on the construction of
the CT scanner, several scanning parameters and the reconstruction kernel.
We approximate the PSF by a 3D Gaussian:

PSF(x,σ) ≈ G(x,σ) =
1
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, (4.1)

withσ = (σx,σy,σz) the standard deviation of the Gaussian in three orthog-
onal directions and x = (x, y, z, 1)T the homogeneous coordinate [51] in the
3D image. The use of homogeneous coordinates facilitates the notation of
the transformations, as will become clear in the next section.

The nonenhanced image B(x,σ) and contrast-enhanced image C(x,σ)
are the result of the convolution of the object functions BO(x) and CO(x)
with PSF(x,σ):

B(x,σ) = BO(x) ∗ PSF(x,σ), (4.2)

C(x,σ) = CO(x) ∗ PSF(x,σ). (4.3)

The object functions represent the distribution of the true CT values in 3D
space. In the following the functions B(x,σ) and C(x,σ) are considered for
discrete voxel coordinates x only.

We consider three types of material which are relevant to the removal of
hyperdense structures: the hyperdense structure itself, blood (nonenhanced
or contrast-enhanced) and the surrounding tissue. The mean CT value of
hyperdense structures is relatively high. That of the tissue is relatively low.
In the nonenhanced situation the CT values of blood and surrounding tissue
are approximately equal. In the contrast-enhanced situation the CT value of
blood clearly exceeds the CT values of the surrounding tissue.

4.2.2 Calcification removal by local subtraction

The principle of calcification removal is illustrated with an example which
is shown in Fig. 4.1 on page 58. In this example the arterial lumen is rep-
resented by a cylinder with a diameter of 6.0 mm. The cylinder contains a
dense structure, contiguous to the perimeter that has to be removed.

In the upper part of Fig. 4.1 the object functions BO(x) and CO(x) are
shown. In the middle part the functions B(x,σ) and C(x,σ) are shown.
The latter pair of functions is obtained by convolution of the object functions
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with an isotropic Gaussian PSF with σ = 0.6 mm. The CT values across a
horizontal line through the center of the cylinder are shown in the lower
part of Fig. 4.1.

The local subtraction procedure only pertains to the voxels of the hyper-
dense structure and the peripheral zone of this structure. The inclusion of
this peripheral zone is necessary to subtract all voxels whose CT values are
altered due to the presence of the hyperdense structure. The collection of
voxels belonging to the dense structure and its peripheral zone is denoted
by R. This collection is determined by thresholding, followed by binary di-
lation. Details are given in Sec. 4.3.2 and Sec. 4.3.3 for the phantom and
patient study, respectively. The boundaries of R are indicated in Fig. 4.1 by
dotted vertical lines. The voxels in R in the nonenhanced situation are sub-
tracted from the corresponding voxels in the contrast-enhanced situation.
Because subtraction of only a part of an image produces a discontinuity in
the CT values, the subtracted CT values are scaled and an offset value is
added in order to restore the continuity:

L(x,σ) =
{

(C(x,σ)− B(x,σ)) ·γ + δ ∀ x ∈ R,
C(x,σ) ∀ x /∈ R.

(4.4)

The scale factor γ is given by

γ =
CTcontrast−enhanced lumen − CTsurrounding tissue

CTcontrast−enhanced lumen − CTnonenhanced lumen
, (4.5)

with CTmaterial the mean CT value of a specific material. The offset value δ
is equal to CTsurrounding tissue. The result of local subtraction for the data of
Fig. 4.1 is shown in Fig. 4.2a on page 59.

In practice the hyperdense structures have to be registered prior to local
subtraction to compensate for displacements in between the two scans. All
structures are registered individually because they can move in relation to
each other. Each structure Ri in B(x,σ) is registered by applying a 3D rigid
transformation Ti, consisting of translation and rotation. The transformation
Ti is determined by minimizing the cost function

F(Ti) = ∑
x∈Ri

(
B(x,σ)− C(Tix,σ)

)2
. (4.6)

Linear interpolation is used for the calculation of the value of C(Tix,σ) for
positions Tix not corresponding with voxel coordinates. The minimization
is performed by the downhill simplex method [73]. This method needs ini-
tial values for the six transformation parameters, and six characteristic vari-
ations around these initial values. The initial values are determined by regis-
tration of the cluster of hyperdense structures as a whole (see also Sec. 4.3.3).
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As characteristic variation 1 mm was taken for the translations and 1 degree
for the rotations.

The registration procedure described above may introduce a bias on the
transformation Ti. The main reason for this bias is that the CT value of
the lumen is increased in the contrast-enhanced situation. Due to the non
zero width of the PSF this affects the shape of the dense structure, which is
immediately adjacent to the blood. In the example of Fig. 4.1 and 4.2 no reg-
istration is needed, as the dense structure is on the same location in BO and
CO. The minimum value of the cost function, however, is found for a small
shift in the x–direction, ∆x = 0.14 mm. When this shift is implemented, an
artefact appears in the locally subtracted image (see Fig. 4.7c, cross-sectional
image 2). In the following we discuss a method to minimize this artefact.

The magnitude of the bias depends on the width of the PSF. In order to
obtain a small bias the PSF should be as narrow as possible. A narrower
PSF, however, corresponds with an increase in image noise, which is gen-
erally undesirable in CTA of the abdominal arteries. To be able to use the
PSF that is chosen for the clinical protocol, we compute Ti for several values
of |σ |, extrapolate the components of Ti to the situation σ = 0, and apply
the unbiased transformation to the image with the desired PSF. The in-plane
width of the PSF (σx and σy) can be decreased by choosing another recon-
struction kernel. The width of the PSF can be increased in all three directions
by convolving the data with a Gaussian kernel G(x,σG):

B(x,σ ′) = B(x,σ) ∗ G(x,σG), (4.7)

C(x,σ ′) = C(x,σ) ∗ G(x,σG), (4.8)

with the standard deviation σ ′ of the resulting PSF given by

σ ′
j =

√
(σ j)2 + (σG, j)2 j = x, y, z. (4.9)

The bias correction method described above was tested in both the phantom
and patient study. The shape and dimensions of the stenosis in the phantom
study are equal to that of the example used in this section.

4.2.3 Calcification removal by thresholding

Results of the local subtraction method, described in the previous section,
will be compared with results obtained by thresholding. Removal of a high
density structure by thresholding is given by

M(x,σ) =
{

C(x,σ) if C(x,σ) < τ

ε if C(x,σ) ≥ τ
(4.10)

with τ the threshold value and ε an arbitrary low CT value. The value of τ
should be as low as possible in order to remove as many as possible voxels
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Figure 4.1: Model of an artery consisting of a cylinder with a stenosis caused
by a hyperdense structure which covers 25% of the cylinder wall. (a) Nonen-
hanced situation. (b) Contrast-enhanced situation. Top: Object functions
BO(x) and CO(x). Middle: B(x,σ) and C(x,σ), obtained by convolution of
the object functions with a Gaussian PSF. Bottom: CT values across a hori-
zontal line through the center of the cylinder. The dotted vertical lines indi-
cate the position of the boundaries of the peripheral zone of the hyperdense
structure used in the local subtraction method.
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Figure 4.2: Result of removal of the hyperdense structure in Fig. 4.1(b). (a)
Removal by local subtraction. (b) Removal by thresholding. Top: cross-
sectional image (with a zero width PSF) of the model with the dense struc-
ture replaced by material with a CT value of surrounding tissue. Middle:
cross-sectional images of the model after removal of the hyperdense struc-
ture. Bottom: CT values across a horizontal line through the center of the
cylinder in the top image (dashed lines) and middle images (solid lines).
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belonging to a hyperdense structure. The CT value of the contrast-enhanced
lumen is the lower limit for τ . In practice the value of τ must be higher, due
to the presence of noise in the CT image. The result of thresholding the data
of Fig. 4.1b is shown in Fig. 4.2b.

4.3 Experiments

4.3.1 Measurement of the point spread function

A small gold sphere (diameter 0.22 mm), embedded in a synthetic material,
was used to measure the point spread function of the CT scanner. The PSF
was measured for the scan parameters used in the phantom and patient
study. Reconstructions were made with kernel A (smooth) and kernel D
(sharp) with a voxel size of 0.125 × 0.125 × 0.125 mm3 (much smaller than
the full width at half maximum of the PSF).

4.3.2 Phantom study

A phantom was designed to represent a renal artery with a diameter of
6.0 mm (see Fig. 4.3). It includes a hyperdense structure mimicking a cal-
cified plaque all around the vessel wall, and a smaller structure which cov-
ers only 25% of the vessel wall. In the larger hyperdense structure a small
low-density cylinder is inserted, to mimic an occlusion. It also includes a
cylinder with a diameter of 3.0 mm which represents the golden standard
for the lumen within the first hyperdense structure. The phantom was con-
structed from lucite and polyvinylchloride (PVC), which are approximately
tissue- and calcification-equivalent with respect to their attenuation coeffi-
cients (CT values approximately 130 and 950 HU, respectively).

The orientation of the phantom during the scans, denoted by the angle
α between the cylinder axis and the direction of table movement, was var-
ied. The phantom was scanned for three orientations: α = 0◦, α = 45◦ and
α = 90◦. For the nonenhanced scan the cylinders were filled with water
with a low iodine concentration, resulting in a mean CT value of 140 HU.
For the contrast-enhanced scan the cylinders were filled with water with a
higher iodine concentration, resulting in a mean CT value of 410 HU. The
increase of the attenuation coefficient between the two scans (270 HU) corre-
sponded approximately with the difference between attenuation coefficients
of nonenhanced and contrast-enhanced blood in the CTA examination of the
renal arteries.

Spiral CT datasets were acquired with a multi-slice CT scanner (Mx8000
Quad; Philips Medical Systems, Best, The Netherlands). Both nonenhanced
and contrast-enhanced scan were made with a collimation of 4 × 1.0 mm, a
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Figure 4.3: Schematic view of the phantom with dimensions in millimeter.
(a) Longitudinal section. (b) Cross-section. Three cylinders (white), which
can be filled with water with iodine, represent arteries with a diameter of 3
mm (top) and 6 mm (center and bottom). The phantom is constructed from
lucite (grey). The hyperdense structures in the center and bottom cylinder
are made of PVC (black).

scan time of 0.75 s per 360◦ rotation, a tube voltage of 120 kV, and an effec-
tive mAs value of 300 mAs. Two values for the pitch were used: 0.875 (table
feed 4.7 mm/s) and 0.375 (table feed 2.0 mm/s). Nonionic contrast material
(Iohexol; [Omnipaque]; Nycomed Amersham, Oslo, Norway; 300 mg of io-
dine per milliliter) was used. Reconstructions were made with a voxel size
of 0.20 × 0.20 × 0.60 mm3, 360◦ interpolation and reconstruction kernel A
(smooth). Additional reconstructions were made with kernel D (sharp) for
determination of the bias on the registration parameters.

The hyperdense structures were identified in the nonenhanced image
by thresholding with τ = 500 HU. The extra region around each structure
was obtained by binary dilatation with a spherical kernel with a radius of
2.5 mm.

4.3.3 Patient study

Data were used from four patients for which CTA of the renal arteries was
performed. First a low dose localization scan was made to visualize the kid-
neys and calcifications, if any. In case calcifications were present in or near
the renal arteries, a regular dose nonenhanced spiral CT scan was made. To
keep the additional radiation dose as low as possible, this scan was made
only of the region containing the calcifications. Finally the CT angiographic
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Table 4.1: Scan parameters used for the four patients.

No. Pitch Rotation time (s/360◦) Heart rate (BPM)
1 0.875 0.75 -
2 0.875 0.75 -
3 0.425 0.50 55-60
4 0.450 0.50 45-60

examination was performed. The contrast material was injected in a cubital
vein at a rate of 3 ml/s for a period equal to the total scan time. Scanning
was started after a delay time that was measured with a delay test. The
study was approved by our institutional review board and informed con-
sent was obtained from all patients. Table 4.1 gives an overview of the pitch
and rotation time for these patients. For two patients (number 1 and 2) the
scan parameters were the same as in the phantom study. For the other two
patients (number 3 and 4) the electrocardiogram (ECG) was recorded simul-
taneously and the scan parameters were adapted to be able to make retro-
spective cardiac gated (tagged) reconstructions [41, 44]. The tagged recon-
structions were made to investigate the amount of motion of calcifications
during data acquisition and the influence on the local subtraction result. As
the CT scans of patients 3 and 4 were made with a lower pitch; the untagged
reconstructions of these scans allowed us to investigate the influence of the
pitch on the image quality. For these last two patients the rotation time
was decreased to 0.5 s per 360◦ rotation. Reconstructions were made with a
voxel size of 0.49× 0.49× 0.70 mm3 while the other reconstruction parame-
ters were the same as in the phantom study. A conventional angiogram was
made from patient 2, six months after the CTA examination, so that results
of these two modalities could be compared with respect to the visualization
of the lumen at the location of the calcifications.

Each cluster of 6–connected voxels with B(x,σ) > τ was labeled as a
separate structure and the extra region around each structure was obtained
by binary dilatation with a spherical kernel with a radius of 2.5 mm. The
threshold value τ was chosen to be 50 to 70 HU above the mean value of
the nonenhanced blood in order to avoid inclusion of voxels representing
blood. The range of 50− 70 HU is in the order of three to four times the stan-
dard deviation of the CT values in a region of interest in the nonenhanced
blood. In the registration procedure the set of clusters was first registered
as a whole to avoid convergence problems during individual registration of
each cluster, and next each cluster was registered separately.
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4.4 Results

4.4.1 Point spread function

The PSF is analyzed in two directions: the z–direction (direction of table
movement) and the radial direction (in the x, y–plane). The measured PSFs
can be very well approximated by Gaussians. The standard deviations of the
fitted Gaussians are σ A = (0.60, 0.60, 0.60) mm for reconstruction kernel A
and σD = (0.34, 0.34, 0.60) mm for reconstruction kernel D. The full width
at half maximum (FWHM) of the PSF in the z–direction, which is often used
as a measure for the effective slice thickness, is for both reconstruction ker-
nels equal to σz

√
8 ln 2 ≈ 1.41 mm.

4.4.2 Phantom study

The results of local subtraction and thresholding were evaluated on both
cross-sectional and MIP images. Figure 4.4 shows images and profiles along
a line for both the nonenhanced and contrast-enhanced CT scan (with α =
0◦ and pitch 0.875) of the middle cylinder of Fig. 4.3. In Fig. 4.5 the contrast-
enhanced CT scan is depicted after removal of the high density structure by
both local subtraction and thresholding. In this case no registration bias is
present because of the circular symmetry of the high density structure and
the contrast-enhanced lumen. The CT values along the center line in the
subtracted image are in exact agreement with the CT values along the same
line in the top cylinder in Fig. 4.3 (not shown). Figure 4.6 shows results
of local subtraction for all combinations of cylinder orientation and pitch
value. Both phantom orientation and pitch value do influence the quality of
the result. Best results are obtained forα = 0◦. Forα = 45◦ andα = 90◦ the
results for low pitch are better.

Figure 4.7 shows the result of removal of the asymmetric high density
structure in the bottom cylinder of Fig. 4.3. Note that the physical properties
of this stenosis correspond with the data used in Fig. 4.1. For this stenosis
the transformation Ti found during registration depends on the (effective)
width of the PSF. This dependency is shown in Fig. 4.7a for the translation
∆x. The value of ∆x was determined for three values of the standard devi-
ation of the PSF: σx = σy = 0.34 mm (reconstruction kernel D), σx = σy =
0.60 mm (reconstruction kernel A) and σ ′

x = σ ′
y = 0.90 mm (reconstruction

kernel A and convolution with a Gaussian kernel with σG = 0.67 mm). In
the three situations the value of σz was 0.60 mm, 0.60 mm and 0.90 mm, re-
spectively. Because of the symmetrical shape of the hyperdense structure in
the z–direction, however, the exact value ofσz does not influence the results.
The measurements show that it is reasonable to assume a linear relationship
between σx and ∆x. By extrapolation to σx = 0 mm the bias on ∆x is re-
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Figure 4.4: MIP images (top left), cross-sections (top right) and profiles
along the centerline (bottom) for CT scans of the 6 mm cylinder (Fig. 4.3,
middle) with α = 0◦ and pitch 0.875. (a) Nonenhanced and (b) contrast-
enhanced CT scan. The lines in the images indicate the location of the plot-
ted profile. The dashed vertical lines in the intensity profiles represent the
physical boundaries of the high density structure.

moved (Fig. 4.7b and 4.7c). The influence of σ on the translation in the y
and z–direction is very small, because of the symmetry of the high density
structure in these directions, as is the influence on the rotation parameters
(not shown).
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Figure 4.5: MIP images (top left), cross-sections (top right) and profiles
along the centerline (bottom) for CT scans of the 6 mm cylinder (Fig. 4.3,
middle) withα = 0◦ and pitch 0.875. (a) Result of removal by local subtrac-
tion. (b) Result of removal by thresholding (with τ = 450 HU). The lines in
the images indicate the location of the plotted profile. The dashed vertical
lines in the intensity profiles represent the physical boundaries of the high
density structure.
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α : 0◦ 45◦ 90◦

0.875

0.375

Figure 4.6: MIP images after local subtraction for different values of the
pitch and for different orientationsα of the phantom.
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Figure 4.7: Reduction of the bias on the transformation. (a) Extrapolation
of the value of the translation in the x–direction. (b) Profiles of the result
of local subtraction for four values of ∆x. (c) Cross-sectional images of the
result of local subtraction for four values of ∆x. The numbers correspond
with the registration results after using images that are reconstructed with
kernel D (1), with kernel A (2) and with kernel A plus a Gaussian blur (3).
The results denoted by (0) correspond with the unbiased transformation.
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4.4.3 Patient study

The mean CT value of the nonenhanced blood was approximately 50 HU.
The mean CT value of the contrast-enhanced blood varied between approxi-
mately 200 and 300 HU. The maximum CT value of the calcifications varied
between 1100 and 1600 HU for images reconstructed with kernel A.

Cross-sectional images and profiles along a line of the nonenhanced and
contrast-enhanced CT scan of patient 1 are shown in Fig. 4.8. The results
of removal of calcifications in the aortic wall are shown in Fig. 4.9. For the
removal by thresholding the lowest threshold that was feasible in this pa-
tient (τ = 280 HU, only slightly above 200 HU, the mean CT value of the
contrast-enhanced lumen) does not remove all voxels that may obscure the
lumen on a MIP. The local subtraction method does remove the calcification
in such a way that a clean MIP can be made (MIP not shown).

MIP and multiplanar reformation (MPR) images of the contrast-enhanced
CT scan of patient 2 are shown in Fig. 4.10. On the MPR image, made af-
ter removal by local subtraction, some artifacts remain at the location of the
removed calcifications. We tried the bias reduction method that we success-
fully applied in the phantom study, but the resulting images were virtually
the same (not shown). Evidently this artifact must have another cause. We
return to this point in the discussion. On the MPR image, made after re-
moval by thresholding (with τ = 300 HU), the width of the lumen (mean
CT value of 230 HU) appears to be reduced considerably. It is also clearly
visible that the high density voxels at the transition from calcification to sur-
rounding tissue are not removed. The conventional DSA study (made six
months after the CTA examination) shows that the diameter of the lumen is
not reduced at the location of the calcifications (Fig. 4.10d).

For patient 3 tagged reconstructions are made for 10 equidistant phases
of the cardiac cycle. For a calcification at the origin of the renal artery the lo-
cation of the center of mass for each phase is calculated. The maximum shift,
relative to the location of the calcification at the start of the cardiac cycle, is
approximately 1.5 mm. The result of local subtraction and thresholding is
shown in Fig. 4.11. Additionally a typical example of local subtraction with
tagged reconstructions is depicted. The tagged reconstructions are made at
30% of the cardiac cycle.

Cross-sectional images of the nonenhanced and contrast-enhanced CT
scan of patient 4 are shown in Fig. 4.12. In this case untagged reconstructions
are used. In Fig. 4.13 the result of calcification removal is shown.
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Figure 4.8: Transverse images and profiles along a line of CT scans of the
aorta of patient 1 with arterial wall calcifications. (a) Registered nonen-
hanced and (b) contrast-enhanced CT scan. The calcification on the left side
of the aorta is used for the registration. The lines in the images indicate the
location of the plotted profile.
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Figure 4.9: Transverse images and profiles along a line of CT scans of the
aorta of patient 1 with arterial wall calcifications. Result after removal of the
arterial wall calcifications by (a) local subtraction and (b) thresholding. The
lines in the images indicate the location of the plotted profile. The dashed
lines represent the profile from Fig. 4.8b.
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Figure 4.10: MIP images (left) and MPR images (right) of renal artery with
arterial wall calcifications (patient 2). (a) Original contrast-enhanced image.
(b) Calcification removed by local subtraction. (c) Calcification removed by
thresholding. The lines in the MIP images indicate the location of the MPR
planes. (d) Conventional digital subtraction angiogram of patient 2.
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Figure 4.11: MIP images (left) and MPR images (right) of renal artery with
arterial wall calcifications (patient 3). (a) Original contrast-enhanced im-
age (untagged). (b) Calcification removed by local subtraction, using un-
tagged reconstructions. (c) Calcification removed by thresholding, using
untagged reconstructions. (d) Calcification removed by local subtraction,
using tagged reconstructions. The lines in the MIP images indicate the loca-
tion of the MPR planes.
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Figure 4.12: Transverse images and profiles along a line of CT scans of the
aorta of patient 4 with arterial wall calcifications. (a) Registered nonen-
hanced and (b) contrast-enhanced CT scan. The lines in the images indicate
the location of the plotted profile.
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Figure 4.13: Transverse images and profiles along a line of CT scans of the
aorta of patient 4 with arterial wall calcifications. Result after removal of the
arterial wall calcifications by (a) local subtraction and (b) thresholding. The
lines in the images indicate the location of the plotted profile. The dashed
lines represent the profile from Fig. 4.12b.
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4.5 Discussion and conclusions

In this chapter we dealt with the removal of arterial wall calcifications. When
making MIP images, these calcifications might hinder the diagnosis of a
possible stenosis. Although in the diagnostic process radiologists always
include the source images and will use MPR images as well, the processed
MIP images can be of great value: source images often do not have the cor-
rect orientation for a proper judgement of the calcified areas and with the
MPR technique there is a strong investigator dependence on the choice of
the orientation of the MPR plane. Furthermore, referring clinicians often
have less sophisticated possibilities for visualization and may feel uncom-
fortable when making clinical decisions using MIP images in which the lu-
men of the arteries cannot be depicted.

The most obvious method for the removal of arterial wall calcifications
is thresholding [86, 56, 29]. The selection of the value of the threshold, how-
ever, is critical. In the literature rather ad-hoc choices have been made [57].
Thresholding is only effective in removing all voxels associated with the
calcifications if it is performed with a low value of the threshold. The draw-
back, however, is that voxels that actually represent blood, but have CT val-
ues above the threshold value due to the non-zero width of the PSF, or noise,
are also removed. In small vessels this means a relatively large reduction of
the lumen and consequently an overestimation of the grade of stenosis. We
have used thresholding as well and, as expected, this method did not re-
move the calcifications satisfactory, both in the phantom and in the patient
study.

The local subtraction method uses information from an additional CT
scan made prior to the injection of the contrast agent. Because of the in-
evitable movement of calcifications relative to each other in between the two
scans, conventional global subtraction cannot be applied. A possible ap-
proach would be the application of an elastic registration method. This ap-
proach is much more involved, however, and any global subtraction method
has the drawback of a deterioration of the signal-to-noise ratio in the whole
image [96]. In our method the calcifications in the nonenhanced image are
subtracted from the corresponding calcifications in the contrast-enhanced
image, leaving the rest of the image unaltered. The continuity of the CT val-
ues is restored by scaling of the subtracted CT values and by addition of an
offset value. This procedure works perfectly if the CT values of the tissue
in the immediate neighborhood of the calcifications are constant; otherwise
small discontinuities will remain. In the four patients considered here, the
latter appeared not to be the case.

In the phantom study the high density structures were removed cor-
rectly by local subtraction. In case of the asymmetrical high density struc-
ture, the theoretically predicted bias in the transformation parameters for
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the registration was indeed present, and the correction method, based on
the extrapolation to the situation of a zero width PSF, removed this bias.
Although satisfactory results were obtained for all scans in the phantom
study, the best results were obtained for the low pitch scans. This can be
explained by the fact that spiral CT inevitably is accompanied by slight in-
terpolation artifacts [32]. The artifacts are mainly present at structures that
change rapidly in the z–direction. In most cases these artifacts are hardly no-
ticeable in the images themselves, but they may show up in the subtracted
images because the artifacts in most situations are not exactly the same in
the two CT scans. The magnitude of the artifacts depends on the scan pa-
rameters and reconstruction method. Especially the pitch is an important
parameter [99]. It thus appears that the use of a low pitch is an impor-
tant factor in obtaining local subtraction results with the highest quality. In
Chapter 5 we will discuss this phenomenon in detail.

In the patient study the local subtraction method yielded results of vary-
ing quality. The quality of the subtraction depends primarily on the qual-
ity of the registration of the calcifications. The steep transition in CT value
from calcification to surrounding tissue, and to blood, is the reason that local
subtraction results in relatively large differences in CT values, when even a
minimal mismatch of a calcification is present. These CT values may be erro-
neously interpreted as contrast-enhanced blood. A mismatch can be caused
by different reasons, which can be classified in two categories: incorrect reg-
istration of the calcifications and differences in the depicted shape of the cal-
cifications in the two scans. An incorrect registration can be caused by the
bias in the transformation parameters. As noted above, this bias was suc-
cessfully removed in the phantom study. In the patient study, however, the
bias correction method did not improve the quality of the results noticeably.
We note that the bias reduction method used in this article can be improved
upon, as the full range of σ was only applied in the x– and y–direction,
while in the z–direction the standard deviation for the smallest scale equals
that of the medium scale. For the smallest scale the value can actually be
reduced by using a deconvolution technique [84]. We do not think that for
the patient study the extension of the bias reduction method would lead to
substantial improvement, as in this case the bias reduction method hardly
had any effect on the quality of the calcification removal. This was even the
case when the bias could be expected to be present in the x, y–plane only, as
is the case for instance in calcifications in the aortic wall.

We are of the opinion that slight changes in depicted shape of the calcifi-
cations in the CT images are the main reason for the imperfections in the re-
moval of the calcifications. The influence of the interpolation artifacts on the
depicted shape, as discussed above for the phantom study, can be expected
to be present in the clinical data as well. However, in the patient study the
shape of calcifications is also influenced by the motion of calcifications dur-



78 Chapter 4

ing data acquisition. In an attempt to reduce the influence of motion during
data acquisition, two patients were scanned while simultaneously record-
ing the ECG, which allows for retrospective cardiac gated reconstructions.
These two scans revealed a displacement of the calcifications during the
cardiac cycle of approximately 1.5 mm, caused by vessel movements and
pulsation due to the heart beat. With regard to the ECG correlated recon-
structions, the subtraction results appeared to depend on the cardiac phase
chosen for reconstruction. However, no link could be found between the
movement of a calcification during the cardiac cycle, and the quality of the
result of local subtraction. Use of these gated reconstructions showed no
improvement over the local subtraction obtained without gating. An expla-
nation is that additional artifacts are induced by the gated reconstruction
technique, for this technique uses only a selection of the transmission mea-
surements during the selected phase of the cardiac cycle. The best results
were actually obtained when using the untagged reconstructions for these
two patients. These results (with pitch 0.425 and 0.450) appear to be better
than the results obtained for the other two patients (with pitch 0.875). This is
in accordance with the phantom study where better local subtraction results
were obtained at the lower pitch values.

We cannot exclude the possibility that motion artifacts were a problem
in the registration for the two patients in which CT scans were made with-
out the option of cardiac gating as for these patients a higher pitch was used
than in the gated studies. The use of a high pitch may engender a different
influence of the motion of calcifications on the image reproducibility. Fur-
ther research is needed to reveal the relation between scan parameters and
motion blurring on the one hand and the relation between scan parameters
and reconstruction artifacts on the other. The latter relation will be investi-
gated in Chapter 5.

We conclude that the local subtraction method, compared to the thresh-
olding method, is less subjective and more accurate by taking the effects of
the intrinsic blur of the CT scanner into account. Best results are obtained
by use of a small pitch, at the expense of the volume covered during a single
breath hold. With the introduction of helical cone-beam CT scanners with
a larger coverage in the z–direction this problem will be less severe and we
expect our method to be even more valuable.
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5.1 Introduction

Multi-slice spiral computed tomography (CT) is an important advance in x–
ray CT. With multi-slice CT projection measurements are acquired for mul-
tiple z–positions simultaneously. The x–ray tube rotation and patient trans-
lation are performed simultaneously. This combination results in a consid-
erable increase of the scan speed while the effective slice thickness is not
affected strongly. After data acquisition reconstructions can be made at ar-
bitrary z–positions. For the reconstruction at any z–position, transmission
measurements from all x–ray tube angles have to be available at that posi-
tion. The required projections are calculated by means of interpolation, us-
ing measurements at z–positions nearby. This procedure generally leads to
interpolation artifacts for structures whose attenuation coefficient changes
significantly in the z–direction [98, 89, 32, 103, 18, 87, 19, 90]. In this chapter
the prime subject is not the origin of the artifacts per se, but the influence of
the artifacts on the reproducibility of a spiral CT scan.

Reproducible CT scans are required when information of two scans is
combined, for example in subtraction of two CT-scans to visualize the dif-
ferences between two images [26, 34, 94]. Another example is masking,
which has been applied to eliminate bone voxels from CT angiographic im-
ages [96, 93]. In order to obtain images of high quality it is important, both
in subtraction and masking, that structures that do not change between the
two CT scans are indeed depicted identically and that only temporal dif-
ferences show up in the processed images. It is not generally recognized
that, when two CT scans of the same object are made, the above mentioned
spiral reconstruction artifacts almost always show up differently. After sub-
traction or masking, this may result in considerable residual structures. This
appeared to be the case in Chapter 4 where subtraction was used to remove
high density arterial wall calcifications in CT angiography examinations.

In this chapter the relationship between the x–ray tube rotation angle
and the spiral reconstruction artifacts is demonstrated. The influence of
pitch, gantry tilt and reconstruction algorithm on the artifacts is investi-
gated. Insight is obtained in the limitations of the reproducibility of multi-
slice spiral CT scans. Possibilities to improve the reproducibility are dis-
cussed.

5.2 Materials and methods

5.2.1 X–ray tube angle ψ

For the experiments we used a four-slice CT scanner (Mx8000 Quad, Philips,
Best, The Netherlands). The rotation of the x–ray tube during a spiral CT
scan is defined by the angle ψ between the vertical and the line connecting
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Figure 5.1: Relationship between the table position z and x–ray tube angle
ψ for two spiral CT scans (denoted by 1 and 2) with equal table feed f.

the x–ray tube and the central detector as a function of the table position
z. If the angle ψ0 at the table position z0 at which the CT scan starts is
known, thenψ(z) is known for a given table increment per rotation ( f ). The
position z0 is chosen by the user and remains constant within the accuracy
of the table positioning when the scan is repeated. The angle ψ0, however,
can not be chosen, but is known after the scan has been made. Actually, as
in the normal sampling scheme of our CT scanner for one complete rotation
of the x–ray tube 1160 x–ray projections are measured, so 1160 angles are
available, uniformly distributed in the interval [0◦, 360◦). When a number
of scans is made with otherwise identical parameters, ψ0 may have any of
these 1160 values. In Fig. 5.1 ψ(z) is shown for two CT scans with equal z0
and f but with different ψ0. The difference in ψ at an arbitrary position zr
for this pair of scans is given by

∆ψ =
{ |ψ0,1 −ψ0,2| if |ψ0,1 −ψ0,2| ≤ 180,

360 − |ψ0,1 −ψ0,2| if |ψ0,1 −ψ0,2| > 180,
(5.1)

withψ0,1 andψ0,2 the value ofψ0 for the first and second scan respectively.

5.2.2 Phantom study

We used a head phantom (Fig. 5.2) consisting of a human skull in a syn-
thetic material (CT value approximately 150 HU). The bone is a dense struc-
ture (CT values up to 2000 HU) that, especially in the region of the skull
base, changes relatively fast in the z–direction. Because of the high contrast
between the bone and the surrounding material, substantial interpolation
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(a) (b)

Figure 5.2: Skull in a synthetic material used to measure the reproducibility
of CT scans. (a) Position of the phantom on the scanner table and location
of the scanned region. (b) Cross-sectional image of the phantom.

artifacts may be expected to be present in multi-slice spiral CT scans of the
skull base.

We made series of 16 scans of the same region with all adjustable scan
parameters kept constant in order to obtain a collection of different values
for ψ0. Series of scans were made for five values of the pitch. The pitch val-
ues used are preferential values suggested by the manufacturer of the CT
scanner and are given in Table 5.1. For all scans tube voltage 120kV, colli-
mation 4× 1 mm (effective slice thickness 1.3 mm), scan length 5.5 mm and
an effective mAs value of 250 mAs was used. We used a time of rotation
of 1.5 s instead of the clinically used time of rotation of 0.75 s, to be able
to use high mAs values at all pitch values. A high mAs–value reduces the
noise and improves the visualization and measurement of the artifacts. The
change of the time of rotation does not influence the reconstruction artifacts
investigated in this chapter as the number of projections for one rotation
remains the same. To investigate the influence of gantry tilt, an additional
series was made with a gantry tilt of −30◦ and pitch 0.875. The phantom
was tilted by +30◦ to compensate for the gantry tilt and to keep the scanned
area of the phantom unchanged. Reconstructions were made with a voxel
size of 0.30 × 0.30 × 0.50 mm3, reconstruction filter B (standard) and both
180◦ and 360◦ interpolation, if available (see Table 5.1). To compare the
reproducibility of multi-slice spiral CT with sequential CT we scanned the
phantom also two times with a sequential protocol. For these scans a col-
limation of 2 × 0.5 mm was used and fused reconstructions (slice thickness
1.0 mm) were made with an increment of 0.5 mm.

For each series subtractions were made of all 120 possible combinations
of the 16 scans, representing a range of values ∆ψ in the interval [0◦, 180◦].
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Table 5.1: Overview of the seven combinations of reconstruction algorithm
and pitch value for which the phantom is scanned.

pitch
0.375 0.625 0.875 1.25 1.75

interpolation 180◦ – • • • •
algorithm 360◦ • • • – –

The root-mean-square (RMS) difference D(I1, I2) between two CT data sets
I1 and I2, defined as

D(I1, I2) =

√√√√ 1
N

N

∑
i=0

(I1(xi)− I2(xi))
2 (5.2)

with N the number of voxels with a CT value greater than −1000 HU in
both data sets, was determined as a measure of the severity of the artifacts
in the subtraction images.

5.2.3 Measurement of the point spread function

Due to the finite width of the point spread function (PSF), the boundaries
of all structures are blurred. The full width at half maximum of the PSF or
the slice sensitivity profile are well known measures to quantify the spatial
resolution of the CT scanner [48, 33]. In this study the PSF was not mea-
sured to obtain information about the spatial resolution but it was used to
quantify the interpolation artifacts present in spiral CT. A small tungsten
carbide sphere (diameter 0.28 mm, New England Miniature Ball Corp; Nor-
folk, USA), embedded in a synthetic material was placed near the iso-center
of the CT scanner. In the z–direction the attenuation coefficient changes
abruptly when passing the sphere, resulting in severe spiral reconstruc-
tion artifacts. Because of the homogeneous surrounding, the artifacts of the
sphere will be clearly visible in the CT–images. In order to investigate the
relationship between the PSF and the x–ray tube angle ψ we measured the
PSF for the five pitch values used in the phantom study (table 5.1). In order
to reduce the noise, the highest available effective mAs value of 380 mAs
at the longest rotation time of 2 s was used. Reconstructions were made
with a voxel size of 0.10 × 0.10 × 0.10 mm3. Other scan and reconstruction
parameters were the same as for the phantom study.
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Figure 5.3: Histogram of ψ0 for all 96 scans of the skull phantom.

5.3 Results

5.3.1 Values of ψ0 and ∆ψ

Fig. 5.3 shows the histogram of ψ0 for the 96 scans made of the head phan-
tom (five series of 16 scans for five different pitch values and one series of
16 scans with a non-zero gantry tilt). From this figure it is clear thatψ0 does
not have a constant value, neither is it limited to a subinterval of the inter-
val [0◦, 360◦). By combining all possible pairs of scans within one series, 120
values for ∆ψ were obtained. The range [0◦, 180◦] is sampled sufficiently to
study the dependency of D on ∆ψ as can be seen in Fig. 5.4 where each sym-
bol represents one of the 120 combinations. In the next section this figure is
discussed in detail.

5.3.2 Reproducibility

In Fig. 5.4 and Fig. 5.5a the RMS difference D between two scans of the
skull phantom is given as a function of ∆ψ, pitch, reconstruction algorithm
and gantry tilt. The difference D for ∆ψ = 0 and a given reconstruction
algorithm is equal for all pitch values. This difference is largely due to the
noise in the CT images. In case of 360◦ interpolation the noise in the im-
ages is slightly higher than for 180◦ interpolation, resulting in a higher D at
∆ψ = 0. For the lowest pitch value (0.375), the difference D hardly depends
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on the value of ∆ψ. For the other pitch values, D increases considerably
if ∆ψ �= 0, with a maximum for ∆ψ ≈ 90◦ for most pitch values. Excep-
tions are pitch 0.875, where maxima are found at 50◦ and 130◦, and pitch
1.75, where maxima are found at 30◦ and 150◦. Generally, the difference
D increases with increasing pitch. Only for pitch 1.75 the maximum dif-
ference is lower than the maximum difference for pitch 1.25. A gantry tilt
of −30◦ at pitch 0.875 causes D to increase to approximately the level of D
for pitch 1.25 without a gantry tilt. For pitch 0.625 and 0.875 the choice of
reconstruction algorithm had a relatively small effect on D. For pitch 0.625
the 360◦ algorithm performed slightly worse than the 180◦ algorithm, after
allowance has been made for the difference in noise level. For pitch 0.875
the 360◦ algorithm performed slightly better.

In Fig. 5.6 on page 88 it is shown that for small differences in the x–ray
tube angle (∆ψ ≈ 0◦), the differences that show up in the subtraction images
are virtually absent for all pitch values. Very small artifacts remain in sub-
tractions of the sequential scans and some of the spiral scans (at pitch 0.625
and 1.75), probably due to inherent limitations in the mechanical accuracy
of the positioning of the CT-scanner.

In Fig. 5.7 on page 90 subtraction images are shown for both sequential
CT and spiral CT with ∆ψ ≈ 90◦ for five pitch values. The subtraction im-
ages show that the differences may be substantial for the larger pitch values.
The differences between the individual voxel values of a pair of images are
in the order of 200 HU to maximal 400 HU in the pitch 1.25 images. For the
spiral CT scans with pitch 0.375 and the sequential CT scans the differences
are very small.

5.3.3 Point spread function

In Fig. 5.8 on page 91 cross-sectional images of the small sphere are given
for both sequential and spiral CT. For spiral CT the PSF is measured for
pitch 0.375, 0.625, 0.875, 1.25, and 1.75. Interpolation artifacts show up as
hyper- and hypodense streaks from the center of the sphere. The streaks
vary in number and intensity for varying pitch. The artifacts are more severe
for higher pitch values. For sequential CT they are not present. Multiple
measurements for one pitch value showed that the orientation of the streaks
is determined by the angle ψ0. By rotating the measured PSF around the z–
axis we simulated CT scans with other ψ0’s. Next, we determined the RMS
difference D for any value of ∆ψ by subtracting the original and the rotated
images. In Fig. 5.5b the difference D is plotted against∆ψ for all pitch values
with 180◦ interpolation. For the calculation of D all voxels within a region
of 8 × 8 × 4 mm3 were used. The center of the region coincided with the
center of the sphere. The relationship between D and ∆ψ is in reasonable
agreement with the relationship found in the phantom study of the skull,
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Figure 5.4: Difference D between a pair of CT scans as a function of ∆ψ,
pitch, and reconstruction algorithm. (a) 360◦ interpolation, gantry tilt 0◦.
(b) 180◦ interpolation, gantry tilt 0◦.
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Figure 5.5: Difference D between a pair of CT scans as a function of ∆ψ,
pitch, and gantry tilt. (a) 180◦ interpolation, gantry tilt 0◦ and −30◦. (b)
Difference D between the measured PSF and the rotated PSF for different
pitch values with 180◦ interpolation.
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(a) 0.625 (b) 0.875

(c) 1.25 (d) 1.75

Figure 5.6: Cross-sectional subtraction images (window center: 0 HU, win-
dow width: 200 HU) of the skull phantom for spiral CT with pitch 0.625,
0.875, 1.25 and 1.75. ∆ψ ≈ 0. FOV 154×154 mm2.

depicted in Fig. 5.4b.

5.4 Discussion

In this study the reproducibility of multi-slice spiral CT scans was investi-
gated. It was found that if the x–ray tube starting angle ψ0 differs between
two scans, the shape and orientation of the artifacts differ also. When sub-
tractions are made of these scans, substantial residual artifacts appear. Two
scans made with identical scan parameters will almost always have a differ-
ent starting angle. As a consequence spiral CT scans do show large differ-
ences in artifacts at high contrast structures. In this study we have quanti-
fied this difference by making subtraction images and calculating RMS dif-
ferences D. We have determined a relation between the value of the differ-
ence of x–ray tube rotation angle ∆ψ and the RMS difference D in images for
various scan and reconstruction parameters. This relation showed that the
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difference, which is in the order of 10-50 HU, generally is very small for the
smallest pitch at any difference in x–ray tube rotation angle, and increases
for increasing pitch and/or difference in x–ray tube angle. The differences
in individual voxel values at the edges of high contrast structures may be
much larger than the RMS differences, which are averaged over the com-
plete field of view. For the higher pitch values the individual differences are
on the order of 200 HU, and may be twice as high. In subtraction of arterial
wall calcifications in CT angiography images for example, these remaining
artifacts may interfere with the visualization of contrast-enhanced arteries
that have CT values of the same order of magnitude (Chapter 4). Another
application in which the lack of reproducibility of artifacts plays a part is the
masking of a set of CT angiography images using data of a set of other CT–
images in order to remove the bone voxels. In a phantom study in which
the influence of different parameters on the quality of this bone masking
was evaluated (Chapter 2), it appeared that the quality of the masked CT
angiography images was better for pitch 0.375 than for pitch 0.875 because
of the higher reproducibility [93].

We have investigated the reproducibility primarily for scans without a
gantry tilt. In general the image quality is affected when a gantry tilt is ap-
plied [31]. The use of tilted spiral CT is therefore discouraged. Nonetheless,
in several clinical applications data are acquired with a tilted gantry, e.g. in
head studies to avoid x–ray exposure to the eyes. Therefore we also inves-
tigated the residual artifacts in subtraction images for the maximum gantry
tilt of −30◦. We did this for pitch 0.875, which is the usual pitch value in
head studies in our department. Scanning with a gantry tilt resulted in a
considerable increase of D (Fig. 5.5a). Because of the relatively large influ-
ence of tilt on the reproducibility it is advisable to refrain from tilting the
gantry when optimal reproducibility is required.

Although the smallest residual artifacts in subtraction images were found
for the lowest pitch value, we found that the magnitude of these artifacts did
not increase monotonically with pitch and that, for example, the residual ar-
tifacts at pitch 1.25 for most values of ∆ψ were greater than at pitch 1.75. In
order to investigate the relation between the error in the subtractions and
the difference ∆ψ more quantitatively, we also made subtractions of scans
of a dense microsphere. Such a sphere is very suitable to investigate the
spiral interpolation artifacts because of the abrupt transitions of attenuation
coefficients in the z–direction. In this case the artifacts showed up as streaks
with a higher and lower intensity than the surrounding material. The num-
ber and intensity of the streaks depended on the pitch value. We did find
that, as expected, the orientation is directly related to the x–ray rotation tube
angleψ. The general relationship between the magnitude of the residual ar-
tifacts D and the difference in x–ray tube angle was in agreement with the
relationship found for the small sphere. For example, the local minima of
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(a) Sequential (b) 0.375

(c) 0.625 (d) 0.875

(e) 1.25 (f) 1.75

Figure 5.7: Cross-sectional subtraction images (window center: 0 HU, win-
dow width: 200 HU) of the skull phantom for (a) sequential CT and (b-f)
spiral CT for pitch 0.375, 0.625, 0.875, 1.25 and 1.75, with ∆ψ ≈ 90◦. All spi-
ral scans were reconstructed with 180◦ interpolation, except for pitch 0.375
(360◦ interpolation). FOV 154×154 mm2.
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(a) Sequential (b) 0.375

(c) 0.625 (d) 0.875

(e) 1.25 (f) 1.75

Figure 5.8: Cross-sectional images (window center: mean value of sur-
rounding material, window width: 150 HU) of the small sphere for (a) se-
quential CT and (b-f) spiral CT. For spiral CT the PSF is given for pitch 0.375,
0.625, 0.875, 1.25 and 1.75. FOV 8×8 mm2.
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D at ∆ψ = 60◦, 120◦ and 180◦ for pitch 1.75 also show up in Fig. 5.5b and
appear to be a result of the angle of 60◦ between the hyperdense streaks of
the corresponding PSF. The fact that the magnitude of the artifacts is not
completely identical for the skull and the sphere may be explained by the
fact that in the scans of the skull the RMS difference D is a sum of varying
contributions of details in different parts of the images and that the artifacts
may also depend on the position in the reconstruction plane [18, 87].

For sequential CT scans where no interpolation artifacts are present, we
showed that the scans are highly reproducible as the subtraction images of
the sequential scans showed only some small residual artifacts. The small
artifacts that remain probably reflect inherent limitations in the accuracy of
the positioning of the CT scanner table.

The results of this study show that in principle the best reproducibility in
spiral CT scans can be obtained in two different ways. First, one could aim
at the same x–ray tube starting angle for both scans. For our scanner this
angle, however, is completely unpredictable. This phenomenon has been
reported for at least one other scanner [32] and it may well be a common
phenomenon in spiral CT scanners. Moreover, even if two scans with the
same starting angle could be made, it is often unavoidable that the patient
moves even so slightly in between two CT scans. A small displacement ∆z
of the patient would have the same effect as a difference in angle ∆ψ =
360 · (∆z/ f ) for the two scans. For pitch 0.875 and 4 × 1 mm collimation a
∆z of slightly less than 1 mm results in a ∆ψ ≈ 90◦. Usually the two scans
are registered prior to subtraction or masking, in order to compensate for
this displacement [94, 96]. In this situation registration will compensate for
the displacement of the anatomical structures. Subtraction artifacts due to
the difference in x–ray tube rotation angle, however, will remain. Therefore
a constant x–ray tube starting angle would be advantageous if and only if
the patient is fixated thoroughly. In view of the inevitable motion of the
patient due to heart beat and breathing this is in many cases not possible.

The alternative possibility to make reproducible spiral CT scans is the
use of a low pitch value. This seems to be a more viable solution. For
pitch 0.375, for example, the reproducibility is good and virtually constant
for all differences in starting angles. Unfortunately, the limited total scan
time often precludes one to use such a low pitch value. With the recently
introduced multi-slice CT scanners with 16, 32 or 40 instead of four detec-
tor arrays, the table speed can be increased while keeping the pitch value
low and the effective slice thickness unchanged. Therefore we expect that
in these multi-slice scanners the reproducibility will improve, although the
artifacts will not completely disappear [87, 19].

We conclude that under most circumstances images obtained with a
multi-slice CT scanner are not reproducible. Only if the x–ray tube start-
ing angle is equal for both scans (i.e. ∆ψ = 0) or if a very low pitch is used,
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images are reproducible. Under other circumstances interpolation artifacts
show up differently in otherwise identical images, and show up as substan-
tial residual artifacts when subtractions are made.



94 Chapter 5



Chapter 6

Image quality of multi-slice
spiral CT versus sequential

CT of the brain

Marcel van Straten 1

Henk W. Venema 1,2

Charles B.L.M. Majoie 2

Nicole J.M. Freling 2

Cornelis A. Grimbergen 1

Gerard J. den Heeten 2

1) Dept. of Medical Physics, Academic Medical Center, Amsterdam, The Netherlands
2) Dept. of Radiology, Academic Medical Center, Amsterdam, The Netherlands



96 Chapter 6

6.1 Introduction

Since the introduction of CT in 1972, routine CT scans of the brain are made
with a sequential technique. In 1989 spiral CT was introduced and in 1991
multi-slice spiral CT. Thinly-collimated multi-slice spiral CT has been ap-
plied in situations where speed and a high spatial resolution in all three
orthogonal directions are of paramount importance, for example in CT an-
giography of the cerebral arteries. Routine CT scans of the brain are rarely
made with this scan technique probably partly because of historical reasons
and also because of practical limitations, like the limited heat capacity of the
x–ray tube, and the increased reconstruction time.

The image quality of spiral CT of the brain has been compared with se-
quential CT in a number of studies [4, 54, 1, 14]. The outcomes of these stud-
ies vary. Bahner et al. concluded that sequential CT was superior to spiral
CT in the assessment of small structures in a low-contrast setting and that
artifacts close to the skull were present in spiral CT [4]. Kuntz et al. stated
that the image quality of spiral CT scans is comparable to or only slightly
less than that of sequential scans [54]. These two studies, however, were not
performed with thinly-collimated spiral CT; a collimation of 8 mm was used
for both the sequential scan and the spiral scan. Alberico et al. and Doren-
beck et al. showed that thinly-collimated spiral CT scans are superior to
sequential CT [1, 14] for scans of the skull base. They did not investigate the
image quality of spiral CT of the complete brain. Moreover, in these studies
the scans were not made with identical tube voltages and the sequential and
spiral scan were not made of the same patient. To our best knowledge, the
image quality of thinly-collimated spiral CT of the complete brain has never
been thoroughly investigated.

Although there is apparently no direct need for replacing thickly colli-
mated sequential CT scans by thinly collimated spiral CT scans, the higher
spatial resolution of the latter technique can be utilized to perform image
processing techniques, like multi planar reformation (MPR) and image reg-
istration of two or more CT scans of the same patient to visualize temporal
differences of the patient over time.

The purpose of our study was to determine whether routine sequential
CT of the brain can be replaced by thinly-collimated spiral CT with respect
to the relevant aspects of the image quality. For this purpose an observer
study was performed.
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6.2 Materials and methods

6.2.1 CT scans

Nonenhanced brain CT scans, both sequential CT and spiral CT, were made
of 24 consecutive patients. The study, which included the addition of the
spiral CT scan to the standard sequential scan for brain CT, was approved
by our institutional review board and informed consent was obtained from
all patients. Scans from one patient were excluded because not all scan pa-
rameters were according to the protocol. The mean age of the remaining
patients (11 female and 12 male) was 69 years (SD, 10 years; range, 48-84
years).

Scans were made with a multi-slice CT scanner (Mx8000 Quad, Philips,
The Netherlands). The standard sequential CT scan was performed first and
immediate thereafter the spiral CT scan. For sequential CT a collimation of
4 × 5 mm and a scan increment of 20 mm was used. For spiral CT a colli-
mation of 4 × 1 mm and a pitch of 0.875 was used. X–ray tube rotation time
was 0.75 s for spiral CT and 1.5 s for sequential CT. Reconstructions were
made with an additional, iterative beam hardening correction [40] (Ultra-
Image option). Reconstruction increment was 0.6 mm for spiral CT. Tube
voltage (120 kV), effective mAs value (250 mAs), field of view (210 mm),
and image matrix (512× 512) were equal for both scans of each patient. The
effective dose for a scan with a length of 140 mm was 1.07 mSv for the se-
quential technique and 1.45 mSv for the spiral technique [38].

In order to reduce the amount of radiation to the eyes, brain CT scans
are often made with a tilted gantry. The use of a gantry tilt, however, may
affect the image quality of spiral CT images [31]. For this study we therefore
limited the gantry tilt to approximately 20 degrees (the maximum possible
gantry tilt is 30 degrees on our scanner). This was compensated, if nec-
essary, by tilting the chin of the patient towards the chest. The gantry tilt
(mean value, 11.6◦; SD, 4.9◦; range, 0 − 18◦) was equal for both scans of
each patient.

6.2.2 Image processing

The slice sensitivity profile (SSP) of both scan techniques was measured by
scanning a small tungsten carbide sphere (diameter, 0.28 mm; New England
Miniature Ball Corp; Norfolk, USA). In Fig. 6.1 the profiles are shown. The
full width at half maximum (FWHM) of the SSP was 4.6 mm for the sequen-
tial technique and 1.4 mm for the spiral technique. By combining four spiral
images with an in-between distance of 1.2 mm, a profile was obtained with
a FWHM of 4.8 mm.

Due to inevitable movements of the patient in between the sequential
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Figure 6.1: Slice sensitivity profiles for sequential mode (diamonds) and
spiral mode (dashed line). The continuous line depicts the profile of four
combined spiral mode images with an increment of 1.2 mm (positions of
each image given by asterisks on the z–axis).

and spiral CT scan, corresponding slices often depicted slightly different
locations of the patient’s brain. To be able to compare two images with
identical anatomy (see observer study below), the spiral CT scan and the se-
quential CT scan were registered. For each sequential image a counterpart
from the spiral data set was determined by combining four corresponding
multi-planar reformatted spiral images at 1.2 mm distance. The location and
orientation of the MPR images was determined by minimizing the sum of
squared differences of the CT value in the combined spiral images and the
CT value in the sequential image with the downhill simplex method [73].
When reformatting the spiral CT images, cubic interpolation was used. In-
stead of registering the brain tissue, the bone was registered, using voxels
with a CT value between 300 HU and 1000 HU. It appeared that in this way
a slightly higher accuracy was obtained than when using the brain tissue
itself in the registration procedure.

Probably due to calibration differences, the CT values of the brain tissue
were slightly higher for the spiral technique than for the sequential tech-
nique. To be able to display images made with both techniques with the
same setting for window width and window center, the CT values of the
spiral images were lowered to match the CT values of the sequential im-
ages. For each patient an overall shift was determined that minimized the
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sum of squared differences between the CT values of the sequential images
and the CT values of the registered spiral images. The mean shift was 7.0
HU (SD, 1.0 HU; range, 5-9 HU).

It appeared that there were systematic differences between the sequen-
tial and spiral scans in the depiction of the soft tissue and skin outside the
skull that could possibly affect the blindness of the study. Therefore all
structures outside the skull were removed using thresholding and region
growing techniques [25].

6.2.3 Observer Study

Setup

Sequential and spiral CT images of the skull base are often easy to distin-
guish from each other because of the streak artifacts that may show up in
the sequential scans [1, 14]. In the present study it appeared that in the up-
per cranium also systematic differences were present between the scan tech-
niques (see discussion). Because these artifacts could possibly introduce a
bias when scoring other aspects of the image quality, the observer study
was divided into two parts. In the first part 232 individual image pairs were
compared. This way, the blindness of the study was preserved for image
pairs without the above mentioned artifacts. Another advantage of com-
paring a large number of image pairs was that the differences between the
two scan techniques could be assessed more sensitively. In the second part
of the observer study complete sequential and spiral CT scans were com-
pared to mimic more closely the normal diagnostic situation.

Two neuroradiologists independently judged the images in a blinded
fashion. Patient data and scan parameters were removed from all images.
The images were displayed on a digital PACS system (Agfa) with a window
center of 30 HU and a window width of 70 HU.

First part of observer study

For the first part of the observer study images from both scans from all pa-
tients were divided into three groups. The first group contained images
from the middle region of the brain, where no clear systematic information
was present that could be used to distinguish sequential from spiral im-
ages. The second and third group contained all images above and below
this region, respectively. In order to reduce the total number of images to
be scored, only even image numbers were used. The sequential image and
the corresponding spiral image were paired and labelled at random A and
B. All image pairs within each group were presented in a random order.
The order of the groups, described above, was also the order in which the
observers scored the image pairs.
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The observers compared each image pair on six aspects: streak artifacts,
visualization of soft tissue near skull, visualization of hypodense lesion(s),
gray–white matter differentiation, image noise, and overall image quality.
For each aspect a score on a five point scale had to be given: preference
for image A, slight preference for image A, no preference, slight preference
for image B, and preference for image B. For the aspects streak artifacts,
gray-white matter differentiation and visualization of hypodense lesion(s)
the observers had the additional option not applicable.

Second part of observer study

In the second part complete sequential and spiral studies were compared.
No image registration was performed. For each sequential image the four
closest spiral images with an in between distance of 1.2 mm were averaged
(see Fig. 6.1). The CT values of the spiral images were shifted as described
(see image processing above).

The two scans from each patient were labelled at random A and B. The
same aspects on the five point scale were scored as in the first part of the
observer study.

6.2.4 Statistical analysis

The scores on the five point scale were converted into preferences for the se-
quential or the spiral technique: -2, preference for the sequential technique;
-1, slight preference for sequential the technique; 0, no preference; +1, slight
preference for the spiral technique; +2, preference for the spiral technique.

For both observers and both studies the mean score for each aspect was
calculated. The statistical significance (P < 0.05) of the difference between
sequential CT and spiral CT was determined with a paired Wilcoxon signed
rank test. As multiple tests were executed, the observed P-values were cor-
rected by the Bonferroni method.

For each aspect in both studies the interobserver agreement was calcu-
lated. For this calculation the categories preference and slight preference
were merged. The observations for which at least one observer had chosen
the option not applicable were excluded. Initially the κ–value was deter-
mined to measure the observer agreement. However, some κ values ap-
peared to be exceedingly low in spite of an apparently good observer agree-
ment. This was due to the distribution of data across the three (merged)
categories [61]. Therefore, a prevalence-adjusted and bias-adjusted κ value
(PABAK) was also determined [7].

The guidelines from Landis and Koch for the qualification of the strength
of agreement indicated with κ values were used [55].
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6.3 Results

6.3.1 First part of observer study

In total 232 image pairs were scored on six image quality aspects by two ob-
servers. In Table 6.1 the scores are given. For all aspects the mean score was
positive, showing a preference of the observers for the spiral technique. All
preferences were statistically significant, with exception of the visualization
of hypodense lesions (for both observers), the gray–white matter differenti-
ation (for both observers) and image noise (for observer one).

In order to detect a possible influence of the gantry tilt on the image
quality we divided the patients into two groups. The first group, containing
8 patients, had a mean gantry tilt of 5.9◦ degrees (range, 0.0 − 10.5◦). The
second group, containing 15 patients, had a mean gantry tilt of 14.6◦ degrees
(range, 12.0− 18.0◦). No difference was present between the mean score for
the overall image quality in both groups (0.58 and 0.62, respectively). For
the individual aspects the mean scores also did not differ between the two
groups.

The largest differences between the two scan techniques were found
with respect to streak artifacts (mean score 1.35) and visualization of soft
tissue near the skull (mean score 0.68). In Fig. 6.2a two images are shown of
the skull base. The sequential image shows the streak artifacts. Therefore,
both observers had a preference for the spiral image. In the region of the up-
per cranium, the CT values of the brain tissue were often slightly increased
on the sequential images, especially near the skull, as shown in Fig. 6.2b.
With regard to the visualization of soft tissue near the skull, both observers
had a preference for the spiral technique.

The mean scores for the aspects visualization of hypodense lesions, gray–
white matter differentiation, and image noise were close to zero as com-
pared to the other aspects (0.18, 0.13, and 0.27, respectively). In Fig. 6.2c
two cross-sectional images are shown at the level of the lateral ventricles. In
these two images only marginal differences are present. For this image pair
both observers had a slight preference for the spiral technique with respect
to the visualization of the hypodense lesion. Observer one had no prefer-
ence for one of the two images with respect to image noise and gray–white
matter differentiation while observer two had a slight preference for the spi-
ral technique. In general, the preference for the spiral technique with respect
to image noise was more outspoken for observer two than for observer one.

6.3.2 Second part of observer study

In Table 6.2 the scores of both observers for the second part of the observer
study are given. Also in this second part the mean score was positive for all
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(a)

(b)

(c)

Figure 6.2: Cross-sectional images at different levels of the brain with two
techniques. Left column: sequential technique. Right column: spiral tech-
nique. (a) Images of the skull base. The sequential image shows severe
streaks artifacts in the skull base. (b) Images of the upper cranium. The
sequential image shows an increase of the CT values of the brain tissue, es-
pecially near the skull. (c) Images at the level of the lateral ventricles. The
spiral image shows the hypodense lesion (arrow) more clearly.
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aspects, showing a preference for the spiral technique (except for observer
one with respect to image noise). Most preferences were statistically sig-
nificant, with exception of the visualization of hypodense lesions (for both
observers), the gray–white matter differentiation (for observer one) and im-
age noise (for observer one).

6.3.3 Interobserver agreement

In Table 6.3 the interobserver agreement is given for the first part of the
study (columns 2-4) and the second part of the study (columns 5-7). For
the judgement of the amount of agreement the PABAK values were used,
if available. In the first part of the study the agreement with respect to the
streak artifacts and the visualization of soft tissue near the skull was almost
perfect and moderate, respectively. With respect to the overall image qual-
ity there was fair agreement. With respect to the visualization of hypodense
lesions and image noise there was slight agreement. With respect to gray–
white matter differentiation there was no more agreement between the ob-
servers than could be expected on the basis of chance.

The observer agreement in the second part of the study was (almost) per-
fect with respect to the streak artifacts, the visualization of soft tissue near
the skull, and the overall image quality. With respect to the visualization of
hypodense lesions there was slight agreement. For the remaining aspects,
gray–white matter differentiation and image noise, no PABAK value could
be determined (Table 6.3).

6.4 Discussion

6.4.1 Observer study

We compared the image quality of sequential CT images (with a section
thickness of 5 mm) with the image quality of thinly-collimated spiral CT im-
ages, which were combined to obtain the same section thickness. The image
quality of the two scan techniques was scored by two observers in a blinded
fashion. In order to increase the sensitivity of the study, the techniques were
compared pairwise, using a difference score on a five point scale. In the first
part of the observer study 232 registered pairs of images were compared. In
the second part of the study complete scans were compared to mimic more
closely the normal clinical situation. In nearly all cases both observers had
a preference for the spiral technique. In the remaining cases no differences
between the techniques could be demonstrated.

The preference for the spiral technique was most outspoken with re-
gard to the absence of the streak artifacts and the better visualization of
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Table 6.3: Interobserver agreement

Aspect Observer study: first part Observer study: second part
N κ PABAK N κ PABAK

Streaks 60 0.00 0.88 23 0.00 1.00
Soft tissue 232 0.37 0.52 23 0.00 0.87
Lesion(s) 71 0.09 0.11 15 -0.10 0.10
Gray–white 211 0.01 0.00 23 0.01 -∗
Noise 232 0.14 0.16 23 0.00 -∗
Overall 232 0.20 0.35 23 0.00 1.00

Note. –PABAK=prevalence-adjusted and bias-adjusted κ
∗ No sensible value could be determined as one or more of the concordant
values of the cross table became negative.

the soft tissue near the skull. Images made with the sequential technique of-
ten showed severe partial volume artifacts in the skull base. These artifacts
were caused by dense bone structures that are only partly present in the sec-
tion that is imaged [24]. When the detector collimation width was reduced
from 5 mm at sequential CT to 1 mm at spiral CT, these partial volume ar-
tifacts were reduced considerably. The reduction of partial volume artifacts
with reduction of section thickness was also found in earlier studies, both
for thinly-collimated spiral CT [1, 14] and sequential CT [39].

The suboptimal visualization of soft tissue near the skull in standard
sequential CT is a finding that, to our knowledge, has not been reported
before. The increase of the CT values of brain tissue near the skull in the up-
per cranium could possibly be ascribed to averaging of brain and skull in the
relatively thick sections of sequential CT. However, a comparison with the
combined, thinly-collimated spiral CT images, which have a virtual identi-
cal slice sensitivity profile, shows that this is not the case. The phenomenon
can neither be explained by an incomplete correction of beamhardening
since the same beamhardening correction has been applied for both tech-
niques and the artifact only appears in the sequential technique. In our opin-
ion, the artifact is caused by the partial volume effect, which also causes the
streak artifacts in the skull base. In the upper part of the brain it is caused by
the slant angle of the bone relative to the scan plane. Because of the approx-
imate circular symmetry of the skull, these artifacts show up as a general
increase of the CT values of the brain tissue and not as streak artifacts, as in
the skull base.

The mean score for the aspects image noise, gray–white matter differen-
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tiation and visualization of hypodense lesions varied between 0.1 and 0.4.
This means that on the average a slight preference for the spiral technique
existed with respect to these aspects. The observer agreement for these as-
pects was relatively low. This can be explained by the subtleness of the
differences between the techniques.

Prior to the comparison of the images, we registered the spiral scan with
the sequential scan. Although the head can be assumed to be a rigid struc-
ture during the time of the CT investigations, small amounts of mismatch
remain possible, for instance caused by slight motion of the patient dur-
ing data acquisition. Especially the appearance of small hypodense lesions
could be sensitive for small mismatches. However, the quality of the match
appeared satisfactory. Even if a slight amount of mismatch would have been
present in individual cases, no systematic bias would have been introduced.

For the comparison of complete scans no registration was performed.
This was done in the first place because it seemed less relevant to register
individual slices when complete scans were compared. In the second place
we wanted to avoid the possible deterioration of image quality, which could
be the result of interpolation, necessary in the registration process. It ap-
peared that the negative effect of interpolation was very small. In any case
it seemed not to have influenced the results of the first part of the study, in
which registered images were compared.

In general, the outcomes of the comparisons of the complete scans were
in good agreement with the outcomes of the comparisons of the individual
images. For the complete scans, the judgement of the overall image quality
of the sequential technique might be influenced by the streak artifacts in the
skull base and hyperdense brain tissue near the skull in the upper cranium.
This was not the case in the comparison of imagepairs without these arti-
facts. This may explain the less stronger overall preference for spiral CT in
the first part of the observer study and the better observer agreement in the
second part of the study with respect to the visualization of soft tissue near
the skull and the overall image quality.

6.4.2 Clinical relevance

The mean scan time of thinly-collimated spiral CT of the brain was 30 s,
which is approximately twice the mean scan time of thickly-collimated se-
quential CT. A minor disadvantage of this relatively long scan time is the
increase of the risk of motion of the patient during data acquisition. In this
study at least one patient moved during acquisition of the spiral scan, which
affected the image quality and caused the observers to have a preference for
the sequential technique. With the recent introduction of CT scanners with
16 or more detector arrays, this potential drawback will be less because of
the vastly reduced scantime.
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Another potential drawback of thinly-collimated spiral CT is the larger
reconstruction time. Due to the relatively small reconstruction increment
of the spiral scans, approximately ten times more images are reconstructed.
On our CT scanner this resulted in an increase of the reconstruction time
of approximately 4 minutes. With state-of-the-art CT scanners, which have
an higher reconstruction speed, the additional reconstruction time will be
negligible.

We used the same effective mAs value for the spiral scan and the se-
quential scan. By doing so the amount of radiation used for both scans was
the same. Consequently, the subjective noise level of the sequential and spi-
ral scan was approximately equal. However, the geometric efficiency of the
spiral technique, with a relatively narrow total beam collimation of 4 mm, is
worse than the efficiency of the broader beam collimation of the sequential
technique (20 mm) [47]. This resulted in an increase of the effective dose of
approximately 35% when using the spiral technique instead of the sequen-
tial technique. Since the geometric efficiency improves when the total beam
collimation increases, this disadvantage of thinly-collimated spiral CT be-
comes insignificant when CT-scanners with 16 or more thin detector arrays
are used.

We conclude that thinly-collimated spiral CT scanning of the brain has
several advantages. In the first place the better visualization of soft tissue
near the skull and the absence of streak artifacts in the skull base are a clear
advantage of spiral scans over sequential scans. This may lead to a better
diagnosis in these regions of the brain. With respect to other aspects spiral
CT performs at least as well as sequential CT. The high spatial resolution
of the spiral images can be used to make multi-planar reformatted images
in arbitrary directions. Finally, an interesting future application will be the
registration of scans of the same patient made at different moments. Tem-
poral differences may then be identified with high accuracy, for instance by
subtraction of CT images. These differences will no longer be obscured by
variations in the depiction of the anatomy due to differences in the orienta-
tion of the patient’s head in the CT scanner.
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7.1 Introduction

Mandibular reconstruction1 using a free vascularized bone flap is no longer
unusual. The fibula has become the most frequently used donor bone for
this type of reconstruction. Due to its segmental blood supply, the fibula
lends itself to this procedure independently of the size or localization of
the defect as it can be modeled by means of one or more closed wedge
osteotomies. The number of osteotomies and the size of the segments are
however subject to limitations. These limitations cause particular compli-
cations especially in the reconstruction of the parabolic shaped central part
of the mandible. Over the years several articles concerning the best method
of reconstructing the contour of the mandibular have been published [45,
23, 50, 27, 79]. Until recently, studies into the results of the restoration of
the contour in mandibular reconstruction appeared only sporadically. As
far as we know the studies of Schliephake et al. [83, 82] are the only ones
in this field. However the literature shows that restoration of the contour
of the jaw is not a foregone conclusion and that secondary operations are
often necessary to recreate an acceptable jaw contour [65, 9]. In an earlier
publication we showed that in total lower jaw reconstruction it is possible
to achieve a good reconstruction of the contour of the lower edge of the orig-
inal mandible using 5 bone segments or in the case of reconstruction of the
anterior (central) part only 3 segments [88]. We based the development of
the modelling and osteotomy jig system on this simplified procedure. The
modelling jig enables the complex 3D contour of the jaw to be registered
in a simple fashion and then converted into lengths and angles. This in-
formation is then transferred to the osteotomy jig and the necessary fibular
osteotomies can be made.

The aim of this cadaver study is to determine the quality of mandibular
reconstructions that are carried out using the modelling and osteotomy jig
system. To enable this, a standard anterior mandibular defect was created
in eight cadaver heads. In order to evaluate the mandible reconstruction we
introduced a new method. This involved carrying out multi-slice spiral CT
scans of the cadaver heads both before and after reconstruction. Using the
techniques described in Chapter 2 the scans thus obtained were registered.
The images were superimposed on one another to enable the comparison of
the 3D shape of pre- and postreconstruction images of the jaw.
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Figure 7.1: Cadaver head before (left) and after (right) the lip splitting mid-
line incision.

Figure 7.2: Cadaver head after mandibular reconstruction (left) and skin
closure (right). In both images the Steinmann pins are visible on the left
side of the head.

7.2 Materials and methods

The reconstructions were carried out on eight random cadaver heads. The
heads were numbered and scanned using a multi-slice CT scanner (Mx8000
Quad and CT-Twin, Philips, Best, The Netherlands). The scanned area cov-
ered the gleniod fossa to the hyoid bone. The approach was made using
a midline lip splitting incision (Fig. 7.1). Standard resection of the central
mandibular section was carried out, in which on the left and right side body
segments of unequal length were removed. Prior to resection, the areas of
the jaw, which were to remain in situ, were fixed using two Steinmann pins
placed parallel to each other (Fig. 7.2). The modelling jig was positioned in
the defect in such a way that the midline mark corresponded with the mid-

1The term reconstruction is used both for the reconstruction of an image with the aid of attenuation
measurements and for the reconstruction of bone with plastic surgery.
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(a) (b)

(c)

(d) (e)

Figure 7.3: Schematic illustration of the modelling and osteotomy jig sys-
tem. (a) Modelling jig placed in the mandibular defect. (b) Modelling jig
placed in the osteotomy jig. (c) Folded open osteotomy jig with the fibula
placed in the jig. (d) Osteotomy jig containing the fibula folded into its orig-
inal position. (e) Neomandible fixed to the remaining mandibular stumps.
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line of the face (Fig. 7.3a). The setup of the modelling jig was checked with
the resected section of the mandible. By placing the modelling jig into the
osteotomy jig the settings were transferred (Fig. 7.3b). A preserved fibula
was placed in the jig and two closed wedge osteotomies were created and
the neomandible was sawn to length (Fig. 7.3c,d). No corrections of the saw
cuts were carried out.

The fibula segments were fixed to the jaw stumps with 0.5 mm diameter
stainless steel interosseous wires (Fig. 7.3e; note that in this figure titanium
plates are used for the fixation). After the reconstruction was completed the
Steinmann pins were removed and the skin closed with interrupted sutures.

The orientation of the cadaver head is different in both CT scans. This
means that the scans have to be registered first to enable the comparison
of the original to the reconstructed jaw on the CT images. The registration
procedure involves transforming the reconstructed jaw of the second CT
scan in such a way that the position and orientation correspond to those of
the original jaw in the first CT scan. Transformation entails translation (in
three orthogonal directions) and rotation (around three orthogonal axes).
When determining the degree of similarity between the jaws only that part
of the original jaw that is visible on the postoperative scan is used. The jaws
are first registered ”by hand” by marking the condyles and the point of the
chin in both scans. Determination of the exact translations and rotations
then occurs automatically. Details of the techniques used to identify and
register the jaw are described in Chapter 2.

The reconstructions are presented in two different ways: As a 3D vol-
ume rendering with a three quarter view in which the original and the re-
constructed jaws each have their own color. As a 2D axial slice in which
the original contour of the jaw is projected over the cross section of the re-
constructed jaw. The theoretical optimal contour is also drawn onto this
projection. To do this we took into account a dorsal shift of the point of the
chin of 2.5 mm and a minimum internal width of the symphysis segment
of 15 mm. In every theoretical reconstruction we took the thickness of the
fibula used in the reconstruction into account.

To determine the correct plane for the slice, the 3D CT images were po-
sitioned in a sagittal aspect. The jaws were positioned in such a way that
the most caudal areas of the mandibular angles and the body were lying on
a horizontal line. The plane in which the axial reconstruction was made is
indicated by a horizontal line that runs through the most anterocaudal point
of the symphysis.
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7.3 Results

The visualizations of the jaws before and after reconstruction are shown in
Figs. 7.4–7.7 (pages 116-117 and 120-121). The results of the 3D volume ren-
dering of the eight reconstructed jaws as seen from a three quarter aspect
(view) are represented (white). Next to this an axial slice from the same jaw
is placed. In this slice the contour of the original mandible (blue) is projected
over the reconstructed mandible. The level of the axial slice is marked by
a horizontal line on a purely sagittal projection of the jaw. This level is the
same in the reconstructed jaw. In all jaws the displacement of the remain-
ing parts of the jaw in relation to one another is negligible. This is visible on
both the axial and the 3D images. Image artifacts caused by the presence of
metal in the dentition caused severe interference in the 3D rendering. For
this form of presentation these areas were removed from the CT dataset of
jaws 3 and 4. The axial slices show that two reconstructions (jaws 3 and
8) correspond almost completely with the theoretical contour and that four
jaws (jaws 2, 4, 6 and 7) show a deviation of 3 mm or less of loss of projection
in the symphyseal area. Of these, jaw number 2 also has a loss of projection
on the corpus area of around 3 mm making this reconstruction as a whole
too small. One jaw (jaw 1) has an overprojection of less than 3 mm on one
side of the symphysis segment. The theoretical reconstruction shows how-
ever that on this side there is a bone segment with an internal measurement
of less than the desired length of 15 mm. Jaw number 5 has a loss of projec-
tion of 6 mm in the chin area and only a moderately good attachment to the
remaining mandibular stump. On the three quarter 3D image the contour
of this new jaw falls completely within that of the original contour. In 3D
view the remaining jaws show no gross overprojection or underprojection
although in jaw 6 the reconstructed section is positioned too caudal.

7.4 Discussion

CT is a technique that has been used for many years in reconstruction of the
mandible. However the way it is applied has changed over the years. Orig-
inally it was used to determine the extent to which the bone was affected
by tumor growth or by osteoradionecrosis or by the loss of bone follow-
ing trauma or resection. Hidalgo was one of the first to use an axial CT
slice of the mandible for modelling a free vascularized fibula flap [28]. With
the introduction of the possibility to create 3D images from CT data and
to segment them into individual anatomical structures, it became possible
to make 3D images and even to make models of the mandible. On such a
model it is possible to make an individually dimensioned titanium tray that
during operation, could be filled with cancellous bone and placed in the
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defect [13]. Creating a phantom model is also described [76]. After steril-
ization the model can be used as a model for making fibula osteotomies.
The use of 3D CT images to compare postoperative results of mandibu-
lar reconstruction with the original jaw is only anecdotal [58]. To the best
of our knowledge Schliephake et al. are the only ones who attempted to
evaluate mandibular reconstruction using CT [79, 83]. In the group of pa-
tients they described there was great divergence in the sizes and locations of
jaw defects to be reconstructed. Only mandibular images after reconstruc-
tion were used. These studies used various axial parallel planes to quantify
the extent of underprojection and overprojection relative to the midsagittal
plane. Also, the contour of the neomandible was evaluated by comparing
the operated side to the non-operated side in respect of the maxilla. The au-
thors made the assumption that all mandible and maxilla are symmetrical.
These methods however limit the measurement of the complex form of the
pre- and postoperative mandible to a series of 2D planes. The values ob-
tained in this manner are of limited use. A value giving the degree of over-
or underprojection of the chin gives no information about the symmetry of
the total reconstruction. The problem therefore with comparing the form be-
fore and after reconstruction is that quantifying the defect gives little useful
information about the degree of similarity. In our opinion the ideal method
of comparing the form before and after reconstruction is the simultaneous
volume rendering of the forms superimposed on one another. To achieve
this it is necessary that the jaws are geometrically optimally registered to
compensate for the differences in orientation of the jaws on the CT scans.

If details of the reconstruction are required, then the axial 2D slice of
the registered postoperative jaw with the contour of the original jaw pro-
jected onto it, is necessary. The choice of the location and orientation of
the 2D plane strongly determines the form of the projected mandible in this
plane. When this projection is chosen, the method by which the choice is
determined should be clearly described. In our opinion, this form of pre-
sentation is of little use in attributing any numerical value to the extent of
the differences between the contours before and after resection.

The registration results from the cadaver reconstructions show that the
position and the orientation of the condyles and the remainder of the jaw
correspond well both before and after reconstruction. The reconstructed
section of the mandible does not cause the remaining mandibular parts to
alter position. This is an indication of the accurate reproduction of the di-
mensions of the section of bone that has been removed. The 2D axial slices
show that the contour of the mandibular segment reconstructed with the
modelling and osteotomy jig system is often slightly smaller than the origi-
nal contour. The reason lies in the fact that when the modelling jig is being
set, the maximum projection of the point of the chin is not being chosen by
the surgeon and the osteotomies are positioned in the area between the cus-
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(a) Jaw 1.

(b) Jaw 2.

Figure 7.4: Left panel: Three quarter anterior projection of the original jaw
(upper-left), the reconstructed jaw (upper-right) and the original jaw, regis-
tered and superimposed jaw following reconstruction (lower-left). The level
of the axial projection represented by a horizontal line on the original jaw
(lower-right). Right panel: Axial projection of the reconstructed jaw onto
which is projected the original jaw in blue and the theoretical reconstruc-
tion in red. (a) Cadaver jaw 1. (b) Cadaver jaw 2.
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(a) Jaw 3.

(b) Jaw 4.

Figure 7.5: Left panel: Three quarter anterior projection of the original jaw
(upper-left), the reconstructed jaw (upper-right) and the original jaw, regis-
tered and superimposed jaw following reconstruction (lower-left). The level
of the axial projection represented by a horizontal line on the original jaw
(lower-right). Right panel: Axial projection of the reconstructed jaw onto
which is projected the original jaw in blue and the theoretical reconstruc-
tion in red. (a) Cadaver jaw 3. (b) Cadaver jaw 4.
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pid and the first premolar. The prototype of the modelling and osteotomy
jig system is also responsible for this deviation. When deciding on dimen-
sions for the jig system, an average fibular width of 14 mm and a minimum
internal width of the central segment of 15 mm were chosen. This results in
a relatively wide central segment. In order to avoid a large overprojection in
the region between the cuspid and first premolar, the position of the point of
the chin is moved more dorsally. The theoretical contour achieved by using
the modelling and osteotomy jig system shows that this loss of chin projec-
tion can be avoided. However, in a very extensive jaw reconstruction this
can mean a loss of projection of the corpus section. In the relatively limited
constructions in our cadaver models in which a part of the corpus section
remains intact, this underprojection will remain limited.

In the 3D images it appears that the point of the chin is sometimes posi-
tioned too low. By placing the neomandible in downward inclination mouth
closure can be restricted by impingement of the coronoid process on to the
maxillary tuberosity [59]. This deviation occurs during operation when the
positioning of the neomandible is orientated to the local lower edge of the
remaining section of the corpus. In some cases the lower edge is concave.
When the mandible is sawn at a right angle at this point, then the central
section of the neomandible will incline too far caudally. This can be avoided
by projecting a tangential line along the entire length of the lower edge and
to make the saw cut at a right angle to this line. This corresponds with the
method that we used to determine the plane of the axial projections.

We firmly believe that 3D images of the registered CT scans in combina-
tion with 2D images of axial slices containing the original contour of the jaw
is the most adequate way to determine the quality of jaw reconstructions,
and furthermore that attempts at quantification of potential differences have
no real contribution to a good understanding of this. A better result may
possibly be obtained if the modelling and osteotomy jig system were to be
adapted to use a narrower fibula width as its starting point. In conclusion
we would like to point out that Cordeiro’s statement in his comment on the
article by Li et al. in Laryngoscope, 1996, that ”Standard two-dimensional
photographs of the face provide a much better evaluation of the aesthetic re-
sult than the three-dimensional CT scan” does not, in our opinion, do justice
to the possibilities offered by modern imaging analysis techniques [59].



Mandibular reconstruction: a three–dimensional evaluation 119

This page intentionally left blank.



120 Chapter 7

(a) Jaw 5.

(b) Jaw 6.

Figure 7.6: Left panel: Three quarter anterior projection of the original jaw
(upper-left), the reconstructed jaw (upper-right) and the original jaw, regis-
tered and superimposed jaw following reconstruction (lower-left). The level
of the axial projection represented by a horizontal line on the original jaw
(lower-right). Right panel: Axial projection of the reconstructed jaw onto
which is projected the original jaw in blue and the theoretical reconstruc-
tion in red. (a) Cadaver jaw 5. (b) Cadaver jaw 6.
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(a) Jaw 7.

(b) Jaw 8.

Figure 7.7: Left panel: Three quarter anterior projection of the original jaw
(upper-left), the reconstructed jaw (upper-right) and the original jaw, regis-
tered and superimposed jaw following reconstruction (lower-left). The level
of the axial projection represented by a horizontal line on the original jaw
(lower-right). Right panel: Axial projection of the reconstructed jaw onto
which is projected the original jaw in blue and the theoretical reconstruc-
tion in red. (a) Cadaver jaw 7. (b) Cadaver jaw 8.
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8.1 Introduction

In this thesis a number of applications are described of image registration in
multi-slice spiral CT. The following subjects were treated: (1) Angiography
with multi-slice spiral CT, (2) Comparison of multi-slice spiral CT with se-
quential CT, and (3) Evaluation of a surgical intervention with multi-slice
spiral CT. In the next three sections the outcomes of the studies are dis-
cussed. Finally, in Section 8.5, the future developments of multi-slice spiral
CT and the application of image registration techniques are treated.

8.2 Angiography with multi-slice spiral CT

8.2.1 Removal of high density structures

With CT angiography (CTA), arteries and veins can be visualized in a min-
imally invasive way. For a better understanding of the 3D structure of the
vessels in a set of CTA images, maximum intensity projection (MIP) and
volume rendering (VR) images are used by the radiologist and the referring
clinician. Prior to the generation of these images high density structures
such as bone and calcifications have to be removed from the data set be-
cause these structures interfere with the visualization of the vessels. After
removal of the bone, a MIP or VR image can be made on which all vessels
can be seen. The 3D structure of the vessels can be appreciated by interac-
tively adjusting the direction of projection.

In our hospital a method was developed, called matched mask bone
elimination (MMBE), to remove bone from CTA scans of the Circle of Willis
[96]. In Chapter 2 this method was validated and extended to remove mul-
tiple bone structures that can move with respect to each other from CTA
scans of the cervical arteries [93]. In Chapter 3 the same principle was used
to remove bone from CTA scans of the cerebral veins [60].

In the literature several methods have been described to remove bone
from CTA images. A number of these methods, including the MMBE method,
use an additional scan without contrast agent. Other methods use the CTA
scan only. When considering the radiation dose, a method without an ad-
ditional scan is of course to be preferred. However, the single scan bone
removal methods have several disadvantages. As CT values of the edges of
the bones are in the same range as the CT values of the contrast-enhanced
arteries, these techniques are prone to erroneous removal of vessels, or in-
complete removal of bone. Furthermore, the outcomes are very sensitive for
the choice of the parameters.

In the MMBE method the nonenhanced scan is used for the creation of a
mask. In this scan the bone voxels can easily be identified, without includ-
ing voxels belonging to the vessels of interest. After registration of the scans,
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the bone in the CTA images is removed by giving the corresponding voxels
an arbitrary low value. The additional, low–dose, nonenhanced scan, used
in the MMBE method, leads to an increase of the effective radiation dose
in the order of 25%. The improvement in the robustness and quality of the
outcome when using the additional scan justifies, in our opinion, this slight
increase of the radiation dose.

As an alternative for bone masking one could think of subtraction of the
nonenhanced scan [26, 34]. A disadvantage of subtraction of two scans is
that the noise of the two scans is added. This leads to a greatly reduced
quality of the processed CTA scan, especially when the nonenhanced scan
is made with a reduced dose. With MMBE the original quality of the CTA
images is retained. Moreover, subtraction of scans may be complicated by
the limited reproducibility of the CT scans, as discussed in Section 8.3.1.

A key step in the registration of the additional scan with the CTA scan
is the identification and separation of the bones. The bones in the neck re-
gion were registered individually because they could move with respect to
each other. The extended version of the MMBE method which included the
piecewise rigid registration of the bones was called piecewise MMBE. The
spatial blurring of the CT imaging process and the small distance between
some bones made this a non-trivial task. It was performed with a 3D water-
shed segmentation method.

In order to remove all voxels with a high CT value which might hinder
the visualization of the blood vessels, slightly more voxels had to be masked
than those actually belonging to the bone. This phenomenon is due to the
inherent blurring of the CT imaging process. In Chapter 2 it was estimated
that a strip contiguous to the bone with a width of approximately 1 mm is
also masked. This means that the border of blood vessels may be slightly
affected if the blood vessels are at very close distance to bone. Therefore the
lumen of the vessels should always be assessed on the axial or MPR images
of the unprocessed CTA images, especially in case of relatively small vessels.

Besides bone, arterial wall calcifications might hinder the visualization
of the lumen of the vessels. The MMBE method is less suitable for the re-
moval of calcifications. The strip of 1 mm adjacent to the calcification might
result in an overestimation of the degree of stenosis. In Chapter 4 an alter-
native method is described, which also uses an additional, nonenhanced CT
scan. The calcifications are not masked, like the bone in the MMBE method,
but subtracted locally. The method was tested in a phantom study and clini-
cally evaluated with CTA scans of the renal arteries. The results of the phan-
tom study showed that the local subtraction method better preserved the lu-
men of a blood vessel contiguous to a hyperdense structure than the MMBE
method. In clinical practice the results varied in quality due to artifacts in
the CT scans. These artifacts are discussed in Section 8.3.1.

The piecewise MMBE method appeared to be a powerful tool to obtain
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MIP and VR images of the cervical and cerebral arteries and veins, free from
overprojecting bone in a fully automatic way and with only a slight increase
of the total radiation dose. For the removal of calcifications, the local sub-
traction method is more promising and we expect that the quality of the
removal of the calcifications will improve when using state–of–the–art CT
scanners with a higher image quality.

8.2.2 Practical aspects and considerations

Since the introduction of the MMBE method in 2000 [96], the bone removal
method is used in clinical practice on a daily basis in our hospital. Also the
university hospitals of Utrecht and Maastricht use the bone removal soft-
ware. Currently, our hospital is cooperating with Philips Medical Systems
in a project with the aim to incorporate the piecewise MMBE method in the
software of their graphical workstations.

When introducing an image processing technique in clinical practice,
one should always keep the end user and the practical consequences in
mind. Application of the technique should not lead to a wrong diagnosis.
Therefore, the radiologist should be aware of the shortcomings of a method.
For example, with MMBE an additional strip soft tissue with a width of ap-
proximately 1 mm is also masked. The lumen of vessels that are contiguous
to bone should therefore be assessed in the original data set as well. A slight
amount of mismatch between the nonenhanced and contrast-enhanced scan
will give an incomplete removal of bone or calcifications and may affect the
visibility of the vessels.

The bone and calcification removal methods developed in this thesis are
both fully automatic. A major advantage of an automatic method is that the
outcome is objective. The method, however, must be made very robust be-
cause the user is not able to intervene when something goes wrong. An au-
tomatic method has the advantage that it can be applied in the background
and that the additional workload for the technician or radiologist is small.
Currently the workload is minimized by also automating the startup of the
MMBE method by automatically transferring the images from the CT scan-
ner to a dedicated PC which automatically processes the images and sends
the result to a graphical workstation. This dedicated PC can also be made
part of a grid environment to reduce the computation time1.

Because image registration is not yet a common feature in clinical prac-
tice, the visualization software on clinical workstations generally does not
include facilities to compare two CT scans on a voxel–by–voxel basis. It was
already discussed that the radiologist needs to inspect the original CTA im-

1Grids are persistent environments that enable software applications to integrate instruments,
displays, computational and information resources that are managed by diverse organizations in
widespread locations [20].
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ages besides the MIP image when making a diagnosis. Therefore a direct
link between the processed MIP image and the original CTA images would
be a useful feature of the visualization software.

Other visualization techniques are available as well. An example of such
a technique is the slab MIP [75]. This technique allows the radiologist to in-
teractively view a part of the CTA data set and choose an orientation and
thickness of the slab, which results in a relatively free view on a part of the
arteries. A slab MIP, however, does not give a free view of the vessels that
are completely surrounded by bone, for example in the skull base. More-
over, not a complete overview of all vessels is obtained. Therefore, this vi-
sualization technique can be helpful when making a diagnosis, but is less
suitable for communication with physicians from other disciplines, for ex-
ample neurosurgeons, who want a complete overview.

8.2.3 Angiography with other imaging modalities

Besides CT, other modalities can be used to image the vessels as well. In this
section, these modalities will briefly be discussed.

The golden standard for angiography is considered to be conventional
x–ray digital subtraction angiography (DSA). In this technique the iodine
contrast agent is not injected in a vein but administered locally in an artery
via a catheter. Consequently, the iodine concentration in the blood, and
therefore the attenuation are much higher. This is necessary because, unlike
CT, the conventional x–ray imaging technique is not able to depict small
differences in attenuation coefficient. Recently, conventional angiography
systems were introduced that are able to make 3D reconstructions of a vol-
ume of interest by using a large number of projection images, which are
made by rotating the x–ray tube and the detector around the patient. This
technique is called 3D rotational angiography (RA). The reconstruction tech-
nique is basically the same as the one used in CT–imaging. At 3D RA the
disadvantage of overprojecting bone or calcifications does not exist, because
the attenuation coefficient of blood is at least an order of magnitude higher
than the attenuation of the calcifications. However, because of the arterial
injection of the contrast agent the imaging technique is more invasive than
CTA [2, 3].

Vessels can also be imaged with magnetic resonance angiography (MRA)
[101]. A major advantage of MRA over CTA is that with MRA no ioniz-
ing radiation is used. MRA can even be performed without the injection
of contrast agent, which makes it even less invasive than CTA. The spatial
resolution of MRA is comparable to that of CTA. The problems with over-
projecting bone or calcifications do not exist because no signal is produced
by these structures with MRI. Despite these advantages of MRA, this modal-
ity is not always the first choice of the radiologist. Practical considerations
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like the time needed for the examination, availability of the MRI scanner,
patient acceptance and cost of the procedure do play an important role in
the choice of the modality.

For the carotid arteries, ultrasound is used to get a first indication of the
condition of the arteries [6]. Large calcifications, however, often hinder a
clear visualization of the vessels. If a diagnosis can not be made, for exam-
ple because of the presence of arterial wall calcifications, or if a considerable
stenosis is found with ultrasound, a second noninvasive imaging modal-
ity is usually used before possible surgical or endovascular treatment. For
the imaging of the cerebral arteries, ultrasound is not suited because of the
presence of bone.

For now and probably also for the near future, CT will be the first choice
for angiography because it is minimally invasive and widely available, also
outside ordinary business hours.

8.3 Comparison of multi-slice spiral CT with
sequential CT

The image quality of multi-slice spiral CT has been investigated thoroughly
and most pitfalls of CT in general, such as partial volume artifacts [24], beam
hardening effects [40], and spiral reconstruction artifacts [103] are known to
radiologists. In this thesis two studies were performed in which these arti-
facts played a role. In these studies, the multi-slice spiral CT technique was
compared with the sequential technique. In the first study, the interpolation
artifacts, which are present at spiral CT and not at sequential CT, were in-
vestigated. In the second study, the image quality of spiral CT scans and
sequential CT scans of the brain were compared.

8.3.1 Reproducibility of multi-slice spiral CT scans

In the study in Chapter 5 the effects of spiral interpolation artifacts on the
reproducibility of the CT scans were investigated [92]. The immediate cause
for this study were the results of removal of calcifications in the renal arteries
by local subtraction in Chapter 4. It appeared that the reproducibility of the
depiction of the calcifications in the two scans was suboptimal and therefore
subtraction artifacts were present in the processed images.

For image reconstruction in spiral CT the required transmission mea-
surements from all x–ray tube angles are calculated by means of interpola-
tion, using measurements at table positions nearby. This procedure is the
major cause of the artifacts in spiral CT, which for an important part are
caused by aliasing [90]. In Section 8.5 new techniques are discussed which
were introduced in order to reduce these artifacts.
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The size and shape of the interpolation artifacts depends on the x–ray
tube starting angle. The artifacts often can not be seen on the images. Even
when they are visible, the slightly less image quality is often not a problem
for making a diagnosis. However, it is a problem when image processing
techniques are applied because the x–ray tube starting angle varies from
scan to scan. Consequently, interpolation artifacts show up differently in
otherwise identical images, and show up as substantial residual artifacts
when subtractions are made.

If the x–ray tube starting angle is equal for both scans or if a low pitch
value is used, images are reproducible. In practice a possible higher repro-
ducibility of multi-slice spiral CT scans often has to be sacrificed to make
scans with a short scan time or a large z–coverage. A short scan time is de-
sirable to reduce the enhancement of veins in the volume of interest, which
may interfere with the arteries of interest on a MIP image.

Another important reason that not a perfect registration was obtained
of the calcifications, was that the temporal resolution of the CT scanner
is limited. Due to this limitation, arterial wall calcifications are depicted
slightly blurred because of their movement during data acquisition. This
blurring is not reproducible for different scans, and therefore the registra-
tion can not be perfect. An attempt to circumvent this problem was the use
of ECG gated reconstructions of CT scans of the renal arteries. These re-
constructions, however, suffered from additional artifacts because in gated
reconstructions only a limited part of the projection data can be used.

8.3.2 Thinly collimated multi-slice spiral CT of the brain

Even nowadays not all CT scans are made with the spiral technique. Es-
pecially routine CT scans of the brain are nearly always made with the se-
quential technique. These sequential scans are made with a relatively thick
collimation, which is necessary to obtain a good signal–to–noise ratio for the
visualization of low contrast structures.

Thinly collimated multi-slice spiral CT scans have a higher spatial reso-
lution in the z–direction, which is advantageous when the CT images are
registered with CT images of an earlier examination. By registering the
scans, the differences due to different orientations of the patient in the CT
scanner disappear and the temporal differences become apparent. When
using the spiral technique instead of the sequential technique for routine
CT scans of the brain, one must make certain that the image quality of the
spiral CT images is at least as good as that of the sequential CT images. In
Chapter 6 it was shown that thickly collimated sequential CT of the brain
can be replaced by thinly collimated multi-slice spiral CT and that the spiral
CT images can be combined to get the original slice thickness and signal–
to–noise ratio of the thickly collimated sequential CT scans. With respect to
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some aspects of the image quality, for example partial volume artifacts in the
skull base and the upper part of the brain, the thinly collimated technique
appeared to be superior to the thickly collimated technique.

8.4 Evaluation of a surgical intervention with
multi-slice spiral CT

In Chapter 7 the segmentation and registration techniques, which were de-
veloped in Chapter 2 for the removal of bone from CTA scans, were used
to evaluate a surgical intervention. The surgical intervention consisted of a
reconstruction of a mandible defect with the aid of a newly developed mod-
elling and osteotomy jig system. The reconstruction method was evaluated
with cadaver mandibles, in which the defect was deliberately created. The
mandibles were scanned before the creation of the defect and after the re-
construction with the modelling and osteotomy jig system. Thus the ground
truth for the size and shape of the mandible was known and could be used
to evaluate the reconstruction of the mandible.

For the segmentation of the mandible in the scans, the watershed algo-
rithm, which was also used for the separation of the bones in the study in
Chapter 2, was used. For a correct registration of the postoperative mandi-
ble with the original mandible, it was important to exclude that part of the
mandible which differed between the scans due to the reconstructed defect.
The segmentation of this part of the mandible was done manually. Because
of the limited number of cases this was not a problem.

The differences between the pre- and postoperative mandibles were vi-
sualized with cross-sectional images and VR images. On the cross-sectional
images of the postoperative mandible the contours of the preoperative man-
dible were determined. The appearance of the contours of the mandible in
the cross-sectional images depended strongly on the location and orienta-
tion of the cross-sectional plane. Therefore, the orientation of the registered
pre- and postoperative mandibles was kept identical in the eight cases. Au-
tomatic standardization of the orientation of the mandible, for example by
using planes of symmetry or principle axes, appeared to be complicated be-
cause of the asymmetrical shape of the mandible and the presence of streak
artifacts due to metal fillings. Therefore the orientation was standardized by
interactive correction by rotation of the mandible around three orthogonal
axes and visual inspection. On the VR images the 3D surface before and af-
ter reconstruction was visualized simultaneously. Additional insight in the
differences can be obtained by interactively changing the viewing direction
on a graphical workstation.

The reconstructions were mainly evaluated qualitatively with the aid of
the images described above. It could be useful to introduce different quanti-
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tative measures as well that could be used as preconditions for a successful
reconstruction of the mandible. For example, the amount of displacement
between the remaining parts of the jaw at each side of the reconstructed
defect should be small. Further research, including patient studies, is neces-
sary to get more insight in the relation between such quantitative measures
and the quality of the reconstruction (both functionally and aesthetically).

8.5 Future developments and research

Future research with respect to image registration and CT will be influenced
by the technical developments of multi-slice spiral CT scanners. Currently,
state–of–the–art CT scanners used in a clinical setting acquire 64 fans simul-
taneously. Experimental CT scanners have been developed, which acquire
256 fans simultaneously [66]. For these scanners the effective slice thickness
for each reconstructed slice is slightly more than 0.5 mm. This offers the
possibility to make CT scans with a high, isotropic spatial resolution. Fur-
thermore, the pitch value can be lowered to obtain highly reproducible CT
scans without making the total scan time unacceptably long. Another im-
portant technical development is the reduction of artifacts that are caused
by aliasing because of undersampling in the z–direction. Recently a 32–slice
CT scanner was introduced with a flying focal spot of the x–ray beam in the
z–direction. In this way the sampling in this direction is doubled. First re-
sults show that the interpolation artifacts are reduced considerably because
of this better sampling [42].

In order to reduce the influence of motion during scanning of the calcifi-
cations in the renal arteries and aorta, retrospective cardiac gating was used.
On the four-slice CT scanner used, however, additional reconstruction arti-
facts appeared because only a very limited part of the projection data was
used. The expected advantages of cardiac gated image reconstruction were
undone by these artifacts. When modern CT scanners are used that are able
to acquire more data for a particular cardiac phase, these artifacts will prob-
ably be less pronounced. In the application of the local subtraction method
it might then be advantageous to use cardiac gated reconstructions.

The relatively large number of fans that is acquired simultaneously with
modern CT scanners has consequences for the reconstruction algorithm that
is used to reconstruct the images. The CT scanner used in the studies in
this thesis acquired up to four fans of attenuation measurements simultane-
ously. In the reconstruction algorithm of the CT scanner the assumption is
made that all four fan beams are parallel. This did not lead to considerable
reconstruction artifacts [90]. With scanners that acquire 16 fans or more si-
multaneously, however, this assumption is not valid anymore. Therefore a
cone beam reconstruction is used, in which the angle between the fans that
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irradiate the outer detector arrays is no longer neglected. A large number
of cone beam reconstruction algorithms have been published [15, 43]. Some
of these cone beam reconstruction algorithms might introduce new recon-
struction artifacts, which might affect the image quality and reproducibility.
It is expected, however, that high–quality reconstructions will be obtained
with these algorithms.

The improvements of the reproducibility and image quality of CT scans
will help to further improve the quality of the image registration and pro-
cessing techniques. For example, the piecewise MMBE method could be
combined with the local subtraction method on a routine basis to remove
both bone and calcifications from CTA scans of the carotid arteries in a cor-
rect way. With the four–slice CT scanner used in this study the reproducibil-
ity was suboptimal with the settings that were used for clinical practice and
we did not yet use this combination of masking and subtraction.

The possible future application of image registration to visualize or quan-
tify temporal differences of scans made at different moments can be found
on several terrains. CT perfusion, for example, is a technique in which a
large number of CT images are made of the same region during a short time
span. A necessary condition for the application of perfusion measurements
is that temporal differences due to motion are absent. Especially CT per-
fusion in the abdomen might be hampered by motion of the organs during
the scanning period. In this case, elastic image registration techniques are
needed. Another example is the registration of routine CT scans of the brain.
This can be helpful to visualize temporal differences in different patholog-
ical processes affecting the brain. Scans of hydrocephalus patients can be
registered to determine the changes in the volume of the ventricles. When
treating a patient with a brain tumor, follow–up scans can be registered to
visualize the course of the disease process.

The next generation of CT scanners will produce considerable more cross-
sectional images per scan. In the future new applications of image registra-
tion techniques may be helpful to open up the information in these images.
The new scanning, registration, processing, and visualization techniques
will hopefully develop in such a way that the outcomes can be used by the
radiologist to make a diagnosis, without the need to scrutinize all original,
unprocessed cross-sectional images.
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Summary

Image Registration in Computed Tomography (CT)

In this thesis applications of image registration in multi-slice spiral CT are
described. Image registration is the alignment of different images by opti-
mizing a measure of agreement between the images. The purpose of image
registration in this thesis is the combination of information from images ob-
tained at different moments from the same anatomical region on a voxel–
by–voxel basis. Due to inevitable movements of the patient in between two
scans this is not possible without image registration. The following subjects
are treated: (1) CT angiography (CTA), (2) comparison of multi-slice spiral
CT and sequential CT with respect to reproducibility and image quality, and
(3) evaluation of a surgical intervention with multi-slice spiral CT.

With CTA vessels can be visualized in a minimally invasive way. For a
better understanding of the three-dimensional structure of the vessels, visu-
alization techniques like maximum intensity projection (MIP) and volume
rendering (VR) are used. Bones and arterial wall calcifications, however,
hamper the visualization of the vessels because of their high CT values.
Therefore, they need to be removed. Bone is often in close proximity of
the vessels, for example in the skull base and near the vertebrae, and calci-
fications are within the vessel-wall. Therefore, manual removal of bone and
calcifications can be time consuming or virtually impossible. Furthermore,
CT values of the edges of the bones and calcifications are in the same range
as the CT values of the contrast-enhanced blood. This makes the automatic
removal a non-trivial task. The aim of the studies in Chapter 2, 3, and 4 is to
remove the dense structures automatically and in such a way that the vessel
lumen is minimally affected.

In Chapter 2 a bone removal method is presented that uses an addi-
tional, nonenhanced scan to create a mask of the bone by thresholding and
dilation. The region of interest in a CTA scan may contain multiple bones
that can move with respect to each other. Therefore, the bones are separated
first using a watershed algorithm, and then registered individually. After
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registration, the bone in the CTA scan is masked. A phantom study was
performed to evaluate and quantify the trade-off between the removal of
the bone and the preservation of the arteries contiguous to the bone. The in-
fluence of algorithm parameters and scanning parameters was studied. The
method was tested with data from 35 patients for whom CTA of the carotid
arteries was performed. Best results were obtained with a threshold of 150
HU and a dilation of eight in–plane voxels and two out–of–plane voxels.
The mean width of the soft tissue layer that is also masked, was approxi-
mately 1 mm. The radiation dose of the additional scan can be reduced with
75% relative to the dose of the CTA scan, without loss of quality. In three
cases the bone separation was not completely successful, and consequently
the bone was not completely removed. In the other 32 cases the bones were
registered correctly and removed completely.

In Chapter 3 the bone removal technique is applied to CTA scans of two
patients with the clinical suspicion of dural sinus thrombosis. After remov-
ing the bone from the images, multi-slice CT venography appeared to be a
useful adjunct for the visualization of the intracranial venous circulation.

In Chapter 4 a method is presented to remove arterial wall calcifications
from CTA images. Again a second CT scan, which is made prior to contrast
injection, is used. The calcifications in both scans are registered to compen-
sate for displacements in between the two scans. The bone removal method,
presented in Chapter 2, is less suitable for the removal of calcifications be-
cause of the additional strip of 1 mm adjacent to the calcification that is
also masked. This might result in an overestimation of the degree of steno-
sis. Therefore the calcifications are subtracted instead of masked. Because
a global subtraction increases the noise everywhere in the images, this sub-
traction is performed locally. The method was tested in a phantom and
with data from four patients for whom CTA of the renal arteries was per-
formed. The phantom represented a vessel with different types of stenosis.
For two patients the electrocardiogram (ECG) was recorded during the CTA
examination, making retrospective cardiac gated reconstructions possible.
Both the phantom and the patient study showed that the local subtraction
method is capable of removing calcifications and visualizing the residual
lumen. In the patient study it appeared that some artifacts remained, espe-
cially for higher pitch values. Removal of calcifications by local subtraction
is less subjective and more accurate than removal by thresholding. Best re-
sults are obtained by using a small pitch value, at the expense of the volume
covered during a single breath hold.

In Chapter 5 the reproducibility of multi-slice spiral CT scans is inves-
tigated. For the image reconstruction in spiral CT the required transmis-
sion measurements from all x–ray tube angles are calculated by means of
interpolation, using measurements at table positions nearby. This proce-
dure generally leads to interpolation artifacts. The relationship between
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the x–ray tube angle and these artifacts is demonstrated. The influence of
pitch, gantry tilt and interpolation algorithm was investigated with the aid
of scans of a skull in a synthetic material and a small high density sphere. It
appeared that in general multi-slice spiral CT images are not reproducible.
Only if the x–ray tube starting angle is equal for both scans or if a low pitch
value is used, images are reproducible. A tilted gantry results in a consid-
erable decrease of the reproducibility. The influence of the choice of the
interpolation algorithm is relatively small. Under most circumstances in-
terpolation artifacts show up differently in otherwise identical images, and
show up as substantial residual artifacts when subtractions are made. This
is in accordance with the artifacts that remained for the higher pitch values
in Chapter 4.

In Chapter 6 the image quality of thinly collimated multi-slice spiral CT
is compared with the image quality of thickly collimated sequential CT for
routine CT imaging of the brain. Four spiral CT images were combined to
match the effective slice thickness of the images made with the sequential
technique. Data were used from 23 patients that were scanned both with a
sequential technique (collimation, 4x5 mm) and a spiral technique (collima-
tion, 4x1 mm; pitch, 0.875). The two CT scans were registered to compen-
sate for motion of the patient in between the scans. Two neuroradiologists
scored the images on six aspects: streak artifacts, visualization of soft tissue
near the skull, visualization of hypodense lesions, gray–white matter differ-
entiation, image noise, and overall image quality. Regarding most aspects,
both observers had a preference for the spiral CT images. The strongest
preference was with respect to streak artifacts, visualization of soft tissue
near the skull, and overall image quality. With respect to the other aspects
there was a slight and/or not significant preference for the spiral technique.
The conclusion was that thinly-collimated multi-slice spiral CT with image
combining is superior to sequential CT imaging of the brain. The high res-
olution spiral CT scans of the brain can be used both for the normal clinical
purposes and for registration with previously made images in order to vi-
sualize temporal differences.

In Chapter 7 the differences between a mandible before and after a sur-
gical intervention are visualized. The intervention was performed with a
modeling and osteotomy jig system to restore a defect in the mandible. The
segmentation and registration techniques that were initially developed for
the removal of bone in Chapter 2 were used in this study as well. CT scans
of eight cadaver heads were made both before and after surgical interven-
tion. Images of the jaw from both scans were superimposed after registra-
tion. This appeared to be very useful for the judgment of the quality of the
surgical intervention.

Future research with respect to image registration and CT will be influ-
enced by the technical developments of multi-slice spiral CT scanners. The
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improvements of the reproducibility and image quality of CT scans will help
to further improve the quality of the image registration and processing tech-
niques. The techniques will hopefully develop in such a way that they can
assist the radiologist in the making of a diagnosis, and that he or she does
not need to scrutinize all original, unprocessed cross-sectional images.



Samenvatting

Beeldmatching op het gebied van Computed Tomography (CT)

In dit proefschrift worden toepassingen van matching van meerplaks spiraal-
CT-beelden beschreven. Beeldmatching is het op elkaar passen van verschil-
lende beelden door een maat voor de overeenkomst tussen de beelden te
optimaliseren. In dit proefschrift is het doel van de beeldmatching het com-
bineren van informatie uit beelden van hetzelfde anatomische gebied, die
gemaakt zijn op verschillende momenten, op basis van een voxel-bij-voxel-
relatie. Vanwege onvermijdelijke bewegingen van de patiënt tussen de twee
scans is dit niet mogelijk zonder matching. De volgende thema’s worden be-
handeld: (1) CT angiografie (CTA), (2) vergelijking van meerplaks spiraal-
CT en sequentiële CT met betrekking tot de reproduceerbaarheid en de kwa-
liteit van de beelden, en (3) de evaluatie van een chirurgische ingreep met
behulp van meerplaks spiraal-CT.

Met CTA kunnen bloedvaten op een minimaal-invasieve manier afge-
beeld worden. Voor een beter inzicht in de driedimensionale structuur van
de bloedvaten worden visualisatietechnieken zoals maximum intensity pro-
jection (MIP) en volume rendering (VR) gebruikt. Echter, botten en vaat-
wandverkalkingen belemmeren vanwege hun hoge CT-waarden de visua-
lisatie van de bloedvaten. Daarom moeten deze eerst verwijderd worden.
Bot ligt vaak dicht bij bloedvaten, bijvoorbeeld in de schedelbasis en bij de
halswervels, en verkalkingen zitten in de vaatwand. Handmatige verwij-
dering van bot en verkalkingen kan daarom tijdrovend of praktisch onmo-
gelijk zijn. Bovendien liggen de CT-waarden van de randen van het bot en
de verkalkingen in hetzelfde bereik als de CT-waarden van het bloed met
contrastmiddel. Hierdoor is automatische verwijdering niet triviaal. Het
doel van de studies in hoofdstuk 2, 3 en 4 is om de structuren automatisch
te verwijderen, zodanig dat het lumen van de bloedvaten zo min mogelijk
wordt aangetast.

In hoofdstuk 2 wordt een botverwijderingsmethode gepresenteerd waar-
in een extra CT-scan gebruikt wordt die gemaakt is vóór toediening van het
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contrastmiddel. Door middel van drempelen en dilatatie wordt hiervan een
botmasker gemaakt. Het gebied dat van belang is, bevat mogelijk meerde-
re botten die ten opzichte van elkaar kunnen bewegen. Daarom worden
de botten eerst van elkaar gescheiden met een waterscheidingsalgoritme en
vervolgens stuk voor stuk gematcht. Na het matchen worden de botten in
de CTA-scan gemaskeerd. Met een fantoomstudie is de wisselwerking tus-
sen de mate van verwijdering van het bot en het behoud van de aangren-
zende bloedvaten geëvalueerd en gekwantificeerd. De methode is getest op
data van 35 patiënten waarvan een CTA-scan van de halsslagaders was ge-
maakt. De beste resultaten werden verkregen met een drempelwaarde van
150 HU en een dilatatie van acht voxels in het vlak en twee voxels uit het
vlak. De gemiddelde dikte van de rand rondom het bot die ook gemaskeerd
wordt, was ongeveer 1 mm. De stralingsbelasting van de extra scan kan
ten opzichte van de dosis van de CTA-scan zonder kwaliteitsverlies gere-
duceerd worden met 75%. In drie gevallen was de separatie van de botten
niet volledig succesvol en dientengevolge werd het bot niet volledig ver-
wijderd. In de overige 32 gevallen werden de botten correct gematcht en
volledig verwijderd.

In hoofdstuk 3 is de botverwijderingstechniek toegepast bij CTA-scans
van twee patiënten met de klinische verdenking van sinustrombose. Na
verwijdering van het bot uit de beelden, bleek meerplaks-CT-venografie een
nuttige aanvulling voor de visualisatie van de veneuze bloedcirculatie in het
hoofd.

In hoofdstuk 4 wordt een methode gepresenteerd voor de verwijdering
van vaatwandverkalkingen uit CTA-beelden. Ook hier wordt een tweede
scan gebruikt die gemaakt is voordat het contrastmiddel is toegediend. De
verkalkingen in beide scans worden gematcht om te compenseren voor ver-
plaatsingen tussen de twee scans. De botverwijderingsmethode die gepre-
senteerd is in hoofdstuk 2, is minder geschikt voor de verwijdering van ver-
kalkingen vanwege de rand van 1 mm grenzend aan de verkalking die dan
ook wordt gemaskeerd. Dit zou een overschatting van de vaatvernauwing
tot gevolg kunnen hebben. Daarom worden de verkalkingen verwijderd
door af te trekken in plaats van te maskeren. Omdat door een globale sub-
tractie de ruis in het hele beeld zou toenemen, wordt de subtractie alleen
lokaal uitgevoerd. De methode is getest met behulp van een fantoom en
met data van vier patiënten waarvan een CTA-scan van de nierslagaders is
gemaakt. Het fantoom stelde een bloedvat voor met verschillende soorten
vaatvernauwingen. Bij twee patiënten werd het elektrocardiogram (ECG)
opgenomen tijdens het CTA onderzoek, zodat reconstructies met retrospec-
tieve correctie voor de hartslag mogelijk waren. Zowel de fantoom- als de
patiëntenstudie toonden aan dat de lokale-subtractiemethode in staat is om
de verkalkingen te verwijderen en het lumen correct te visualiseren. Het
bleek dat in de patiëntenstudie enkele artefacten aanwezig bleven, vooral
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voor de scans met een grotere spoed van de spiraal. Lokale subtractie is
minder subjectief en nauwkeuriger dan verwijdering van de verkalkingen
door middel van drempelen. De beste resultaten worden verkregen door
een kleine spoed voor de spiraal te gebruiken. Dit gaat ten koste van het
totale volume dat bestreken kan worden gedurende de tijd dat de patiënt
de adem in kan houden.

In hoofdstuk 5 wordt de reproduceerbaarheid van meerplaks spiraal-
CT-scans onderzocht. Bij de reconstructie van een spiraal-CT-beeld in een
bepaald vlak worden de transmissiemetingen die daarvoor nodig zijn be-
rekend door interpolatie van metingen die gemaakt zijn in naburige vlak-
ken. Deze procedure leidt in het algemeen tot interpolatie-artefacten. Het
verband tussen de hoek van de röntgenbuis en deze artefacten wordt aan-
getoond. De invloed van de spoed van de spiraal, de schuinte van het scan-
vlak en het interpolatie-algoritme is onderzocht met behulp van scans van
een schedel in kunststof en van een klein bolletje met een hoge dichtheid.
Het bleek dat in het algemeen meerplaks spiraal-CT-beelden niet goed re-
produceerbaar zijn. Alleen als de starthoek van de röntgenbuis gelijk is voor
beide scans of als een kleine spoed wordt gebruikt, is de reproduceerbaar-
heid goed. Een schuine stand van het scanvlak zorgt voor een aanzienlij-
ke afname van de reproduceerbaarheid. De invloed van de keuze van het
interpolatie-algoritme is relatief klein. Onder de meeste omstandigheden
manifesteren interpolatie-artefacten zich verschillend in voor de rest iden-
tieke beelden en blijven er aanzienlijke artefacten over als de beelden van
elkaar worden afgetrokken. Dit is in overeenstemming met de artefacten
die overbleven in hoofdstuk 4 na lokale subtractie van verkalkingen.

In hoofdstuk 6 wordt de beeldkwaliteit van meerplaks spiraal-CT met
dunne plakken vergeleken met de beeldkwaliteit van sequentiële CT met
dikke plakken voor routinematig gemaakte CT-afbeeldingen van de herse-
nen. Vier spiraal-CT-beelden zijn gecombineerd om een effectieve plakdikte
te krijgen die gelijk is aan die van de sequentiële beelden. Er zijn data ge-
bruikt van 23 patiënten die zowel met de sequentiële techniek (plakdikte,
4x5 mm) als met de spiraal-techniek (plakdikte, 4x1 mm; spoed, 0.875) zijn
gescand. De twee CT-scans zijn gematcht om te compenseren voor bewe-
ging van de patiënt tussen de scans. Twee neuroradiologen beoordeelden de
beelden op zes aspecten: streep-artefacten, visualisatie van weke delen nabij
de schedel, visualisatie van hypodense laesies, onderscheid tussen grijze en
witte stof, ruis en algehele beeldkwaliteit. Met betrekking tot de meeste as-
pecten hadden beide waarnemers een voorkeur voor de spiraal-CT-beelden.
De grootste voorkeur was met betrekking tot de streep-artefacten, de visua-
lisatie van de weke delen bij de schedel en de algehele beeldkwaliteit. Met
betrekking tot de overige aspecten was er een lichte en/of niet significante
voorkeur voor de spiraal-techniek. Het bleek dat meerplaks spiraal-CT bij
het afbeelden van de hersenen, gescand met dunne plakken en gecombi-
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neerd tot dikke plakken, betere beelden geeft dan sequentiële CT. De hoge
resolutie van spiraal-CT-scans kan zowel gebruikt worden voor de norma-
le klinische doeleinden, als voor het visualiseren van verschillen in de tijd
door de beelden te matchen met beelden die eerder gemaakt zijn.

In hoofdstuk 7 worden de verschillen gevisualiseerd tussen een kaak die
gescand is vóór en na een chirurgische ingreep. De ingreep werd uitgevoerd
met een pas- en zaagmal-systeem om een defect te herstellen in de onder-
kaak. De segmentatie- en matchingstechnieken die in hoofdstuk 2 werden
ontwikkeld voor de verwijdering van bot, zijn in deze studie opnieuw ge-
bruikt. Van acht hoofden van kadavers zijn scans vóór en na de ingreep
gemaakt. Na matching werden de beelden van de kaak van beide scans met
elkaar gecombineerd. Dit bleek erg nuttig te zijn voor de beoordeling van
de kwaliteit van de chirurgische ingreep.

Toekomstig onderzoek met betrekking tot het matchen van CT-beelden
zal worden beı̈nvloed door de technische ontwikkelingen op het gebied
van meerplaks spiraal-CT-scanners. De verbeterde reproduceerbaarheid en
beeldkwaliteit van CT-scans zullen helpen om de kwaliteit van de matchings-
en beeldbewerkingstechnieken verder te verbeteren. Hopelijk zullen deze
technieken de radioloog helpen bij het stellen van de juiste diagnose zodat
hij of zij niet meer alle originele, onbewerkte dwarsdoorsneden nauwkeurig
hoeft te bekijken.
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List of abbreviations and
symbols

Abbreviations

2D Two-dimensional
3D Three-dimensional
ALARA As low as reasonably achievable
CT Computed Tomography
CTA Computed Tomography Angiography
DSA Digital subtraction angiography
ECG Electrocardiogram
FWHM Full width at half maximum
HU Hounsfield unit
MIP Maximum Intensity Projection
MMBE Matched Mask Bone Elimination
MR Magnetic resonance
MRA Magnetic resonance angiography
MRI Magnetic resonance imaging
PABAK Prevalence adjusted and bias adjusted κ
PSF Point spread function
RMS Root mean square
RSNA Radiological Society of North America
SD Standard deviation
SSP Slice sensitivity profile
VR Volume Rendering
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Symbols

B(x) Nonenhanced data set (HU)
bmin Lower clipping level (HU)
bmax Upper clipping level (HU)
C(x) Contrast-enhanced data set (HU)
D(x) Distance map
D(I1, I2) RMS difference between two data sets (HU)
d Amount of dilation
dtotal Total width of the detector arrays (m)
F(T) Cost function
f Table feed per 360◦ x–ray tube rotation (mm)
G(x) Gaussian function
I0 Intensity of x–ray source (a.u.)
I Measured intensity (a.u.)
I Tube current (mA)
L(x) Result of local subtraction (HU)
M(x) Result of thresholding (HU)
m Merging level (%)
Ri Labelled region i of connected voxels
smin Lower boundary (HU)
smax Upper boundary (HU)
trot Rotation time of the x–ray tube per 360◦ rotation (s)
T 3D rigid transformation matrix
Vmin Minimal volume of included region (mm3)
v Difference in pixel value in MIP and value of corre-

sponding pixel in ground truth MIP (HU)
v̄ Mean value of v (HU)
w Minimal distance from voxel at edge of the mask to

edge of the bone (mm)
w̄ Mean value of w (mm)
x Voxel coordinate (x, y, z)

δ Offset value
ε Arbitrary low CT value (HU)
γ Scale factor
ψ X–ray tube rotation angle (degrees)
σ Standard deviation of a Gaussian in three orthogonal

directions
τ Threshold level (HU)
µ Linear attenuation coefficient (m−1)


